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ORIGINAL INVESTIGATION

High-resolution array CGH defines critical regions and candidate
genes for microcephaly, abnormalities of the corpus callosum,
and seizure phenotypes in patients with microdeletions of 1q43q44
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Abstract Microdeletions of 1q43q44 result in a recogniz-
able clinical disorder characterized by moderate to severe
intellectual disability (ID) with limited or no expressive
speech, characteristic facial features, hand and foot anoma-
lies, microcephaly (MIC), abnormalities (agenesis/hypo-
genesis) of the corpus callosum (ACC), and seizures (SZR).
Critical regions have been proposed for some of the more
prominent features of this disorder such as MIC and ACC,
yet conflicting data have prevented precise determination of
the causative genes. In this study, the largest of pure inter-

B. C. Ballif ((<)) - J. A. Rosenfeld - R. Traylor - A. Theisen -
J. B. Ravnan - R. A. Schultz - A. N. Lamb - B. S. Torchia -
B. A. Bejjani - L. G. Shaffer

Signature Genomic Laboratories,

2820 N. Astor St., Spokane, WA 99207, USA

e-mail: blake.ballif @perkinelmer.com

P. 1. Bader
Northeast Indiana Genetic Counseling, Ft. Wayne, IN, USA

R.L.Ladda - S. L. Sell
Penn State Hershey Medical Center, Hershey, PA, USA

M. Steinraths
Victoria General Hospital, Victoria, BC, Canada

U. Surti
Pittsburgh Cytogenetics Laboratory, Magee-Womens Hospital
of UPMC, University of Pittsburgh, Pittsburgh, PA, USA

M. McGuire - S. Williams
Children’s Hospital of Pittsburgh, Pittsburgh, PA, USA

S. A. Farrell
Credit Valley Hospital, Mississauga, ON, Canada

J. Filiano
Dartmouth-Hitchcock Medical Center, Lebanon, NH, USA

stitial and terminal deletions of 1q43q44 to date, we charac-
terized 22 individuals by high-resolution oligonucleotide
microarray-based comparative genomic hybridization. We
propose critical regions and candidate genes for the MIC,
ACC, and SZR phenotypes associated with this microdele-
tion syndrome. Three cases with MIC had small overlap-
ping or intragenic deletions of AKT3, an isoform of the
protein kinase B family. The deletion of only AKT3 in two
cases implicates haploinsufficiency of this gene in the MIC
phenotype. Likewise, based on the smallest region of overlap
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among the affected individuals, we suggest a critical region
for ACC that contains ZNF238, a transcriptional and chro-
matin regulator highly expressed in the developing and
adult brain. Finally, we describe a critical region for the
SZR phenotype which contains three genes (FAM36A,
CIORF199, and HNRNPU). Although ~90% of cases in
this study and in the literature fit these proposed models,
the existence of phenotypic variability suggests other
mechanisms such as variable expressivity, incomplete pen-
etrance, position effects, or multigenic factors could
account for additional complexity in some cases.

Introduction

Since the original report of a terminal 1q43 deletion appeared
in 1976 (Mankinen et al. 1976), more than 50 individuals
with deletions spanning a 25 Mb interval on chromosome
1q42q44 have been reported (Boland et al. 2007; De Rosa
et al. 2005; Gentile et al. 2003; Hathout et al. 1998; Hill et al.
2007; Puthuran et al. 2005; van Bever et al. 2005; van Bon
et al. 2008; Zollino et al. 2003). The common clinical fea-
tures include moderate to severe intellectual disability (ID),
limited or no expressive speech, characteristic facial features
including round face, prominent forehead, flat nasal bridge,
hypertelorism, epicanthal folds, and malformed and low-set
ears, hypotonia, minor heart conditions that usually resolve
naturally, short stature or small size, hand and foot anoma-
lies, microcephaly (MIC), abnormalities (agenesis/hypogene-
sis) of the corpus callosum (ACC), and seizures (SZR)
beginning before age 3.

