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We report clinical, cytogenetic, and comparative genomic
hybridization findings for three siblings with an unbalanced
4q;16q translocation, minor malformations, and cognitive
abnormalities, including childhood apraxia of speech, a rare,
severe motor speech disorder. Breakpoint findings indicate
that in addition to possible contributions from duplicated
genes on chromosome 16, haploinsufficiency of one or more
of 11 genes deleted in the telomeric region of the long arm of
chromosome 4 is the likely cause of the speech disorder, the
associated impairments in cognition and language, and the
dysmorphic features. The present findings are the first to

document childhood apraxia of speech in a multiplex
family using contemporary speech measures. We suggest
that genotype-phenotype studies of childhood apraxia of
speech occurring in complex neurodevelopmental disorders
can elucidate the pathophysiology of this disorder.
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INTRODUCTION

Childhood apraxia of speech (CAS) is a rare
motor speech disorder that places a child at risk
for significant and persistent difficulties in speech
and language, with consequences for challenges
in educational, social, and vocational domains.
As a secondary sign in the context of complex
neurodevelopmental disorders, CAS is frequently
comorbid with cognitive impairment, language
impairment, nonverbal oral apraxia, and/or dysmor-
phic features. The American Speech-Language-
Hearing Association recently endorsed CAS as the
classificatory term for a childhood disorder of
speech praxis, replacing terms such as Developmen-
tal Verbal Dyspraxia (DVD) and Developmental
Apraxia of Speech (DAS) [ASHA, 2007]. The ASHA
technical report defines CAS as:

...a neurological childhood (pediatric)
speech sound disorder in which the precision
and consistency of movements underlying
speech are impaired in the absence of neuro-
muscular deficits (e.g., abnormal reflexes,

abnormal tone). ...The core impairment in
planning and/or programming spatiotemporal
parameters of movement sequences results
in errors in speech sound production and
prosody. (p. 3)

Genetic studies of CAS have been catalyzed by the
widely cited research series on the London family in
which a mutation in FOXP2, nonverbal oral apraxia,
and a severe speech sound disorder consistent
with apraxia of speech was identified in half of the
members of a then three-generation family [Lai et al.,
2000, 2001], reviewed in [Fisher, 2007]. A problem
with this study series and others in idiopathic CAS is
that the inclusionary signs used to classify family
members as positive for CAS were obtained from
non-standardized speech assessment protocols. We
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have proposed that programmatic research in CAS
requires a standardized protocol of perceptual and
instrumental measures that quantify relevant features
of apraxia of speech as it presents in four contexts:
in adult acquired apraxia of speech (AOS), as
a consequence of neurological disorder in children
(e.g., infection, trauma), as a secondary sign in
complex neurodevelopmental disorders, and as an
idiopathic speech sound disorder [Shriberg, in press].
There is considerable public health interest in the
latter putative subtype because its reported pre-
valence has risen markedly in the pastapproximately
two decades, but studies indicate high rates of
false positives [Davis et al., 1998; Campbell, 2003;
ASHA, 2007]. Here we describe the results of a well-
developed speech assessment protocol to document
CAS in a multiplex family in which each of three
siblings has an unbalanced 4q;16q translocation
(monosomy 4q and trisomy 16q) inherited from their
father who has a balanced 4q;16q translocation. The
goal was to identify the breakpoints on each chromo-
some, with the possibility of identifying novel
candidate genes and loci that may play a role in CAS.

MATERIALS AND METHODS

Speech Analyses

The three patients (at ages 16 years 9 months,
12 years 3 months, and 10 years 11 months) and
their father completed a 45-min speech, prosody,
and voice assessment (administered by KJJ). This
research project was approved by the University
of Wisconsin-Madison Institutional Review Board
following federal regulations under 45CFR46. The
protocol included a conversational speech sample,
the Goldman—Fristoe Test of Articulation 2 [Gold-
man and Fristoe, 20001, and a series of brief tasks
requiring spontaneous and imitative speech res-
ponses at the word, phrase, and sentence level. As
described in detail in Shriberg et al. [2000], the
protocol was designed to discriminate CAS from
three other possible clinical classifications: typical
speech, speech delay, or dysarthria. The digital audio
recordings were processed in the PEPPER software
platform [Shriberg et al., 2001] at the University of
Wisconsin-Madison, using methods for transcrip-
tion, prosody-voice coding, and acoustic analysis of
typical and disordered speech production.

