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Molecular mechanism for distinct neurological
phenotypes conveyed by allelic truncating mutations

Ken Inouel'%1!, Mehrdad Khajavil!'!, Tomoko Ohyama!, Shin-ichi Hirabayashi?, John Wilson?, James D Reggin*,
Pedro Mancias®, Ian ] Butler®, Miles F Wilkinson®, Michael Wegner’ & James R Lupski®%°

The molecular mechanisms by which different mutations in the same gene can result in distinct disease phenotypes remain largely
unknown. Truncating mutations of SOX70 cause either a complex neurocristopathy designated PCWH or a more restricted
phenotype known as Waardenburg-Shah syndrome (WS4; OMIM 277580). Here we report that although all nonsense and
frameshift mutations that cause premature termination of translation generate truncated SOX10 proteins with potent dominant-
negative activity, the more severe disease phenotype, PCWH, is realized only when the mutant mRNAs escape the nonsense-
mediated decay (NMD) pathway. We observe similar results for truncating mutations of MPZ that convey distinct myelinopathies.
Our experiments show that triggering NMD and escaping NMD may cause distinct neurological phenotypes.

Different mutations in the same gene often cause distinct disease phe-
notypes in humans. Generally, such variations in the clinical pheno-
types have been considered to be a consequence of the function or
dysfunction of mutant proteins. Thus, a primary emphasis in geno-
type-phenotype correlation studies has been placed on determining
the unique functional properties of encoded mutant proteins. But in
vitro functional assays of mutant proteins often show discordance
between predicted protein function and clinical outcome. Little is
known about the many factors that are potentially involved in this dis-
crepancy, but loss-of-function versus gain-of-function effects are often
invoked as a possible mechanism.

We previously identified two unrelated individuals with an unusual
phenotype that combined four distinct syndromes—peripheral
demyelinating neuropathy, central dysmyelinating leukodystrophy,
Waardenburg syndrome and Hirschsprung disease—that are charac-
terized by deficiencies of Schwann cells, oligodendrocytes,
melanocytes and enteric ganglia neurons, respectivelyb2. Here we
describe four more individuals and propose that this complex dis-
order is a newly described neurocristopathy called PCWH.

We previously identified mutations in SOX10 in all affected individ-
uals"2. SOX10 is a transcription factor that contains a central high
mobility group (HMG) DNA-binding domain and a transactivation
domain at its C terminus’. SOX10 is essential for the development of
cells in the neural crest lineage, including melanocytes and enteric
ganglia neurons*>; it also controls the proliferation and differentiation
of Schwann cells and oligodendrocytes®8. Notably, some mutations in

SOX10 also cause a distinct and more restricted disease that does not
involve either the peripheral (PNS) or the central (CNS) nervous sys-
tems® 1. This less complicated neurocristopathy, called WS4, com-
bines Waardenburg and Hirschsprung diseases'>. Most SOX10
disease-associated mutations, regardless of whether they cause PCWH
or WS4, result in premature termination codons (PTCs).

As in SOX10, different mutations in MPZ are responsible for dis-
tinct neurological diseases, which each affect the myelin of the PNS.
These neuropathies include early onset congenital hypomyelinating
neuropathy (CHN; OMIM 605253), Dejerine-Sottas neuropathy
(DSN; OMIM 145900) and the less severe, adult onset Charcot-Marie-
Tooth disease type 1B (CMT1B; OMIM 118200; ref. 13). It has been
suggested that the severity of alleles in CHN and DSN is due to domi-
nant-negative effects, whereas the reduced severity of alleles in
CMT1B is due to loss of function. But although some nonsense and
frameshift alleles cause CMT1B, several truncating mutations have
been reported that convey either a CHN or a DSN phenotype.

We investigated the molecular mechanisms underlying the neuro-
logical phenotypes of the PCWH and WS4 neurocristopathies result-
ing from allelic SOXI0 truncating mutations, as well as those
underlying the CHN, DSN and CMT1B myelinopathies caused by
allelic MPZ truncating mutations. Unexpectedly, we found that the
function of the truncated SOX10 proteins has little effect on clinical
outcome. Essentially all truncated SOX10 proteins, irrespective of
their associated phenotypes, had a similar dominant-negative effect
in vitro.
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We also examined SOX10 and MPZ mRNAs that contain truncating
mutations resulting in distinct neurological phenotypes. Our findings
show that mutant mRNAs that result in a less severe disease had
decreased stability, suggesting that the underlying mechanism is hap-
loinsufficiency. By contrast, the more severe neurological disease
seemed to result from a stable mRNA that is translated into a mutant
protein with potent dominant-negative activity. We show that the
unstable mRNAs are degraded by the NMD pathway. Thus, NMD is
responsible for distinct neurological phenotypes arising from allelic
truncating mutations and, by extension, may contribute to allelic
affinity where multiple diseases have been associated with different
mutations in the same gene.

