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Deletions involving genes WHSC1 and LETM1 may
be necessary, but are not sufficient to cause

Wolf-Hirschhorn Syndrome

Erica F Andersen*'12, John C Carey3, Dawn L Earl?, Deyanira Corzo’, Michael Suttie®, Peter Hammond® and

Sarah T South!?23

Wolf-Hirschhorn syndrome (WHS) is a complex genetic disorder caused by the loss of genomic material from the short arm

of chromosome 4. Genotype—phenotype correlation studies indicated that the loss of genes within 4p16.3 is necessary for
expression of the core features of the phenotype. Within this region, haploinsufficiency of the genes WHSC1 and LETM1 is
thought to be a major contributor to the pathogenesis of WHS. We present clinical findings for three patients with relatively
small (<400 kb) de novo interstitial deletions that overlap WHSC1 and LETM1. 3D facial analysis was performed for two of
these patients. Based on our findings, we propose that hemizygosity of WHSC1 and LETM1 is associated with a clinical
phenotype characterized by growth deficiency, feeding difficulties, and motor and speech delays. The deletion of additional
genes nearby WHSC1 and LETM1 does not result in a marked increase in the severity of clinical features, arguing against their
haploinsufficiency. The absence of seizures and typical WHS craniofacial findings in our cohort suggest that deletion of distinct
or additional 4p16.3 genes is necessary for expression of these features. Altogether, these results show that although loss-of-
function for WHSC1 and/or LETM1 contributes to some of the features of WHS, deletion of additional genes is required for

the full expression of the phenotype, providing further support that WHS is a contiguous gene deletion disorder.
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INTRODUCTION
Wolf-Hirschhorn syndrome (WHS; OMIM #194190) is a complex
genetic disorder caused by deletions in the short arm of chromosome
4 (4p) and occurring in 1 in 50000 to 1 in 20000 births.! The
phenotype of WHS consists of a broad range of clinical findings. The
core features include a typical craniofacial appearance, growth
deficiency, developmental delays, intellectual disability of variable
degree and seizures (or EEG anomalies) in most patients. Variable
clinical findings include feeding difficulties, congenital malformations
including orofacial cleft, cardiac, renal and urogenital malformations,
skeletal and dental anomalies, hearing loss, recurrent infections and
other complications.”™

The broad clinical spectrum of WHS can be attributed to variability
in both the mechanism and genomic content of 4p deletions. WHS is
most often caused by terminal deletions, however, interstitial dele-
tions, unbalanced translocations and complex genomic rearrange-
ments account for a significant proportion of cases.>® The majority of
4p deletions are non-recurrent. Genotype—phenotype correlation
studies have shown a relationship between deletion size and severity
of clinical presentation.®® Of patients meeting the minimal diagnostic
criteria,” the smallest terminal deletion identified was ~ 1.9 Mb,1%10
suggesting that genes within this interval of 4p16.3 are responsible for
the core features of WHS.®!! Beyond this region, the loss of

additional critical genes appears to be responsible for variably
present features, such as congenital malformations or hearing loss.>®

The identification of patients with atypical 4p deletions has
provided key insight into which regions of 4p16.3 may (or may
not) contribute to the pathogenesis of WHS. For example, small
terminal deletions (up to 400kb) have been inherited from pheno-
typically normal individuals;'>!* indicating that monosomy of this
region is likely benign.!! Between ~1.8 and 2.0Mb from the 4p
terminus, two adjacent critical regions were proposed based on the
smallest region of overlap (SRO) among the deletions of individuals
with or without the core features of WHS. The more proximal critical
region (WHSCR) was delineated first'> and mapping within this
165-kb interval identified two genes, WHSCI and WHSC2.1017 The
identification of two WHS patients with more distal 4p16.3 terminal
deletion breakpoints®!? shifted and expanded the critical region
(WHSCR-2) to a 300-600-kb region overlapping the 5 end of
WHSCI and encompassing LETMI, a candidate gene for seizures.'8
Although there is evidence to support a contribution of WHSCI and
LETM]1 to the core WHS phenotype,19’20 focal deletions or mutations
of these genes have not been identified in WHS patients.1$1
Furthermore, not all patients with deletions overlapping both
WHSCI and LETMI express the full WHS phenotype!>!3 and
deletions elsewhere in 4p16.3 have been identified in patients with
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features overlapping WHS.21=2* Altogether, these findings suggest
that multiple loci within the ~0.4-2.0 Mb terminal region of 4p16.3
contribute to WHS.