Genetic Analyses

The patients were evaluated at the University of
Iowa Medical Genetics outpatient clinic and their
clinical records were reviewed by one of the authors
(HES) after informed consent. All family members
were genotyped with microsatellite markers distri-
buted along the terminal parts of the long arms of
chromosomes 4 and 16. The breakpoint on chromo-
some 4 was mapped by this method to a 400 kb

region, while the breakpoint on chromosome 16
could not be mapped due to the restrictions imposed
by the microsatellite marker genotyping approach.

We subsequently employed custom microarray
comparative genomic hybridization (CGH) to deter-
mine the breakpoints on chromosomes 4 and 16 by
calculating the copy number in the regions of
interest. An array CGH of approximately 71,000
probes on telomeric end of the long arm of
chromosome 4, spaced at a median interval of
50 base pairs (Roche NimbleGen Systems Inc.),
was custom designed. Because the breakpoint
on chromosome 16 had not been determined,
we elected to cover the whole chromosome, but
with lower resolution than 4q. Also included
were approximately 81,000 probes for a region
on chromosome 7 that contains FOXP2. DNA was
isolated from peripheral blood using standard
protocols from the three siblings and a control.
The scanned output was extracted according to
signal intensity of each probe, coordinated with
the genomic information, and the data normalized.
The output file provided the predicted copy number
of each probe. All family members had the custom
microarray CGH performed. Despite the high resolu-
tion of the array CGH, to confirm the breakpoint
on chromosome 4, we genotyped the whole
family for selected SNPs that cross the breakpoint
by direct DNA sequencing. We did not perform
any confirmatory testing for the breakpoint on
chromosome 16.

CASE REPORTS

The three patients reported here (Patients 1-3) are
siblings referred to one of the authors (LDS) as
candidates for a study to examine the genetic bases
of CAS. Each of the children has been treated for
a severe speech sound disorder consistent with
CAS since early childhood. Due to the presence of
congenital anomalies and dysmorphic features, the
three children had been evaluated by karyotype and
sub-telomere FISH testing and had been seen by a
clinical geneticist. The father was judged as unaf-
fected and the family history is otherwise negative for
speech disorders.

Prior to our reassessment, the most recent com-
prehensive cognitive, language, and speech assess-
ments using standardized tests had been completed
when Patients 1-3, respectively, were 13 years,
8 years 7 months, and 7 years 2 months. Results on
the Comprehensive Test of Nonverbal Intelligence
[Hammill et al., 1996] indicated that they had
cognitive deficits ranging from 1.5 standard devia-
tions below the mean for their age (Patients 2 and 3)
to 3.0 standard deviations below the mean (Patient
1. All three children had similar and severe receptive
and expressive language disorders characterized
by deficits in semantic, morphosyntactic, syntactic,
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discourse, narrative, and literacy domains. The
speech profiles for the siblings were also similar,
characterized by poor imitative abilities, incomplete
sound inventories, multiple vowel errors, inconsis-
tent word productions, increasing number of errors
as word length increased, unintelligible conversa-
tional speech, slow and dysrhythmic diadochoki-
netic rates, and fluctuating nasal resonance. These
characteristics are consistent with, but not specific
for, a diagnosis of CAS, the disorder for which they
had each been receiving treatment.