RESULTS

Clinical characterization of individuals with PCWH

We identified four unrelated individuals with an unusual but uni-
form clinical phenotype consisting of four syndromes: peripheral
demyelinating neuropathy, central dysmyelinating leukodystrophy,
Waardenburg syndrome and Hirschsprung disease (PCWH). Here
we define PCWH as a unique clinical presentation. Table 1 summa-
rizes the clinical features of the four individuals with PCWH (see
also case reports in Supplementary Note online), together with
those of previously identified individualsb>»!%13. The peripheral
demyelinating neuropathy in these individuals was objectively
shown by nerve biopsy>!'> and nerve conduction velocity (NCV)
studies (Table 1). The CNS dysmyelinating leukodystrophy was iden-
tified by magnetic resonance imaging! (MRI; Fig. 1a) and neu-
ropathological studies?: both analyses showed that the individuals
had a marked deficit in myelination.

Table 1 Summary of the PCWH clinical findings

5’ and 3’ SOX70 mutations convey distinct phenotypes

We identified heterozygous de novo mutations in exon 5 of SOX10 in
each of the four individuals with sporadic PCWH (Fig. 1b). We found
two frameshift and two nonsense mutations that result in premature
termination at codon 313 (in two individuals), codon 297 or codon 364
(Fig. 1b). We also sequenced EDN3 and EDNRB, mutations of which
also cause a WS4 phenotype, but found no alterations in these genes.

The SOX10 mutations in individuals with PCWH were located
mainly in the last exon (exon 5). By contrast, mutations associated with
the WS4 phenotype were clustered in the upstream coding exons (exons
3 and 4; Fig. 1c). To determine the generality of this correlation between
the location of the mutation in SOX10 and phenotype, we examined a
wider data set obtained from previous studies on people with SOX10
mutations»29-1L1616-19 We identified several individuals possessing
clinical features that resembled PCWH but that were not well defined by
objective electrophysiological (NCV) and imaging (MRI) studies.

We think that most or all of these published cases are probably
PCWH because the neurological features largely overlap with those
observed in the individuals with PCWH that we studied (e.g., areflexia,
muscle wasting, dysautonomia, ataxia, nystagmus, spastic paraplegia
and developmental delay; Supplementary Table 1 online). Similar to
the four individuals with PCWH, most of these previously studied
individuals had nonsense mutations or frameshift mutations that
resulted in PTC:s in the last exon of SOX10 (e.g., Y313X, Q234X, S251X,
778delG, S376X, Q377X and X467K; refs. 10,11,16,17,19; Fig. 1c).

In the studies described below, we investigated the molecular mech-
anism underlying why mutations in the 3" region of SOX10 result in
the PCWH phenotype, whereas mutations in the 5" region result in the
more restricted WS4 phenotype.

Individual 1474 1442 (ref.15) 1916 1866 Ref. 1 Ref. 2 Ref. 14
Age/sex 18 y/M 27 yIM 2 y/IM 9y/F 11 y/F 3 mo/M? 8 y/F
SOX10 mutation
Nucleotide change 939C—G 938insA 847insT 1090C—T 1400del12 748C—T 795delG
Amino acid change Y313X Y313X fr297X Q364X +82aa Q250X fr285X
Peripheral neuropathy
Muscle wasting/atrophy + + + + + + N/A
Pes cavus + + - + + - N/A
Areflexia/hyporeflexia + + + + + + +
Dysautonomia - - + N/A +
NCV (m s1)b 10.6-21.9 19 18.7-32.6 14-21 24.0-28.6 1.9-2.1 5.3-8.0¢, 37.5-38.0¢
Nerve biopsy N/A ABN®& N/A N/A N/A ABNf ABNg
Dysmyelinating leukodystrophy
Developmental delay + + + + + +
Nystagmus + - + - + +
Spastic diplegia + - + - + - N/A
Hypotonia + + + + + + +
Ataxia - + - - -
Brain MRI T2 N/A T2 N/A T2 T2/T1 NL
Brain CT NL NL NL NL NL N/A N/A
Waardenburg syndrome
Hypopigmentation -
Neurosensory deafness +
Hirschsprung disease LG LG LG LG LG LG +h

y, years of age; mo, months of age; M, male; F, female; fr, frameshift; N/A, not available; ABN, abnormal findings consistent with myelinopathy; T2, abnormal high intensity in the
brain white matter by T2-weighted images; T2/T1, abnormal findings (high intensity by T2-weighted images and low intensity by T1-weighted images) in the brain white matter;

NL, normal; CT, computed tomography; LG, long-segment type.

2Age at death due to the disease. "Normal values >39 m s1. cExamined at 6 weeks of age. 9Examined at 7.5 years of age. ©Demyelination with excessive focal folding of myelin sheaths. fNo

myelination formation. 8Hypomyelination with thin myelin. "Chronic intestinal pseudo-obstruction.
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Truncated SOX10 mutants have dominant-negative activity

We considered that PCWH might not result from haploinsufficiency,
but rather might be caused by dominant-negative effects!. To investi-
gate the molecular basis of the PCWH-associated SOX10 mutations,
we used a series of functional assays. First, to determine the ability of
the SOX10 mutant proteins to interfere with wild-type SOX10 func-
tion, we carried out competition assays by co-transfecting vectors
expressing the mutants and wild-type SOX10 into U138 human
glioblastoma cells together with a vector containing SOX10-binding
sites upstream of a minimal B-globin promoter?.