To provide additional insight into the genetic etiology of WHS,
we present clinical findings for three patients with relatively
small interstitial deletions that overlap WHSCR-2. These patients
do not express all of the core features of WHS; they lack the typical
craniofacial gestalt and do not exhibit seizures, but do share certain
aspects of the WHS phenotype including growth delays, feeding
difficulties, and developmental delays in motor abilities and speech,
although of a milder degree compared with WHS patients. Our
findings support the hypothesis that haploinsufficiency of WHSCI
and/or LETM1 contributes to WHS, but that loss of distinct and/or
additional genes in 4p16.3 is necessary for the expression of the core
WHS phenotype.

MATERIALS AND METHODS

Clinical and molecular cytogenetic studies

Patients 1-3 were referred to ARUP Laboratories (Salt Lake City, UT, USA)
through JCC and/or their respective medical genetics providers. Patients 1 and
3 were ascertained by DLE at Seattle Children’s Hospital (Seattle, WA, USA).
Patient 2 was ascertained by DC and colleagues at Boston Children’s Hospital
(Boston, MA, USA). Cytogenomic microarray analysis (CMA) and FISH
testing were performed through regular clinical services in CLIA-certified
laboratories. CMA for patient 3 and his family was performed as a research
study at ARUP Laboratories. Genomic coordinates for CMA results are
reported in relation to the current human reference sequence (hg19/GRCh37).
Metaphase FISH analysis was performed using a commercially available probe
set for WHSCR (WHSCI and D4Z1; Vysis, Inc., Abbott Laboratories, Green
Oaks, IL, USA). Details are provided in the Results section. Permission to
publish clinical descriptions, results of genetic testing and patient photographs/
images was obtained with written parental consent through the University of
Utah Clinical Genetics Research Program and with approval from the
University of Utah Institutional Review Board. CMA results were not
submitted to a public database.

3D facial analysis

3D facial analysis using dense surface modeling was performed for patients 1
and 3 (patient 2 was not available for this analysis). 3D face images of patients
1 and 3 were collected at age 2 years 10 months and 2 years 1 month,
respectively, using a commercial photogrammetric device at Seattle Children’s
Hospital. Analysis was performed by PH using methods described pre-
viously!>?3 and software developed by MS and previous lab members.
Comparative image data sets using age- and sex-matched controls and
individuals with WHS were used for each patient.

CLINICAL REPORTS

Patient 1

Patient 1 (Figures la and b) is a 3-year-old female who presented with
postnatal onset growth delays, feeding difficulties and developmental
delays. She was born to healthy parents, a 34-year-old G4P1-2 SAB2
mother and 37-year-old father, at 41 weeks gestation after an
uncomplicated pregnancy. All growth parameters at birth were 25th
centile, weight was 3.2kg, length was 48 cm and OFC was 34 cm. At
15 months, the patient was referred to Genetics for evaluation and
testing because of concerns for her linear growth and development.
Her height and weight Z-scores were <—2 and OFC was 25th centile.
She had a delayed bone age, delayed dental eruption and a mild
degree of hypotonia. Growth hormone therapy (Omnitrope) was
started at age 19 months and resulted in gains in linear growth; at
2 years 9 months her height, weight and OFC measurements were
5th—10th, 23rd and 50th centile, respectively. She had fed well as an
infant and transitioned to solids at 6 months without difficulty;
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Figure 1 Photographs of patients 1-3. (a, b) Patient 1 at age 15 months
(a) and 2 years 9 months (b). (c) Patient 2 at age 7. (d, e) Patient 3 at age
12 months (d) and 18 months (e).