Historically, detection of and subsequent genotype—phe-
notype correlations of 1q42q44 deletions have been limited
by the low resolution of techniques (e.g., G-banding, fluo-
rescence in situ hybridization (FISH), and microsatellite
marker analyses). However, the recent use of microarray
analysis has allowed for the identification of numerous sub-
microscopic alterations and for the fine mapping of deletion
sizes in individuals with distinct or variable clinical fea-
tures. High-resolution microarrays have produced promis-
ing preliminary genotype—phenotype correlations, such as
an association between hand and foot anomalies with more
proximal 1q42 deletions (Gentile et al. 2003) and an associ-
ation between MIC, ACC, and SZR with more distal
1q43q44 deletions (Boland et al. 2007; Hill et al. 2007).
However, identification of the specific gene(s) responsible
for the various features has remained elusive because of the
conflicting reports suggesting, for at least some features,
that the etiology might be more complex or additional high-
resolution array data in conjunction with accurate geno-
type—phenotype correlations in more cases are needed.

Attempts to understand the etiology of the MIC and ACC
phenotypes, and more recently the SZR phenotype, associ-
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ated with 1q43q44 deletions began when Hill et al. (2007)
used microsatellite and Affymetrix 50 K single nucleotide
polymorphism (SNP) microarrays to characterize seven indi-
viduals with 4.9-8.3 Mb terminal deletions of 1q43q44.
Their analysis identified a ~2 Mb critical region for the MIC
phenotype on 1q43q44 that contains at least 11 genes includ-
ing AKT3 (Fig. 1). The report by Hill et al. (2007) was fol-
lowed by Boland et al. (2007), who used a bacterial artificial
chromosome (BAC)-based microarray to characterize the
1q42q44 deletions in six individuals with MIC, ACC, and
other features. Boland et al. (2007) established a smallest
region of overlap (SRO) for MIC and/or ACC located in
1q43g44 in a ~2-3.5 Mb region encompassing AKT3 that
overlapped the region reported by Hill et al. (2007) (Fig. 1).

However, a report by van Bon et al. (2008) on 13 individu-
als with submicroscopic pure terminal or interstitial deletions
of 1q43q44 characterized primarily by multiplex ligation-
dependent probe amplification (MLPA) and microarray anal-
ysis (BAC, oligonucleotide, and SNP) suggested a 360 kb
critical region for ACC but not for MIC or SZR, that excluded
AKT3. Furthermore, they identified a family with two affected
siblings with a small 400 kb deletion disrupting both the SDC-
CAG8 and AKT3. Although both siblings had MIC, one sib-
ling was considerably more affected than the other and also
had ACC. Because this abnormality was inherited from the
siblings’ apparently normal and healthy mother, van Bon
et al. (2008) considered the deletion of AKT3 to be benign and
thereby excluded AK73 as a candidate for the phenotypic fea-
tures associated with 1q43q44 deletions. However, van Bon
et al. (2008) also reported one individual without ACC whose
deletion overlaps their proposed 360 kb critical region for
ACC, which may indicate incomplete penetrance.

In support of van Bon’s critical region, a study by Poot
et al. (2007) described a single patient with MIC and ACC
and a microscopically visible 4.8 Mb terminal deletion of
1q44 resulting from a paternal t(1;20)(q44;q13.33), which
did not include the AKT3 or the ZNF238 genes. To compli-
cate the phenotypic correlations further, Orellana et al.
(2009) described one individual with neither MIC nor ACC
and an interstitial deletion of 1q44 that overlapped the 360 kb
critical region proposed by van Bon et al. (2008). Orellana
et al. (2009) suggested a different critical region for MIC and
ACC which is located more proximally than the region pro-
posed by van Bon etal. (2008) that includes AKT3 and
ZNF238 (Fig. 1). Finally, Caliebe et al. (2010) used micro-
array analysis to characterize four additional patients with
deletions of the 1q43q44 region, one of whom has a balanced
inv(4)(q21g35)dn in addition to the 1q44 abnormality and
another has a der(1)t(1;3)(q44;q28)dn, and proposed a more
distal 440kb region containing four genes, including
HNRNPU, as the critical region for ACC (Fig. 1).