The SOX10 mutants resulting in PCWH (Q250X, 795delG,
847insT, Y313X, Q364X and Q377X) suppressed the transcriptional
activity of cotransfected wild-type SOX10 in a dose-dependent man-
ner (Fig. 2a,b), supporting the idea that PCWH is caused by domi-
nant-negative mutations in the SOX10 gene. Unexpectedly, however,
we observed similar suppression for mutants associated with the
more restricted WS4 phenotype (E189X and Y207X). Below we pro-
vide evidence that, although these mutant proteins possess potent
dominant-negative activity, their activity is not realized because their
expression is downregulated by the NMD RNA surveillance pathway.

Notably, two other WS4-associated mutants (482ins6 and
1076delGA) showed an additive transcriptional activation effect simi-
lar to that of wild-type SOX10. Their lack of dominant-negative activ-
ity may explain why they are associated with the weaker phenotype

Figure 1 Brain MRI, SOX10 mutations in a
families with PCWH, distribution of SOX10

mutations and genotype-phenotype correlation.

(a) T2-weighted images of individual BAB1474

at 16 years of age (left) and individual

BAB1916 at 2 years of age (right). Note the

bilateral diffuse hyperintensity of cerebral white

matter, especially in the periventricular white

matter (arrowheads), representing

dysmyelinating leukodystrophy. The volume of

the white matter was preserved. Brain stem,

cerebellum and spinal cord had normal

myelination (not shown). (h) Pedigrees,

restriction analysis and sequence b
chromatograms of four families with SOX10
mutations. Filled symbols indicate probands.
Lanes in the restriction analyses represent the
individual directly above in the pedigree. In
each family, the proband showed the expected
mutation-specific restriction pattern
(arrowheads), which was not present in any
other family members, indicating that all
mutations occurred de novo. The mutations and
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(WS4), but precisely how these mutations cause disease is not clear
from this assay. In a separate test, we used a GJ/BI promoter (a natu-
rally occurring SOX10-responsive promoter) in a luciferase reporter
assay?? and observed comparable competition effects for each of the
mutants (Supplementary Fig. 1 online).

We evaluated the transcriptional activity of each SOX10 mutant by
itself. All mutants that we tested showed diminished transcriptional
activity relative to wild-type SOX10 (Fig. 2a,c). We also tested the abil-
ity of SOX10 mutants to increase synergistically the transcriptional
activity of another transcription factor, which is a known property of
wild-type SOX10 (ref. 3). All mutants retaining the HMG domain par-
tially enhanced the transcriptional activity of POU3FI (also known as
SCIP, OCT6 and Tst-1; Fig. 2d). Notably, the transcriptional activation
phenotype of a mutant associated with WS4 (E189X) did not signifi-
cantly differ from that of mutants associated with PCWH (Q250X,
795delG, 847insT, Y313X and Q364X). Thus, it is unlikely that a differ-
ence in the POU3F1-activating ability of SOX10 mutants is responsi-
ble for the difference in these two phenotypes.

In summary, most truncated SOX10 mutants have reduced tran-
scriptional activity and a dominant-negative effect regardless of
whether they cause the PCWH or WS4 phenotype. Thus, whereas a
dominant-negative mechanism is responsible for disease, an alterna-
tive mechanism must underlie the different phenotypic consequences
of mutation (i.e., PCWH versus WS4).
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above the sequence chromatograms.

(e) SOX10 mutations associated with PCWH and
WS4. The three coding exons of SOX10 are
indicated by shades of blue. The HMG and
transactivation (TA) domains are indicated.
Open symbols, WS4-associated mutations; filled Cc
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nonsense mutations; squares, missense and in-
frame insertion or deletion mutations; triangles,
frameshift mutations. Arrows indicate putative
terminations after frameshift mutations. Graph
shows disease severity and the clinical diagnosis
of individuals with each mutation. Green
indicates a WS4 phenotype, red indicates a
PCWH phenotype with a spectrum of severity
decreasing from left to right.
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SOX10 mutants have enhanced DNA-binding affinity

We used electrophoretic mobility shift assays (EMSAs) to investigate
further the molecular mechanism of the dominant-negative activity of
the truncated SOX10 mutant proteins. All mutants retaining a com-
plete HMG domain had enhanced apparent DNA-binding affinity in
comparison to wild-type SOX10 (Fig. 3a). As reported previously?!,
the 1076delGA mutant had a DNA-binding affinity similar to that of
the wild type, and the 482ins6 mutant did not detectably bind DNA at
all (data not shown).

As a better measure of relative DNA-binding affinity, we carried out
competition experiments between the mutants and wild-type SOX10.
All mutants tested inhibited the binding of wild-type SOX10 despite
an excess amount of free target DNA (Fig. 3b). Thus, all mutants bind
to DNA with high affinity and can interfere with the DNA binding of
wild-type SOX10.