however, feeding issues arose at 12 months, and by 15 months, she
was refusing most solid foods. Her limited intake was considered to
be secondary to oral aversion and dysphagia and was accompanied by
reflux, vomiting and constipation. Sleep interruptions were noted,
and linked to her feeding routine. The patient had frequent infections
of the upper respiratory tract and ears, for which tubes were placed.
An immunologic workup that included quantitative serum immuno-
globulins (IgA, IgG and IgM), B-cell and T-cell counts, specific
antibody response and mitogen studies was essentially normal. An
echocardiogram at 19 months revealed a left aortic arch and retro-
esophogeal course of the subclavian artery. These findings were
considered to be unrelated to her feeding issues and required no
intervention. Awake and drowsy EEG studies at 17 months were
normal, and at 3 years 3 months she had no recognized seizure
activity. Renal ultrasound and audiologic testing at 18 months were
normal. The patient was found to have a mild degree of bilateral
esotropia, which improved without intervention. Developmental
testing at age 2 years 9 months showed cognitive skills at the 75th
centile, social/emotional skills at the 16th centile and adaptive skills at
the 21st centile (Bayley); fine motor skills at the 12th centile and gross
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motor at the 10th centile (PDMS-2); auditory comprehension was at
the 68th centile and expressive communication at the 66th centile
(PLS-4); and articulation was 41st centile (GFTA-2). The patient
underwent behavioral intervention for feedings, as well as occupa-
tional and speech therapy.

Patient 2

Patient 2 (Figure 1c) is an 11-year-old female who presented with
prenatal onset growth delays, feeding difficulties, developmental
delays, and behavioral and learning disabilities. She was born at 41
weeks gestation weighing 2.5kg (<5th centile) to a healthy 26-year-
old G3P1 mother after a pregnancy complicated by TUGR. The
proposita was the only child to her parents, who were noted to have
normal height and intelligence. During infancy, the patient had failure
to thrive and a mild degree of hypotonia that were compounded by
poor eating and oral feeds aversion. A gastronomy tube was placed
because of feeding issues that included recurrent vomiting and GERD.
Vesicoureteral reflux was identified during early infancy and the
patient was treated with a prophylactic antibody regimen. Echocar-
diogram, ECG and renal ultrasound were normal. At age 7 years, the
patient’s growth parameters were all within the 10th-25th centile. On
physical examination, craniofacial findings included a small, trian-
gular face and flat profile, a high nasal bridge, mildly cupped ears, and
a small mouth. At 11 years, seizure activity had not been observed.
A developmental evaluation at 3 years identified delayed fine and
gross motor skills and language development and the patient was
diagnosed with a communication disorder (NOS; delayed language
acquisition). Subsequently, she was also diagnosed with ADHD/
combined type. At age 7 years, the proposita had been receiving
services in regular class and had repeated kindergarten. Formal IQ
testing revealed a low to normal range score ( ~ 85, full scale — WASI).
She was also diagnosed with a developmental coordination disorder
and was noted to be at risk for a learning disability.