We have identified over 100 rearrangements of 1g44 in
individuals referred to our laboratory for microarray testing
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Table 1 Genomic coordinates

(hg18) of 1q43q44 microdele- Patient no. Chromosome 1 Chromosome 1 Size (bp) Platform
tions in 22 patients characterized Start coordinates End coordinates
by oligonucleotide-based array
CGH 1 238,057,241 242,378,379 4,321,138 Agilent 244 K
2 238,179,801 242,315,604 4,135,803 Roche-NimbleGen 135 K
3 239,559,031 245,532,863 5,973,832 Agilent 244 K
4 240,306,792 242,935,904 2,629,112 Agilent 105 K
5 240,408,374 242,898,473 2,490,099 Agilent 244 K
6 240,770,319 243,153,373 2,383,054 Agilent 105 K
7 241,067,197 242,554,483 1,487,286 Roche-NimbleGen 135 K
8 241,403,849 242,670,260 1,266,411 Agilent 105 K
9 241,442,091 241,845,061 402,970 Agilent 244 K
10 241,867,534 242,000,584 133,050 Agilent 244 K
11 241,897,641 242,110,212 212,571 Roche-NimbleGen 135 K
12 241,980,090 247,174,956 5,194,866 Agilent 105 K
13 242,241,072 246,702,421 4,461,349 Agilent 105 K
14 242,582,708 243,822,494 1,239,786 Agilent 244 K
15 242,606,266 243,768,115 1,161,849 Roche-NimbleGen 135 K
16 242,608,344 243,417,919 809,575 Agilent 105 K
17 243,006,404 244,452,092 1,445,688 Agilent 105 K
18 243,028,418 244,388,130 1,359,712 Agilent 105 K
19 243,028,418 243,732,145 703,727 Agilent 105 K
20 243,052,583 243,172,621 120,038 Agilent 105 K
21 244,033,013 244,844,805 811,792 Agilent 105 K
22 244,015,245 244,581,077 565,832 Agilent 105 K
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for unexplained intellectual disability and/or congenital
anomalies. In this study we performed genotype—phenotype
correlations for 22 individuals with pure interstitial or ter-
minal deletions of 1q43q44 to identify critical regions and
candidate genes for the MIC, ACC, and SZR phenotypes.

Inheritance
de novo
Unknown
Unknown
de novo
Unknown
Paternal
Maternal

Materials and methods
Patient samples

Twenty-two patients with pure interstitial or terminal mic-
rodeletions of 1q43q44 were identified from >45,000 speci-
mens submitted to our laboratory for microarray testing by
searching our custom Genoglyphix Chromosome Aberration
Database (GCAD; Signature Genomics, Spokane, WA).
Informed consent using an IRB-approved protocol was
obtained to publish photographs of patients 6, 7,9, 11, and 17.

Seizures onset at 1 year, including febrile
and idiopathic; maximum of 9 episodes
in 2 days; controlled with medication

Seizure disorder (IFS)
Seizure disorder (IFS)
Interictal spike wave complex (IFS)

No seizures reported
No seizures reported
No seizures reported

Details

SZR
+
+
+
+

Oligonucleotide microarray analysis

Oligonucleotide-based microarray analysis was performed
using either a custom 105 K-feature whole-genome
microarray (SignatureChip® Oligo Solution™ v1.0, custom-
designed by Signature Genomics, Spokane, WA; manufac-
tured by Agilent Technologies, Santa Clara, CA) or a custom
135 K-feature whole-genome microarray (SignatureChip
Oligo Solution v2.0, custom-designed by Signature Genomics;
manufactured by Roche-NimbleGen, Madison, WI) using
previously described methods (Ballif et al. 2008; Duker
et al. 2010). Some cases in which a 1qg43q44 abnormality
was originally identified by SignatureChip BAC micro-
array analysis were reanalyzed using a 244 K-feature
whole-genome catalogue microarray (Agilent Technologies)
to refine the breakpoints using previously described methods
(Ballif et al. 2008; Duker et al. 2010).