Patient 1 was 15 years old at her genetics
evaluation. Her medical records indicated repeated
otitis media, otitis media with effusion, and several
pressure equalization tube placements. There were
fluctuating conductive hearing loss and occular
problems in the form of different size globes and
amblyopia. She had a history of seizures with
abnormal left hemisphere EEG and scoliosis. Her
height was 153.6 cm (~10th centile), her weight was
48kg (~25th centile), and her OFC was 53.5 cm
(~ 1 SD below the mean). She had frontal bossing
with right frontal upsweep, epicanthal folds, and
discrepant eye globe size (Fig. 1). She had low set
and posteriorly rotated ears, hypoplastic alae nasi,
and bulbous nasal tip. The uvula was absent with
indication of velopharyngeal insufficiency (nasal
tone). The lower and upper central incisors were
widely separated, the upper lateral incisors were
pegged, and the canines were small. There was
prominent discoloration and translucency of all
teeth. The hands showed thenar and hypothenar
hypoplasia, bilateral fourth and fifth finger clinodac-
tyly, and abnormally placed thumbs.

Patient 2 was 10 years 6 months old at the time
of her evaluation. Her medical history indicated
repeated otitis media, otitis media with effusion,
several pressure equalization tube placements,
fluctuating conductive hearing loss, astigmatism,
and amblyopia. There was a history of scoliosis,
vesico-ureteric reflux, and congenital hip dysplasia.
Her height was 136 cm (~25th centile), her weight
was 39 kg (~75th centile), and her OFC was 54.5 cm
(~1.5 SD above the mean). She had frontal bossing
and posteriorly rotated ears with ear pits (Fig. 1). The
lower teeth were crowded with hypodontia of the
upper teeth. There was prominent discoloration and
translucency of all teeth. The hands showed bilateral
fifth finger clinodactyly and the right thumb was
smaller than the left. She had bilateral partial
cutaneous syndactyly of the first and second toe
(separated at the nails only) (Fig. 2).

Patient 3 was 9 years old at the time of his
evaluation. His medical history indicated repeated
otitis media, otitis media with effusion, several
pressure equalization tube placements and conduc-
tive hearing loss. There was a history of pulmonary
hypertension and patent ductus arteriosis at birth.
His height was 130 cm (~25th centile), his weight
was 33 kg (~75th centile), and his OFC was 53.5 cm
(~ at the mean). He had frontal bossing and a
hypopigmented spot on the left temporal area with
uneven borders (Fig. 1). He had epicanthal folds and
posteriorly rotated ears, hypoplastic alae nasi, and
bulbous nasal tip. There was hypodontia of the
upper teeth. There was prominent discoloration and
translucency of all teeth. The hands showed bilateral
fifth finger clinodactyly.

Fic. 1. Photograph of the three siblings, arranged vertically from A oldest to C youngest, showing common dysmorphic features, including frontal bossing,
epicanthal folds, posterior ear rotation, hypoplastic alae nasi, and crowded, unusual, or decreased number of teeth. [Color figure can be viewed in the online issue,

which is available at www.interscience.wiley.com.]
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2’s scores were not significantly different on any
measure, Patient 1 had a significantly different score
on one measure, and Patient 3 had a significantly
different score on all three of the measures. Thus, the
three patients had lower scores on three to five of
the measures proposed to be diagnostic for CAS.
Importantly, the type and pattern of their errors is
specific for CAS, rather than for severe speech delay
or dysarthria. The relative magnitudes of scores and
the two composites indicate that Patients 1 and 3, the
oldest and youngest of the siblings, respectively, had
the most severe and persistent CAS phenotype.