Downregulation of dominant-negative SOX70 transcripts
We sought to determine why some SOX10 mutant proteins are associ-
ated with the WS4 phenotype despite having potent dominant-nega-
tive activity. The dominant-negative mutants associated with the WS4
phenotype have nonsense mutations in internal exons (exon 3 and 4),
whereas those associated with PCWH have nonsense mutations in the
final exon (exon 5). We therefore considered that nonsense codons
located in internal exons might trigger mRNA decay, thereby reducing
the amount of dominant-negative protein that could be produced.
Such a scheme would be consistent with the NMD RNA surveillance
pathway, which typically degrades only transcripts containing non-
sense codons that are followed by at least one intron?223,

We addressed this hypothesis by using minigene constructs con-
taining intron 4, which normally separates the last two exons of

a c
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SOX10 (Fig. 4a). Northern-blot analysis showed that nonsense
mutations upstream of the intron (Y83X, E189X or Y207X) led to
reduced mRNA levels. By contrast, nonsense mutations downstream
of the intron (Q250X or 795delG) led to no such reduction in mRNA
(Fig. 4b). Comparable results were obtained in two different cell
lines, HeLa adenocarcinoma (Fig. 4) and U138 glioblastoma (data
not shown). These results support our hypothesis that WS4-associ-
ated mutations, but not PCWH-associated mutations, lead to a
reduction in mRNA, thereby preventing dominant-negative effects.

To provide more evidence that NMD is responsible for the selective
downregulation of WS4-associated nonsense mutations, we tested
whether removal of intron 4 would abrogate NMD. Deleting the
intron prevented downregulation of the mRNA of all of the WS4-spe-
cific nonsense mutants tested (Y83X, E189X and Y207X; Fig. 4¢), indi-
cating that NMD may be responsible for this downregulation. A strong
intron-dependent reduction was also observed at the protein level:
SOX10 protein was reduced by nonsense mutations only when an
intron was present downstream of the mutation (Fig. 4d, compare
E189X and Y207X with and without the intron).

As another test of whether NMD is responsible for downregulating
SOX10 expression, we incubated the transfected cells with the protein
synthesis inhibitor cycloheximide, which has been shown to reverse
NMD?%. Cycloheximide upregulated the expression of nonsense
codon-bearing SOX10 transcripts (Y83X, Y207X and E189X) to a level
similar to that of wild-type transcripts expressed in cycloheximide-
treated cells (Fig. 4e).

Another characteristic of NMD is that it is not activated by non-
sense codons in the penultimate exon that are located less than ~55
bp from the final intron?’. To test whether this rule applies to
SOX10, we introduced a nonsense mutation 25 bp upstream of the
intron in our construct (G218X). This construct showed no reduc-
tion in SOX10 mRNA expression (Fig. 4b). Thus, the mutants that
are associated with the more restricted WS4 phenotype (Y83X,
Y207X or E189X) are downregulated by the NMD mRNA surveil-
lance pathway, whereas those that are associated with the more com-
plex and severe PCWH phenotype (Q250X and 795delG) escape
NMD and express large amounts of dominant-negative protein.
Verification in human tissues in vivo would strengthen these in vitro
findings; however, such samples of the nervous system were not
available for this study.

Figure 2 Transcription assays of SOX10 mutant proteins. (a) SOX10 mutants
used in the assays. Mutations shown in green lead to WS4, those in red to
PCWH. Two clones, 939C—G and 938insA, result in the same amino acid
change, Y313X. WT, wild-type. (h) Competition assays. Increasing amounts
of mutant SOX10 expression plasmid were mixed with a fixed amount of
wild-type SOX10 expression plasmid and cotransfected with the luciferase
reporter plasmid 3xSXluc (ref. 3), which contains binding sites for SOX
proteins. The total amount of DNA per well was kept constant by adding
empty expression plasmid. The mean activity from transfections with the
luciferase reporter and wild-type SOX10 plasmid was set as 1, and the other
data are shown relative to this activity. (¢) Transcriptional activities of SOX10
mutants determined by luciferase reporter assay. Plasmid 3xSXluc (ref. 3)
was cotransfected into U138 human glioblastoma cells with a plasmid
expressing wild-type SOX10 or mutant SOX10. The y axis corresponds to the
clones in a, the x axis shows the luciferase activities as the relative induction
above the mean activity from transfections with luciferase reporter and
empty expression plasmid, which was set as 1. (d) Synergistic activities of
SOX10 mutants. The luciferase reporter plasmid 3xFXOluc (ref. 3), which
contains binding sites for both SOX and POU proteins, was transfected with
the indicated combinations of plasmids expressing POU3F1, wild-type
SOX10 and SOX10 mutants, and the luciferase activity was measured as in
c. In b—d, bars represent the mean + s.d.
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Figure 3 DNA-binding studies of SOX10 mutant proteins. (a) DNA-binding
affinities of each SOX10 mutant. Top, western blotting of SOX10 proteins in
nuclear extracts from Hela cells transfected with wild-type (WT) or mutant
SOX10 expression plasmids. Associated phenotypes are color coded as in
Figure 2a. Molecular markers on the right show 86, 44 and 33 kDa from top
to bottom. Bottom, equal amounts of SOX10 proteins (1:30 dilution) were
used for EMSA. DNA binding is more prominent for the shorter SOX10
mutant proteins than for wild-type SOX10 (arrowhead). (h) Mutant SOX10
proteins interfere with the DNA binding of wild-type SOX10. Top, western
blot of SOX10 proteins in nuclear extracts from Hela cells cotransfected
with the indicated combinations of wild-type and mutant SOX10 expression
plasmids. The amount of wild-type SOX10 plasmid was constant, whereas
that of the E189X, Y207X, Q250X, 847insT and Y313X mutant plasmids
varied (1:25, 1:5 and 1:1 dilutions), as indicated by the triangle. Bottom,
equal amounts of nuclear extracts (1:10 dilution) were used for EMSA. The
wild-type SOX10-probe complex (WT) and the mutant SOX10-probe complex
(Mut) are indicated. Increasing amounts of each SOX10 mutant seem to
inhibit the binding of wild-type SOX10 protein.