Details

NA

Normal MRI
NA

Normal MRI
NA

NA

Normal MRI

ACC
NA
NA
NA

OFC —1.1 SD; Height —2.4 SD
OFC —0.2 SD; Height —1.7 SD

NA
OFC —0.4 SD; Height —2.0 SD

Details
OFC 0 SD; Height +0.4 SD

NA
NA

FISH analysis

I
NA
NA

Deletions were confirmed and visualized by metaphase
FISH using BACs as previously described (Traylor et al.
2009). Parental chromosomes were also studied by meta-
phase FISH, when available.

Sex
F

F

F
M
F
M

Results

The microarray results for the 22 patients with pure intersti-
tial or terminal deletions of 1q43q44 are summarized in
Table 1, and the clinical features of these 22 patients rela-
tive to MIC, ACC, and SZR are summarized in Table 2.
Only two patients had additional findings identified by
array-based comparative genomic hybridization (array CGH)

2 years 9 months
10 years
2 years 11 months

9 years
6 years
3 years
5 years

Age

OFC Occipitofrontal circumference, SD Standard deviation, CC Corpus callosum, NA Not available, /FS Indication for study, MRI Magnetic resonance imaging, EEG Electroencephalography

b Father has history of seizures starting at 19 years of age and does not have the 1q44 deletion
¢ Mother carries the same 1g44 abnormality and has microcephaly (50 cm (—3.4 SD) at 27y)

@ Patient had just one febrile convulsion which was associated with an illness

Table 2 continued

Patient no.

17
18

16
1
2
21
2
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Fig. 2 Microcephaly (MIC) phenotypes present in 22 patients with
microdeletions of 1q43q44. Blue horizontal bars indicate the size of
the deletion in individuals with MIC. White bars indicate deletions in
individuals who do not have MIC based on their clinical evaluation.
Dark gray bars indicate deletions in individuals for whom we do not

analysis of unclear clinical significance. All other CNVs
detected in these patients were in known polymorphic
regions and/or are predicted to be of no known clinical sig-
nificance. Patient 20 had a 109 kb deletion of unclear clinical
significance on 1q32.1 (chr1:202,607,836-202,716,759),
and patient 21 had a paternally inherited 1.1 Mb deletion on
2q13 (chr2:108,664,793-109,784,544).

Of the 22 patients evaluated by microarray analysis in
this study, 13 have MIC (Table 2 and Fig. 2). All but one of
the patients with MIC had a deletion that spanned, over-
lapped, or disrupted the AKT3 gene including three cases
with small deletions <500 kb. The deletion in patient 9 is
~403 kb in size and disrupts SDCCAG3 and the 3’ end of
AKT3. The deletion in patient 11 is ~212 kb in size and dis-
rupts only the 5" end of AKT3. The deletion in patient 10 is
~133 kb in size and is completely contained within the
AKT3 gene, resulting in a loss of exons 2—5. Parental FISH
analysis indicated that patient 10 inherited the deletion
from his mother who also has MIC (Table 2).

@ Springer

have clinical information on this particular phenotypic feature. Yellow
bars indicate RefSeq genes in the 1q43q44 interval. The vertical
region shaded in gray indicates the proposed critical region for this
phenotypic feature

Seven of the 22 patients have abnormalities of the corpus
callosum (Table 2 and Fig. 3). The SRO for patients with
ACC is defined by the proximal deletion breakpoint in
patient 13 and the distal deletion breakpoint in patient 2.
This ~75 kb interval (chr1:242,241,072-242,315,604) con-
tains only the ZNF238 gene. However, three other patients
(5, 7 and 8) have deletions spanning this interval but appar-
ently do not have ACC.