Genetic Findings

Fic. 2. Photograph of feet of Patient 2. [Color figure can be viewed in the Results ,Of fluorescence in Sl,tu hybr1d1zat1on
online issue, which is available at www.interscience.wiley.com.] (FISH) testing to detect subtelomeric rearr angements
revealed an unbalanced telomeric translocation

der(Ht(4;16)(qter—,qter+) involving the subtelo-

The speech data are presented here in aggregate to meric sequences in all three siblings (Fig. 3). A
avoid duplication. The father’s speech data are not karyotype and FISH analysis of the father demon-
included because his case history data and our strated a balanced translocation t(4q;16q)(qter—,
assessment indicated that he had typical speech. qter+;qter—,qter+). The karyotype and FISH ana-
Each of the three patients had significantly lower lysis of the mother showed no chromosomal
scores for speech precision than children with typical abnormality.
speech (more than 1 SD below the mean) on these The array-CGH analyses indicated that each patient
measures (Table D). They also had lower scores than has the same breakpoint on chromosomes 4 and 16.
adolescents with persistent speech delay, using data As indicated for one of the siblings in Figure 4, the
from such children in our database. breakpoint on chromosome 4 is at 187.8 Mb (band

Additional measures have been developed to 4q35.2), within the genomic structure of FAT. The
provide reliable diagnosis of CAS [Shriberg et al., breakpoint on chromosome 16 is at 78.6 Mb (band
1997, 1999, 2003a,b; Odell and Shriberg, 2001]. 16¢23.2) and does not disrupt any genes. The deleted
Comparison adolescent data were available only region on chromosome 4 creates haploinsufficiency
for the children with typical speech just described. All for the genes in the telomeric region (3.46 Mb)
three patients had significantly lower performance whereas the duplicated region on chromosome
than the typical speakers on measures 4 and 5 and 16 produces trisomy for the telomeric region
the composite, which measures error type and (10.2 Mb).
consistency. For measures 6-8, which provide The genes that are deleted on chromosome
acoustic information on timing and stress, Patient 4 are listed in Table II. The duplicated region on

TABLE 1. Descriptive and Diagnostic Speech Findings for the Three Siblings

Measure Scores®
Type
Domain Title Perceptual Acoustic  Diagnostic for CAS P1 P2 P3
Precision 1. Percentage of consonants correct revised X 82.6%*"  86.5%+*" 78.7%+

2. Percentage of phonemic diphthongs correct X 84.4%  97.206+7 80.5%+"
3. Intelligibility index X 77.0%" 82,49+ 70.8%*"
Precision composite (X: 1-3) 81.3%"  88.7% 76.7%"
X
X

Error type and 4. Error type index X 63.2%*  72.2%* 77.3%"*
consistency 5. Error consistency index X 39.3%*  54.5%* 49.3%*
Error type and consistency composite (X: 1-3) 51.3%*  63.4%* 60.8%*

Timing and stress 6. Pairwise variability index X X 57.1 49.0 50.5*
7. Speech-pause variability index X X 1.33* 1.30 1.60*
8. Lexical stress index X X 1.29 1.31 1.70*

“High scores indicate better performance for measures 1-6 and poorer performance for measures 7 and 8.

*Significantly poorer scores (by at least one standard deviation) than typical speakers within one year of age of each patient.

TSignificantly poorer scores than adolescent speakers with persistent speech delay. Comparative data for these speakers are currently not available for
measures 4—8.
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Fic. 3. A: Pedigree of the family with B diagrammatic representation of the
chromosome rearrangement present in each family member. The father carries
the balanced form of the translocation and does not have any copy number
changes. The three children are monosomic for 4q and trisomic for 16q.

chromosome 16 contains more than 100 known
and predicted genes. Findings for the probes in the
chromosome seven region that contains FOXP2
did not indicate any copy number abnormalities.
Neither the father nor the mother had any deletions
or duplications in the three examined regions by
array CGH, which indicates that the father has a
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balanced translocation. All genotyped SNPs telo-
meric to the breakpoint on chromosome 4 were
hemizygous in the three patients, confirming the
break point.

DISCUSSION

The father of the three children carries a balanc-
ed translocation producing unbalanced offspring
through adjacent I segregation of chromosomes at
meiosis. However, it is surprising that the father did
not produce any chromosomally balanced offspring,
despite the fact that alternate segregation is the most
likely mode expected for this reciprocal transloca-
tion, which would produce balanced gametes.