Patient 3

Patient 3 (Figures 1d and e) is a 2-year-old male with prenatal
onset growth deficiency, feeding difficulties, and mild-to-moderate
developmental delays. He was born to healthy parents, a 33-year-old
G3P2 mother and 40-year-old father, at 38 weeks following a
pregnancy complicated by reduced fetal movements and TUGR
identified at 30 weeks. At birth, his weight was 2.0kg (< 3rd centile),
length was 48 cm (<3rd centile) and head circumference was 34 cm
(10-25th centile). Apgar scores were normal. He also passed his
newborn hearing screen. At 10 months, the patient was referred to
Genetics for evaluation and testing for failure to thrive and develop-
mental delays. His length and weight z-scores were <—2 and OFC was
10th-25th centile. A skeletal study was normal. The patient had
delayed dental eruption, with only upper and lower central incisors at
20 months. Feeding difficulties included a limited oral intake and oral
aversion. He had no history of gastroesophageal reflux or constipa-
tion. A swallowing study at 18 months revealed oropharyngeal phase
dysphagia and delayed oral skills. Interventions included a nasogastric
tube placement and feedings from 11 to 20 months and occupational
and feeding therapy. His weight gain plateaued following the
discontinuation of his nasogastric tube feedings. At 2 years 2 months,
his length and weight z-scores were —2.05 and —3.82 and his OFC
was 10-25th centile. An undescended right testis and distal ventral
chordee identified in infancy were corrected at 14-15 months. A renal
ultrasound at 15 months identified a mild left pelvocaliectasis with
slight dilation of the left proximal ureter, which subsequently
resolved. The patient had chronic rhinitis, but had not had
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immunologic labs. Frequent ear infections were denied. Results of
an echocardiogram and dilated ophthalmologic exam were normal.
Awake and drowsy EEG studies at 14-15 months were normal, and at
2 years 5 months he had no recognized seizure activity. Sleep
problems were denied. Craniofacial features were considered normal
and include a high and broad forehead and mild micrognathia. The
patient was noted to have flammeus nevus to his occiput, but no
other birthmarks. Developmental delays were identified in the areas of
motor skills and language acquisition; the patient crawled at 9-10
months and at 20 months, he was walking, using a few single words
and had started to babble in a conversational manner. The patient
received physical therapy for motor delays.

RESULTS

Molecular cytogenetic studies

CMA for patient 1 performed at Seattle Children’s Hospital on a
Roche NimbleGen (Madison, WI, USA) 135K oligonucleotide array
platform identified a single copy loss of 377-kb (arr[hgl9]
4p16.3(1743 630-2 120247)). The minimally deleted region encom-
passes 10 genes: 8 OMIM genes (3/16 3’ exons of TACC3, FGFR3,
LETM1, WHSC1, WHSC2, C4orf48, NATSL and 7/24 3' exons of
POLN) and 2 noncoding genes (SCARNA22 and MIR943). Parental
testing by metaphase FISH was normal (data not shown), indicating a
de novo deletion. No other clinically relevant copy number variants
were identified.

CMA for patient 2 performed at Boston Children’s Hospital on a
custom 244K ArrayCGH (Agilent Technologies, Santa Clara, CA,
USA) detected a single copy loss of 170-kb (arr[hgl9] 4pleé.
3(1827029-1997169)). The minimally deleted region includes
LETM1 (7/14 5" exons), WHSC1, SCARNA22, MIR943 and WHSC2
(10/11 3’ exons). No additional copy number alterations were
reported. Parental arrays were normal, indicating a de novo deletion.
Parental FISH analysis ruled out the possibility of a balanced
rearrangement (data not shown).

Patient 3 was initially studied by CMA at Seattle Children’s
Hospital, where he was found to have a 60-kb deletion involving
the LETMI and WHSCI genes (data not shown). Upon referral to
ARUP Laboratories, CMA testing was performed for both the patient
and his parents on an Affymetrix CytoScan HD (Affymetrix, Santa
Clara, CA, USA) platform. A 67-kb de novo single copy loss
(arr[hg19] 4p16.3(1828 866—1895728)) was detected, which results
in the partial deletion of the genes LETMI (6/14 5 exons) and
WHSCI (minimum 3/25 and maximum 5/25 5" exons). Owing to
limitations in the resolution of the array, the involvement of WHSCI
exons 4 and 5 could not be determined by this analysis. No additional
clinically concerning copy number alterations were identified.