Nine patients have clinically recognized seizure pheno-
types or indications for study relating to seizure disorders.
Two more patients may have seizure disorders but as of
their last clinic visits have had just one febrile convulsion
which was associated with an illness (Table 2 and Fig. 4).
The SRO for the SZR phenotype is defined by the ~100 kb
interval corresponding to the proximal deletion breakpoint
of patient 20 and the distal deletion breakpoint of patient 6
(chr1:243,052,583-243,153,373). This interval contains
three genes, FAM36A, CIORF199, and HNRNPU. How-
ever, two patients (12 and 16) whose deletions span this
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Fig. 3 Abnormalities of the corpus callosum (ACC) phenotypes pres-
ent in 22 patients with microdeletions of 1q43q44. Purple horizontal
bars indicate the size of the deletion in individuals with ACC. White
bars indicate deletions in individuals who do not have ACC based on
their clinical evaluation. Dark gray bars indicate deletions in individ-

interval have not had seizures reported by 5 and 1.5 years
of age, respectively.

The facial features of five patients with microdeletions
of 1q43q44 are shown in Fig. 5.

Discussion

We report here the clinical features of 22 individuals with
microdeletions of 1q43q44 identified by microarray analy-
sis. By correlating the variable deletion sizes in these indi-
viduals with the presence or absence of MIC, ACC, and
SZR, we have attempted to delineate SROs for these fea-
tures. In spite of the controversy over the critical regions
associated with the features of 1q43q44 microdeletions, it
appears that a ~2 Mb genomic interval between 241.5 and
243.5 Mb (hg 18 build of the human genome) from the 1p
telomere is the critical region for at least the MIC, ACC,
and SZR phenotypes. In relative terms, deletion of the most
proximal portion of this critical region results in MIC; dele-
tion of the central portion results in ACC; and deletion of

o0V

patient 15 [ NN
patient19 [ ]

Patient 20 .

Patient 17

Patient 21

.
1

Patient 22

uals for whom we do not have clinical information on this particular
phenotypic feature. Yellow bars indicate RefSeq genes in the 1q43q44
interval. The vertical region shaded in gray indicates the proposed crit-
ical region for this phenotypic feature

the more distal portion of this interval results in SZR.
Within this 2 Mb critical region there are at least 12 genes.

MIC is described in a majority of the individuals
reported in the literature with microdeletions of 1q42q44.
By comparing the deletion sizes of 13 individuals with
microcephaly, we have narrowed the gene causing MIC to
AKT3 in all but one of the patients (Fig. 2). The presence
of MIC in one patient whose deletion does not encompass
AKT3 may represent a position effect on AKT3, haploin-
sufficiency of a gene distal to AKT3, or the disruption of a
gene elsewhere in the genome. The subset of individuals
with microcephaly includes one patient with a 133 kb
intragenic deletion of AKT3 inherited from his similarly
affected mother and two patients with 213 and 403 kb
deletions overlapping the 5’ and 3’ ends of the AKT3
gene, respectively, which further implicates this gene in
microcephaly. These results are in agreement with studies
by Boland et al. (2007) and Hill et al. (2007), which sug-
gested, based on the study of individuals with microceph-
aly and overlapping deletions, that an SRO encompassed
AKT3. In addition, several other individuals in the litera-
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Fig. 4 Seizure (SZR) phenotypes present in 22 patients with microde-
letions of 1q43q44. Red horizontal bars indicate the size of the dele-
tion in individuals with SZR. Pink bars indicate deletions in
individuals with only a single febrile seizure reported. White bars indi-

cate deletions in individuals who do not have SZR based on their clin-
ical evaluation. Yellow bars indicate RefSeq genes in the 1g43q44
interval. The vertical region shaded in gray indicates the proposed crit-
ical region for this phenotypic feature

Fig. 5 Facial features of five patients with microdeletions of 1g43q44.
a Patient 11 at 2.5 years of age. Patient 11 has a ~212 kb deletion over-
lapping AKT3. b Patient 9 at 4 years of age. Patient 9 has a ~403 kb
deletion overlapping AKT3. ¢ Patient 6 at 14 years of age. Patient 6 has
a ~2.4 Mb deletion overlapping the proposed critical regions for MIC,
ACC, and SZR. d Patient 7 at 1.5 years of age. Patient 7 has a ~1.5 Mb
deletion overlapping the proposed critical regions for MIC and ACC.

ture with deletions of 1q42q44 encompassing AKT3 have
microcephaly (Gentile et al. 2003; van Bever et al. 2005),
whereas patients with deletions distal to AK73 have normal
head circumference. Therefore, it is likely that haploin-