Polarity of truncating mutations causing PCWH
Notably, we found that the severity of neurological symptoms in
PCWH correlates with the location of the mutations in a polar man-
ner, such that PTCs in the 5" end of exon 5 result in a most severe and
sometimes lethal phenotype, whereas the clinical outcome is milder
for mutations located towards the 3" end of exon 5. Specifically, the
Q234X, Q250X and S251X mutations are associated with a lethal phe-
notype2>“’16, whereas the 847insT, Y313X and Q364X mutations are
associated with infantile- or juvenile-onset myelin deficiencies that
cause only modest neurological disabilities (Fig. 1c). Mutations near-
est the 3" end (S376X and Q377X) are associated with even milder neu-
rological manifestations (refs. 10,19 and data not shown). Notably, the
most 3’ mutation (1076delGA), which generates the longest truncated
protein, causes no measurable dysmyelinating phenotype®.
Experimental evidence provides a potential explanation for this
polarity. EMSAs showed that the enhanced DNA-binding affinity of

Figure 4 Nonsense-mediated decay assays of SOXI0. (a) Minigene
construct. Coding exons are indicated by shades of blue, with the last 55
bp of exon 4 in a darker shade. Intron 4 (unbroken line) is between
exons 4 and 5. The CMV promoter was used to drive expression. Symbols
and colors for each mutation are as Figure 1c. G218X is a synthetic
mutation. Ter, normal termination codon. (h) Northern blot showing
degradation of SOX10 transcripts carrying PTCs in upstream exons. The
transcript level of each mutant is shown as a ratio of the level of wild-
type SOX10 after normalization. Results shown are typical of five
experiments. WS4-associated mutations (Y83X, E189X and Y207X), but
not PCWH-associated mutations (Q250X and 795delG), result in
reduced mRNA levels as compared with wild-type (WT) SOX10. The
expression of G218X mutant mRNA, in which the PTC occurs in the last
55 bp of the penultimate exon, indicates that NMD probably mediates
the mRNA degradation. (¢) Removal of intron 4 (—intron) results in
escape from NMD in WS4-associated mutations. The transcript level of
each clone is shown as a ratio of the level of wild-type (WT) SOX10 after
normalization. (d) NMD-mediated mRNA degradation results in reduced
protein expression. Western blotting was done on nuclear extracts from
Hela cells transfected with the indicated SOX10 plasmids either with
(NMD) or without (—intron) an intron. SOX10 protein was reduced by
nonsense mutations only when an intron was present downstream of the
mutation. Molecular markers on the right show 86, 44 and 33 kDa from
top to bottom. WT, wild-type. (e) Cycloheximide treatment (CHX) rescues
WS4-associated mutations from degradation. The transcript level of each
mutant is shown as a ratio of the level of wild-type (WT) SOX10 without
CHX treatment after normalization (n = 2). In each blot, either lacZ (3.1
kb) or neo (1.3 kb) was used for normalization. SOX10 transcripts are
2.8 kb.
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the truncated SOX10 proteins was also polar; that is, DNA binding
was more prominent for short truncation mutants (E189X, Y207X,
Q234X, Q250X and S251X) than for long truncation mutants
(Y313X, Q364X and Q377X; Fig. 3a). In addition, competition assays
showed that individual mutants varied in their competitive binding:
short truncation mutants (E189X, Y207X and Q250X) tended to
compete more strongly than did long truncation mutants (847insT
and Y313X).

Although we do not know how stronger DNA binding increases
the ability of SOX10 to cause disease, the strong correlation between
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the DNA-binding affinity of SOX10 and its disease phenotype indi-
cates that this variable may be important. Either stronger DNA bind-
ing may enhance the dominant-negative activity of SOX10 by a
mechanism that is not detectable in our assays (for example, pro-
moter-specific dominant-negative effects) or it may elicit effects that
remain to be defined.

NMD downregulates PTC-bearing MPZ transcripts

To examine whether NMD can explain why other distinct neurological
diseases result from allelic truncating mutations, we tested PTCs in the
gene MPZ by similar expression assays. Allelic point mutations of
MPZ cause a spectrum of genotypically related, dominantly inherited,
peripheral neuropathies with variable severity, including the more
severe, early onset CHN and DSN, as well as the less severe, adult onset
CMT1B. Most disease-associated mutations in MPZ mutations are
missense alterations, but 18 truncating MPZ mutations have been
reported to cause either mild or severe forms of peripheral neuropathy
(ref. 25 and Inherited Peripheral Neuropathies Mutation Database; see
URL in Methods). Molecular studies of mutant MPZ have not pro-
vided a plausible explanation for the association between mutation
and disease severity (that is, genotype-phenotype correlations). As in
SOX10, we identified an apparent correlation between phenotype and
the location of PTCs in MPZ. The PTCs in the 5" end result in mild
neuropathy, whereas most of those in the 3" end cause severe diseases,
with the exception of a few cases for which detailed clinical informa-
tion was not available (Fig. 5a).