3D facial analysis

Patients 1 and 3 were further studied by 3D facial analysis. Animated
comparison of the face of patient 1 with an age- and sex-matched
control mean showed a few differences: lateral narrowing, slight
flattening of the forehead and mildly low set ears (Supplementary
Video 1). Heat-mapped face signatures showed the significance of the
reduced face width in surface normal and lateral comparisons
(Figure 2a). Patient 1’s vertical face length was normalized, perhaps
by a year of hGH treatment, as similar findings have been observed in
Prader-Willi syndrome patients treated with hGH.?> The only other
significant difference from controls was in forward displacement of
the inner and outer canthi, shown in the anterior—posterior signature.
The bilateral red regions adjacent to the lower lip in the anterior—
posterior comparison are likely due to a non-neutral pose.
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(a, b) Heat-mapped face signatures showing normalized face shape differences

(displacement of surface points orthogonal to face surface and parallel to three axes) compared with matched control mean. The red/green/blue coloring
reflects displacement orthogonal to the surface in the first signature (red/green/blue = contraction/coincidence/expansion) and in the three axial signatures
parallel to the colored arrows with green =no displacement and maximal red-blue hues reflecting 2 SDs or more. (c, d) Comparison of subject profiles with

WHS patients and controls by blinded closest mean classification. X axis—similarity to average faces of sex-matched control (
subgroups. Y axis — outlier status (distance from control-WHS mean axis). For patient 1: n(WHS) =

—1) and WHS (+1)
24 and n(control)= 38. For patient 3: n(WHS) =35 and

n(control) = 56. A full color version of this figure is available at the European Journal of Human Genetics journal online.

Patient 3 showed some dysmorphic facial features, including a long
nose, elongated midface with malar flattening, depressed nasal bridge,
tall orbits, flattening and downward displacement of the maxillary
region, and a small mandible (Supplementary Video 2). Heat-mapped
signatures clearly indicate these differences (Figure 2b).

To determine whether patients 1 and 3 have facial characteristics
more similar to controls or to WHS patients, a blinded closest mean
classification was conducted comparing the patients with the average
faces of age- and sex-matched control and WHS subgroups selected
from an existing data set.!? In both Figures 2c and d, the control and
WHS average faces are normalized to the positions —1 and +1,
respectively, on the X axis of the scatter plots. Patient 1 was classified
to the periphery of the control group, suggesting no overlapping
WHS facial characteristics, whereas patient 3 was classified to the
periphery of the WHS group, suggesting some overlap with the
typical WHS facial gestalt, but of a mild nature.

DISCUSSION
We describe the findings for three previously uncharacterized and
unrelated patients with relatively small deletions that overlap the
critical region for WHS (WHSCR-2). All three patients exhibited
clinical findings observed in WHS (summarized in Table 1); however,
based on the minimal diagnostic criteria,? these patients do not meet
a WHS diagnosis. Shared findings included growth deficiency, feeding
difficulties, and developmental delays in motor function and speech.
Variably present features in at least two patients included IUGR,
delayed dental eruption and recurrent infections. Patients 2 and 3
both had anomalies of the genitourinary system, although they were
different abnormalities. Photographs of the subjects show clearly that
these patients do not have the typical WHS gestalt (Figure 1).

3D facial analysis provides an objective method for the evaluation
of craniofacial features, especially in cases where a mild degree of
overlap with a recognizable syndrome such as WHS is suspected. This
analysis classified patient 1 within the control group while patient 3
showed peripheral overlap with the WHS patients (Figure 2,
Supplementary Videos 1 and 2). These findings were somewhat

unexpected based on deletion size comparison. Evidence from a
recent study of patients with Prader—Willi syndrome suggests that
dysmorphic features persist even if face length is normalized by
growth hormone therapy,?® arguing against a misclassification
of patient 1.