@ Springer

e Patient 17 at 13 years of age. Patient 17 has a ~1.4 Mb deletion over-
lapping the proposed critical regions for SZR but not for MIC and
ACC. Note the microcephaly and other characteristic facial features of
individuals with microdeletions of 1q43q44 present in patients 6, 7, 9,
and 11 (but less evident in patient 17) including rounded facies, prom-
inent forehead, hypertelorism, flat nasal bridge, and low-set and mal-
formed ears

sufficiency of AKT3 causes microcephaly in individuals
with deletions of 1q44.

AKT3 is one of three closely related isoforms of the pro-
tein kinase B (PKB/Akt) family. All three members contain
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Fig. 6 Summary of proposed critical regions located within 1q43q44 based on this study. Regions shaded with vertical gray background indicate
the proposed critical regions for microcephaly (MIC), abnormalities of the corpus callosum (ACC), and seizures (SZR)

a highly conserved N-terminal pleckstrin homology (PH)
domain, a central catalytic domain and a short C-terminal
regulatory domain (reviewed in Bellacosa etal. 2004).
AKT kinases phosphorylate a number of substrates
involved in stimulation of cell proliferation, survival, inter-
mediary metabolism and cell growth (Bellacosa et al.
2004). Like Akt family member Aktl, Akt3 plays a role in
the attainment of normal organ size in mouse. However, in
contrast to Aktl~'~ mice, which show a proportional
decrease in the size of all organs, Akt3~'~ mice have a
selective 20% decrease in brain size (Easton et al. 2005).
Brains from adult nullizygotes are 25% smaller than those
of wild-type littermates. Akz/~'~ and Akt2~~ mice have
increased perinatal lethality, growth retardation and altered
glucose homeostasis, whereas Akt3~~ mice brains have
substantial thinning of the white matter fiber connections of
the corpus callosum. All other organs are normally sized. In
humans, AKT3 is most highly expressed in fetal hearts, liv-
ers, and brains and adult brains, lungs, and kidneys (Brod-
beck et al. 1999). Thus, the mouse literature and our data
support the original proposals of Boland et al. (2007) and
Hill et al. (2007) and suggest that AKT3 remains an intrigu-
ing candidate gene for a role in brain growth in humans.
We also refined the critical region for the ACC pheno-
type based on seven affected individuals within our cohort
(Fig. 3). The SRO is only 75 kb and contains one gene,
ZNF238, which codes for a C2H2-type zinc-finger protein

that functions as a transcriptional repressor. In mouse,
Znf238 is widely expressed during embryogenesis with par-
ticularly high expression in the dorsal forebrain and devel-
oping cortex (Boland etal. 2007). In the adult mouse,
Znf238 appears to be exclusively expressed in the brain
(Becker et al. 1997). Additional studies of spatial and tem-
poral expression of ZNF238 suggest that it plays a crucial
role in neuronal proliferation, migration, and differentiation
in the developing cortex (Ohtaka-Maruyama et al. 2007).
Once again, our data refine the original proposals of Boland
etal. (2007) and Hill et al. (2007) and suggest a potential
role of ZNF238 in the ACC phenotype.

Finally, we have also refined the critical region for the
seizure phenotype present in approximately half of individ-
uals with microdeletions of 1g44. This critical region is
located ~243.1 Mb from the 1p telomere and spans a
~100 kb interval that contains three genes, FAM36A,
CIORF199, and HNRNPU (Fig. 4). Little is known about
FAM36A and CIORF199. However, studies of Hnrnpu
deficient mice suggest that Hnrnpu, the largest component
of the heterogeneous ribonucleoprotein complex which
binds to nascent transcripts, is involved in the regulation of
embryonic brain development (Caliebe et al. 2010; Roshon
and Ruley 2005) and is therefore a candidate for the fea-
tures of 1q44 deletions. Furthermore, based on functional,
genomic and evolutionary characteristics, HNRNPU has
been predicted to have a high probability of being haploin-
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Table 3 Correlation of clinical features in patients with reported 1q43q44 microdeletions from five previous studies with the proposed critical regions (CR) in this study
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with proposed
CR for SZR