The presence of dysmorphic features and con-
genital anomalies in each patient is likely explained
by their unbalanced chromosomal complement,
including both the haploinsufficiency in the deleted
region of chromosome 4 and possibly gene dosage
imbalances associated with the extra chromosomal
material of chromosome 16. All of the children share
common facial and dental features, as well as hand
and foot malformations. A small number of trisomy
16q cases have been described [Brisset et al., 2002].
Most of the reported cases, similar to those
reported here, are due to malsegregation of a
balanced parental translocation. The three siblings
reported here have several findings common in
partial trisomy 16q, such as clinodactyly, prominent
forehead or frontal bossing, epicanthal folds, low
set posteriorly rotated ears, and vesico-ureteric
reflux.

Although the three patients are deleted for the
FRG1 gene, they do not manifest the facioscaplo-
humeral muscular dystrophy (FSHD) phenotype
because it is caused by repeat mediated upregulation
of gene expression [Tupler and Gabellini, 2004;
Gabellini et al., 2006]. We conclude that the hearing
loss in the three children and the epilepsy in one
of them is probably not related to the FSHD deletion.
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Fic. 4. Microarray CGH from one of the three children showing the breakpoint on chromosome 4 at 187.8 Mb (band 4q35.2) and the breakpoint on chromosome
16 at 78.6 Mb (band 16¢23.2). [Color figure can be viewed in the online issue, which is available at www.interscience.wiley.com.]
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TABLE II. Genes Deleted from the Telomeric Region of the Long Arm of Chromosome 4

Gene symbol

Description

1 FAT (partial) Tumor suppressor gene with cadherin and EGF domains
2 ZFP42 Zinc-finger protein with zinc-finger C;H, type domain
3 FLJ25801 Unknown function, no ortholog in other species
4 TRIML1 Tripartite motif family like 1
5 FLJ38649 Unknown function, no ortholog in other species
6 BC087857 Unknown function, no ortholog in other species
7 FRG1 Deleted in fascioscapulohumeral muscular dystrophy (FSH)
8 TUBB4Q Tubulin, B polypeptide 4, member Q
9 DUX4C Double homeobox 4C
10 FRG2 Related to FSH
11 DUX4 Double homeobox 4

Ofthe 11 deleted genes on chromosome 4, three—
FLJ25801, FILJ38649, BC087857—are without
known functions and have no ortholog in other
species. These genes are of particular importance
for further study since speech is unique to humans.
Also, two genes, DUX4C and CUX4, have homeobox
developmental protein functions similar to the
functions of the FOX family of genes. The roles of
these genes in speech development should be
explored.

The trisomic region on chromosome 16 in the three
children contains over 100 predicted or known
genes. The involvement of the chromosome
1624 region in specific language impairment
has replicated in two genome-wide association
studies [SLI Consortium, 2002, 2004] and in a
study of these data using multivariant variance-
components technique [Monaco, 2007]. Of special
interest among the genes in this region are FOXF1,
FOXC2, and FOXL1, which are forkhead transcrip-
tion factors.

The present findings illustrate the potential con-
tributions of genetic studies to eventual explanatory
accounts of CAS as it occurs idiopathically and in
complex neurodevelopmental disorders. The con-
tributions of the genes noted above and others to
both the similarities and heterogeneities observed in
the physical and speech findings should be explored
in other children with CAS, including those with
genetic deficits affecting FOXP2. As concluded in a
prior report of two family members with CAS
associated with a 7;13 translocation affecting FOXP2
[Shriberg et al., 20006], lack of published information
on affected KE family members’ CAS phenotypes
precludes direct comparison of speech findings
with the present data. Similarly, the lack of detailed
speech data in 18 reports of suspected CAS in the
context of genetic disorders [Shriberg, in press]
prohibits potentially informative genotype—pheno-
type comparison with the present data. We suggest
that use of a standardized instrumental protocol
sensitive to, and specific for, the CAS phenotype is
critical for an eventual understanding of the genetic
substrates and pathophysiology of this challenging
pediatric speech sound disorder.
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