The SRO is the deleted region of patient 3 (Figure 3). This 67-kb
segment overlaps the 5" ends of LETM1 and WHSCI and includes the
putative promoters and regulatory elements of these genes. Deletion
of this region is presumed to result in their loss-of-function; although
for WHSCI, transcriptional complexity and uncertain involvement of
exons 4 and 5 raises the possibility of retained function through
expression from an alternative promoter. Similar clinical findings
among our cohort argue against this hypothesis.

WHSCI encodes a nuclear-localized, SET domain-containing
transcriptional regulatory protein with histone methyltransferase
(HMT) activity.?®?’ Histone modification is essential for the
establishment and maintenance of transcriptional programs during
development and gene dosage alterations of histone modifiers are a
known cause of intellectual disability syndromes.?® The HMT
function of WHSCI has been implicated in diverse biological
processes, including early development,”® cytokine signaling,® the
DNA damage response’®? and class switch recombination.’® In
addition to its functional diversity, WHSCI has a complex pattern
of expression, with the potential to regulate multiple processes
during development.'® In mice, deletion of the SET domain results
in a phenotype characterized by severe growth restriction, craniofacial
malformations and midline fusion defects,?® consistent with
phenotypes observed in WHS. Furthermore, dosage sensitivity of
WHSCI (also known as MMSET/NSD2) is supported by its
overexpression in a variety of cancer types.>*?> These findings
suggest WHSCI haploinsufficiency may contribute to the growth
and developmental delays of patients 1-3, and perhaps also to variably
present minor malformations, immunologic findings and mild
dysmorphic features.

LETMI encodes a ubiquitously expressed leucine zipper-EF-hand-
containing transmembrane 1 protein'® with intracellular localization
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Table 1 Summary of molecular cytogenetic and clinical findings

Patient 1 Patient 2 Patient 3
Age at most recent observation 2 years 5 months 11 years 20 months
Molecular cytogenetic findings
Deletion size 377 kb 170kb 67 kb
Deletion location on chr. 4 (GRCh37/hgl9) 1743630-2120247 1827029-1997 169 1828867-1895728
Inheritance De novo De novo De novo
Clinical findings
IUGR — + 4
Postnatal growth delay + + +
Feeding difficulties + + +
Hypotonia + + +
Motor delays -+ + +
Speech delays + + 4
Intellectual disability NA Mild NA
Behavioral concerns — + —
Seizures/EEG anomalies —/— —/NA —/—
Microcephaly - — —
WHS craniofacial profile — - —
Major congenital malformations — — —
Echocardiogram findings + —
Renal ultrasound findings — — +
Genitourinary anomalies — + +
Delayed bone age + NA -
Delayed dental eruption + — +
Recurrent infections + - 4
Hearing deficiency — — —
Sleep problems + - —
(+), feature present; (—), feature absent; NA, feature not assessed.
Ichr4 QT B EErs EcBIEE 5.1 lhssl Pzl Bazdiidaozsll Bozss 2 0 B B4l
Window Position Human Feb. 2009 (GRCh37/hg19) chr4:1,740,000-2,125,000 (385,001 bp)
Scale 100 kb { hg19
chra: | 1,800,000| 1,850,000 1,900,000 1,950,000| 2,000,000| 2,050,000 2,100,000
Wolf-Hirschhorn Syndrome Patient Deletions
Patient1
Patient2
Patient3

RefSeq Genes
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Nl nm [ 1 ] o om
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e J AL 1 A
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Figure 3 Genomic region of 4p16.3 involved in the deletions of patients 1-3. Snapshot of genomic region 1.740-2.125Mb of chr. 4 displayed using the
UCSC genome browser (GRCh37/hgl9) showing the location of deletions of patients 1-3. The RefSeq Genes track shows the mapped location and exon/
intron structure of gene transcripts from the NCBI RNA reference sequences collection of known protein-coding (dark-colored) and non-protein-coding (light-
colored) genes. Non-coding exons are displayed as half the height of coding exons and the direction of transcription with arrowheads. The CpG islands track
shows the location of predicted clusters of methylated CG dinucleotides, which are common near transcription start sites and may be associated with
promoter regions. The ENCODE layered H3K4Me3 and H3K27Ac tracks show the location and levels of enrichment of H3K4Me3 and H3K27Ac histone
marks, which are molecular correlates of promoters and enhancers, respectively.