We examined the mRNA stability of MPZ PTC mutations that con-
vey distinct peripheral neuropathies. Of six mutations (Fig. 5b), two
(Y181X and G206X) cause truncation at a position similar to trunca-
tion clones that have been shown in vitro to behave as dominant-nega-
tive alleles, despite causing mild CMTI1B (ref. 26). Each PTC
associated with a mild phenotype is located in an internal exon and

Figure 5 Genotype-phenotype correlation and NMD assays of MPZ. (a) MPZ
truncating mutations associated with inherited peripheral neuropathies?6. The
six coding exons of MPZ are indicated by shades of blue. The transmembrane
domain (TM) is encoded by exon 4. Open symbols, mutations associated with
CMT1B; filled symbols, mutations associated with DSN/CHN; circles,
nonsense mutations; triangles, frameshift mutations. Arrows indicate putative
terminations after frameshift mutations. Green indicates a CMT1B phenotype,
red indicates a DSN/CHN phenotype. (b) MPZ genomic expression construct
used for northern blotting. Six mutations associated with either CMT1B or
DSN/CHN are shown (symbols as in a). Ter, normal termination codon.

(e) Northern blots showing degradation of MPZ transcripts carrying PTCs in
internal exons. The transcript level of each mutant is shown as a ratio of the
level of wild-type (WT) MPZ after normalization. Results shown are typical of
three experiments. The 5" PTCs (223delG, Y154X, Y181X and Q206X), but
not the 3" PTCs (Q215X and 662insGC), result in reduced mRNA levels as
compared with wild-type MPZ. The DSN/CHN-associated Q215X PTC located
2 bp from the end of exon 4 escaped mMRNA downregulation, whereas the
CMT1B-associated G206X PTC located 28 bp upstream of Q215X in the same
exon underwent mRNA downregulation. These data suggest that MPZ does not
obey the ‘~55 bp rule’?3, as has been observed for some genes*4. (d) Removal
of intron 4 (—intron) recovers the expression of CMT1B-associated mutations.
Experiments were done as in Figure 4c. WT, wild-type. (e) Cycloheximide
treatment (CHX) rescues mRNAs carrying CMT1B-associated mutations from
degradation. Experiments were done as in Figure 4e (n = 2). WT, wild-type.

(f) RNAi-mediated suppression of UPFI rescues mRNAs carrying CMT1B-
associated PTCs from degradation (n = 3). Western blot (inset) shows
decreased expression of UPF1 protein after siRNA treatment. In the northern
blots, neo (1.3 kb) was used for normalization. MPZ transcripts are 1.8 kb. For
all constructs that showed mRNA instability owing to NMD, quantitative RT-
PCR experiments were done independently to validate the results of the
northern blots (not shown). WT, wild-type.

resulted in a downregulation of transcripts (Fig. 5¢). This downregula-
tion was prevented by each of the following: first, elimination of all
introns by using a cDNA construct; second, cycloheximide treatment;
and third, suppression of UPFI (ref. 27), an essential factor in the
NMD pathway, by RNA-mediated interference (RNAi; Fig. 5d—f).
These findings suggest that the MPZ transcripts carrying these
PTCs selectively undergo NMD and are likely to be degraded in vivo.
By contrast, the PTCs associated with severe diseases are all located
in the last exon (except for one that is located at the distal end of the
penultimate exon) and resulted in an accumulation of mRNA at lev-
els equivalent to the wild-type allele. These finding suggest that the
MPZ transcripts containing these PTCs escape NMD and are proba-
bly translated into truncated proteins that may have a dominant-

negative function?.

DISCUSSION

We propose that the phenotypes of genetic diseases are commonly
influenced by NMD. First, PTCs are common: nonsense and
frameshift mutations are present in approximately one-third of muta-
tions that cause human genetic disease?829, Second, nonsense codons
in all internal exons are capable of triggering NMD??, which means
that mRNA levels will be reduced by most nonsense and frameshift
mutations?®-3%; therefore, PTCs generally result in milder phenotypes
as compared with missense mutations, as has been postulated in sev-
eral human diseases including osteogenesis imperfecta®!, Stickler syn-
drome>? and Marfan syndrome33>34. Third, on the basis that NMD has
a potential role in most disease-causing PTCs, it has been proposed
that haploinsufficiency is the most predictable pathogenetic mecha-
nism underlying heterozygous nonsense alleles?. Last, PTCs located
in the last coding exon specifically escape NMD?3 and so are processed
distinctly from those in internal exons, leading to the stable translation
of truncated proteins.
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B-thalassemia is a classic example in which 5" PTCs in the gene
encoding f-globin result in a recessive trait, whereas 3" PTCs result in a
specific dominant form of disease, because 5" PTCs but not 3" PTCs
trigger B-globin NMD?>%. We think that this previously underappre-
ciated mechanism has an important role not only in phenotypic varia-
tion, but also in the expression of distinct phenotypes from allelic
truncating mutations. In support of this idea, we have shown experi-
mentally that PTCs that trigger NMD versus those that escape NMD
result in distinct neurological phenotypes in two different disease-
causing genes, SOX10 and MPZ.

A corollary to our study is that many genetic diseases that were pre-
viously thought to be the result of dominant-negative mutations on
the basis of functional assays may actually result from haploinsuffi-
ciency in vivo because of NMD. In fact, previous genotype-phenotype
studies of MPZ mutations could not explain the mild phenotype asso-
ciated with dominant-negative truncated proteins?®*”>3. Invoking
NMD not only delineates the genotype-phenotype correlation for
truncating mutations, but it also facilitates a functional analysis of
missense alterations by comparison with clinical phenotypes. Thus,
NMD must be considered when formulating and testing explanations
for phenotypic differences associated with disease-causing mutations.
We have shown that triggering NMD versus escaping NMD may cause
distinct neurological phenotypes in addition to contributing to the
variability of expression in human genetic diseases.

Three case reports previously identified an association between
SOX10 mutations and deficiencies in peripheral and/or central
myelin»>14, Here, by combining those data with data from four addi-
tional individuals, we have provided evidence for the existence of a dis-
tinct genetic disease, PCWH, caused by SOXI0 mutations. We
consider that PCWH is a distinct neurocristopathy because it can be
distinguished from other neurocristopathies, including WS4, on the
basis of the following observations.

First, there are no other syndromes that simultaneously show the
clinical findings of peripheral myelinopathy, central dysmyelination,
Waardenburg syndrome and Hirschsprung disease. In particular, the
involvement of both the PNS and the CNS is a distinguishing charac-
teristic of PCWH. These neurological findings predominate in deter-
mining the degree of disability in individuals and also significantly
influence the prognosis: severe hypomyelination in the PNS and CNS
has even resulted in early death in some cases>!">16, Second, PCWH is
unique because so far it is known only to be caused by a single gene,
whereas WS4 is associated with at least two other genes, EDN3 and
EDNRB (refs 9,39,40). Notably, neither EDN3 nor EDNRB has been
associated with some of the symptoms characteristic of PCWH, such
as peripheral and central myelin deficiencies. Last, we have shown that
the SOX10 mutations that cause PCWH represent a subset that are dis-
tinct from those that cause WS4.

Our study indicates that the two phenotypes associated with SOX10
mutations, PCWH and WS4, may be caused by two distinct molecular
mechanisms. The more severe phenotype, PCWH, is caused by non-
sense mutations that generate truncated SOX10 mutant proteins pos-
sessing enhanced DNA-binding affinity and potent dominant-negative
activity. The more modest phenotype, WS4, is caused by nonsense
mutations that activate the NMD RNA surveillance pathway, thereby
reducing dominant-negative expression and resulting in SOX10 hap-
loinsufficiency.

This interpretation of the data from SOX10-deficient humans is
consistent with the finding that Sox10~/~ homozygous mice have pro-
found defects in both peripheral and central myelin lineages that result
in embryonic lethality, whereas heterozygotes show a phenotype cor-
responding to the WS4 phenotype®. The dominant-negative activity of
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the SOX10 mutant proteins that cause PCWH probably does not block
SOX10 function completely, because the PCWH phenotype is milder
than that seen in homozygous Sox10~~ mice. It is also possible, how-
ever, that mice and humans differ subtly in their reliance on SOX10 for
neurological development. Although our data are most consistent
with dominant-negative interference, a gain-of-function effect cannot
be absolutely ruled out.

We found that for mutations in SOX10 exon 5, the severity of the
PCWH phenotype inversely correlates with the length of SOX10 pro-
tein (Fig. 1¢). Our transfection studies identified a potential molecular
mechanism for this correlation: the shorter SOX10 mutants had
stronger DNA-binding affinity and dominant-negative activity than
did the longer SOX10 mutants (Figs. 2b and 3a,b). This polarity may
explain the differential severity observed in individuals with PCWH;
that is, it may explain why Q250X, one of the early truncating muta-
tions, completely diminishes myelin development in both the PNS and
the CNS?, whereas a mutant that is 63 residues longer, Y313X, causes a
much milder phenotype (patients 1 and 2). In addition, later trunca-
tions (i.e., longer SOX10 mutants) might also have a smaller interfer-
ence effect and thus would not result in the PCWH phenotype® (e.g.,
1076delGA in Figs. 1c and 2a).

Much evidence indicates that the more restricted WS4 pheno-
type is caused by SOX10 nonsense mutations that activate the pro-
tective NMD RNA surveillance pathway. Two WS4-associated
mutations in exon 4, E189X and Y207X, resulted in truncated pro-
teins possessing strong dominant-negative activity when expressed
from cDNAs lacking introns. However, cellular mRNAs bearing
these mutations were diminished when transcribed from a con-
struct with an intron-containing minigene, suggesting that NMD
degrades mRNAs containing PTCs before translation, which seems
to mitigate the dominant-negative action of these mutations. As a
result, these mutant alleles become equivalent to null alleles and thus
haploinsufficiency is probably the underlying mechanism causing the
disease phenotype in vivo. By contrast, nRNAs with nonsense muta-
tions in the final exon escape NMD because there is no intron down-
stream of the stop codon. Large amounts of dominant-negative
protein are therefore produced, leading to the severe (PCWH) dis-
ease phenotype. Consistent with this interpretation, all truncating
mutations associated with PCWH are located in exon 5 and are
anticipated to escape NMD (Fig. 1c).