knockdown studies of DMLETMI1 revealed a requirement for LETM1
in a variety of tissues, including the nervous system.*> These studies

to mitochondria®®?” and the ER.3® Its cellular function as an ion
exchanger®” ! suggests potential roles in cell signaling and energy

production. In flies and worms, LETMI1 loss-of-function causes
severe growth restriction and decreased viability.*%*> Conditional
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support a role for LETMI in the developmental phenotypes of
patients 1-3, yet the haploinsufficiency of LETMI remains uncertain.



Investigations into the function of LETMI in human fibroblast cells
from patients with WHS did not recapitulate mitochondrial pheno-
types observed in model systems;?>*" although a cell-type-specific
effect could explain this discrepancy. Furthermore, an intragenic
LETM]1 deletion identified in a patient with developmental
abnormalities different those observed in our patients and patients
with WHS* calls into question the pathogenicity of focal LETM1
alteration. Additional studies will be necessary to elucidate the
functional consequence of LETMI deletion.

The observation that patients 1 and 2 did not have a more severe
clinical presentation compared with patient 3 argues against the
pathogenicity of deleted genes outside of the SRO. WHSC2 is a
ubiquitously expressed gene,!” encoding the protein NELF-A,
a subunit of the negative elongation factor complex involved in
multiple aspects of mRNA processing and the cell cycle.***> Defects in
these processes were observed in a study of lymphoblast cells isolated
from patients with non-focal 4p16.3 deletions,*® supporting a role for
WHSC2 in the more global aspects of WHS, although WHSCI and
LETMI1 appear to have a similar broad pathogenic potential.
Additional evidence will be necessary to determine whether or not
WHSC?2 is haploinsufficient. For other deleted genes in this region,
clinical consequence of hemizygosity has not been identified.

Distinctive craniofacial findings are a key component of the clinical
diagnosis of WHS. In the literature, there are several reports of
patients with atypical 4p16.3 deletions and a facial profile similar to
WHS, 219212324 guggesting that multiple genes contribute to the
WHS gestalt. In addition to WHSCI, the gene fibroblast growth factor
receptor-like 1 (FGFRLI) has also been associated with craniofacial
development phenotypes in the mouse.?>*” Our study provides
additional evidence for a multigenic etiology of the WHS gestalt.

Seizures are among the most challenging of clinical management
issues for patients with WHS.4*® In the past, LETMI has been a
favored candidate for the manifestation of seizures, yet both patients
with LETM1 deletions and without seizures!>!343 as well as patients
with seizures and with 4p16.3 deletions exclusive of LETM1?>%* have
been described. Thus far, none of the patients in this study have
exhibited seizure activity and patients 1 and 3 had normal EEG
findings. These findings suggest that hemizygous deletion of LETM]I
is not sufficient to cause seizures. We propose that additional or
distinct loci in 4p16.3 are responsible for this aspect of the syndrome.

The growing body of data suggests that WHS is truly a contiguous
gene deletion syndrome and that haploinsufficiency of multiple genes
is responsible for the core features of the syndrome. Our study
provides further evidence in support of this notion and suggests that
deletions involving the SRO may result in a phenotype characterized
by growth deficiency, feeding difficulties, motor and speech delays,
and perhaps other clinical findings described herein. Determining the
individual phenotypic contributions of 4p genes will rely on the
detailed characterization of individuals with more focal deletions such
as those described here, in addition to studying their function.
Altogether, our results suggest haploinsufficiency of one or both of
the genes within the SRO is required, but is not sufficient for full
expression of the WHS phenotype.
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