Both SOX10 and MPZ PTCs encode proteins with dominant-nega-
tive effects, but only those PTCs that escape NMD realize that poten-
tial. This finding, in conjunction with previous results®'~3°, suggests
that one of the physiological roles of NMD may be to protect against
severe disease phenotypes by converting dominant-negative effects to
haploinsufficiency. The extent of the beneficial effect may vary
depending on both the toxicity of truncated proteins encoded by dif-
ferent genes and the nature of traits. Rarely, as exemplified by the hem-
izygous X-linked DMD gene mutated in muscular dystrophy, NMD
may result in more severe disease by abrogating the hypomorphic pro-
tein function*!. Nevertheless, individuals potentially carry several
silent PTCs in their genome and the suppression of these PTC-carry-
ing alleles by NMD may be crucial for preventing disease expression,
as implied by the embryonic lethality caused by congenital suppres-

sion of NMD in mice®2.

METHODS

SOX10 mutation analysis. Peripheral blood was obtained from individuals and
family members with informed consent approved by the Institutional Review
Board at Baylor College of Medicine. Genomic DNA was extracted from white
blood cells by a standard method. The genomic DNA from each individual was
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used as a template for PCR to amplify each coding exon of the SOX10 gene'. We
sequenced PCR products directly by using DyePrimer chemistry and an
ABI377 sequencer (Applied Biosystems). Gene mutations were examined in
each family member by restriction enzyme digestion of PCR products to deter-
mine the de novo occurrence or segregation within the family. Ddel, Mwol,
BssST and Styl were used to determine each mutation. Using the same restric-
tion analyses, we also examined at least 180 normal chromosomes to exclude
the possibility of benign polymorphism. Paternity was confirmed in each fam-
ily by microsatellite haplotyping analyses done by IdentiGene.

Recombinant constructs. We incorporated each mutation into pCMV-
huSOX10, which contains human wild-type SOXI0 c¢DNA under a
cytomegalovirus (CMV) promoter, either by PCR-directed mutagenesis or by
subcloning PCR products generated from patient DNA. The POU3FI expres-
sion plasmid pCMV/Tst-1 and the luciferase reporter plasmids 3xSXluc and
3xFXOluc have been described?. A 750-bp fragment from the G/BI promoter
was subcloned into the luciferase reporter plasmid pGL3 (Promega) as
described?. To construct intron-containing SOX10 minigenes, we used PCR
to fuse two overlapping fragments, one from ¢cDNA spanning exons 3—4 and
the other from genomic DNA spanning a portion of exon 4, intron 4 and exon
5, and subcloned the product into the mammalian expression vector
pcDNA3.1 (Invitrogen) to generate pcDNASOX10NMD. We also subcloned
the human SOX10 cDNA into pcDNA3.1 to generate pcDNASOX10-intron.
Full-length human MPZ cDNA (IMAGE 3926008) was obtained
(OpenBiosystems) and subcloned into pcDNA3.1 (Invitrogen) to generate
pcDNAMPZ. The whole genomic coding region was also subcloned from
genomic DNA by PCR to generate pcDNAMPZNMD. Mutations were gener-
ated in each construct with the QuikChange Site-Directed mutagenesis kit
(Stratagene). A B-galactosidase expression plasmid, pCMV (Clontech), was
used as a reference for transfections.

Functional assays. U138 human glioblastoma cells and HeLa cells were grown
in DMEM medium supplemented with 10% fetal bovine serum and were
transfected by using PolyFect or Effectene transfection reagents (Qiagen). For
the luciferase assay, we collected U138 cells from 24-well trays after 48 h of
transfection and then assayed luciferase activity’. Nuclear extract was obtained
from HeLa cells after 48 h of transfection and used for western blotting and
EMSA studies. Rabbit antiserum to SOX10 (1:3,000 dilution; Chemicon) was
used as a primary antibody for western blots. This antiserum recognizes an
epitope at amino acids 165-181 of human SOX10; therefore, the signals were
quantitative for both wild-type SOX10 and the truncated proteins used in this
study. We used oligonucleotide probes containing a single SOX10-binding site
(site B)*3 for EMSAs.

For northern blotting, total RNA was extracted from HeLa cells after 24 h of
transfection using 0.1 pg of SOX10 or MPZ expression plasmids along with 0.9
ug of pPCMV reference plasmid per 60-mm dish. Two hours before the cells were
collected, cycloheximide was added to a concentration of 1 mg/ml. Knockdown
of UPF1 by RNAi was done as described?”. Polyclonal antibody to UPF1 was a gift
from J. Lykke-Andersen (University of Colorado, Boulder). Expression of the
neomycin phosphotransferase gene (neo) gene from pcDNA3.1 or the cotrans-
fected B-galactosidase gene (lacZ) was used as a reference control for normaliza-
tion. After electrophoretic separation and transfer to a nylon membrane, mRNA
was probed by ¥2P-labeled SOX10, neo and lacZ probes. The value for each signal
was measured with a Personal Densitometer SI (Molecular Dynamics).

URL. The Inherited Peripheral Neuropathies Mutation Database is available at
http://molgen-www.uia.ac.be/CMTMutations/.

Note: Supplementary information is available on the Nature Genetics website.
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