concordant

MIC but no deletion
of proposed CR

deleted for the
proposed CR

with proposed
CR for MIC

with proposed
CR for ACC

proposed CR

proposed CR

without MIC

02
0/5

072
0/5

2/2
5/5

0/3
0/3

0/3
0/3

3/3
5/5

0/3
0/3

0/3
0/3

373
6/6

van Bon et al. (2008) 12/13
Orellana et al. (2009) 1/1

Boland et al. (2007)
Hill et al. (2007)

1/13
0/1
0/3

1/13
0/1
0/3

11/13
1/1
3/3

2/13
0/1

0/13
0/1
0/3

11/13
1/1
2/3

1/13
0/1

0/13
0/1
0/3

173

173

2/3

Caliebe et al. (2010)
This study

Total

2/22

2/22

18/22°¢

0/18

3/18

15/18

1/19

0/19

18/19

3/46 (6.5%)

0/45 (0%) 3/45 (7%) 37/43 (86%) 3/43 (7%) 3/43 (7%) 40/46 (87%) 3/46 (6.5%)

42/45 (93%)

? Only patients with pure interstitial or terminal deletions were included from each study

® For each feature, only patients for whom clinical information was reported are included

¢ Includes two cases that had only a single febrile seizure reported

sufficient when deleted, whereas FAM36A and CIORF199
have not (Huang et al. 2010). However, the mechanism by
which haploinsufficiency of HNRNPU results in seizures
remains to be determined.

In our cohort the two individuals with inherited deletions
in the most terminal 3.5 Mb of 1q44 lack MIC, ACC, or
SZR. This is concordant with the hypothesis by van Bever
et al. (2005) that, because the most distal 1.5 Mb of 1q44
consists of pseudogenes, two copies are not required for
normal development. Based on our results, at least some
deletions within the terminal 3.5 Mb of 1g44 might repre-
sent benign copy-number variants. However, further stud-
ies of additional cases with distal 1q44 deletions are
required.

Figure 6 summarizes our proposed model for the refine-
ment of the critical regions associated with MIC, ACC, and
SZR phenotypes in patients with deletions of 1q43q44.
Combining the data from this and five previously published
studies indicates that 42/45 (93%) of cases for which clini-
cal information is available on the presence or absence of
MIC fit the proposed model (Table 3). Likewise, 37/43
(86%) of cases with 1q43q44 deletions and an ACC pheno-
type fit the model, and 40/46 (87%) of cases with 1q43q44
deletions and a SZR phenotype fit the proposed model
(Table 3). Thus, our results refine the critical regions for
features associated with microdeletions of 1q43q44.

For the proposed ACC and SZR critical regions, several
cases in our and/or previous studies had a deletion over the
critical region but lacked the associated feature (Table 3),
which suggest incomplete penetrance or variable expressivity
associated with disruption of a gene(s) in the critical
region. For example, of the 43 cases in this and previous
studies for whom clinical information was available regard-
ing ACC, three had a deletion of the proposed ACC critical
region but no ACC (Table 3). Furthermore, the absence of a
consistent phenotype in a small proportion of cases sug-
gests incomplete penetrance and variable expressivity. For
example van Bon et al. (2008) describe a pair of affected
sisters who inherited a small deletion over AKT3 from their
unaffected carrier mother. Thus, the MIC phenotype may be
incompletely penetrant in the mother based on her genetic
background. The two sisters had MIC but were not equally
affected, supporting variable expressivity. In contrast, in
our study, a similar deletion over AKT3 was found in an
affected mother and affected child, which would support
complete penetrance for disruption of AKT3. Together,
there is a preponderance of data that suggest incomplete
penetrance and/or variable expressivity might play a role in
the MIC feature of the disorder.

In addition, several cases in our and/or previous studies
had a characteristic clinical feature but had a deletion that
did not encompass the proposed critical region (Table 3),
which may suggest a position effect on a gene(s) within the
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critical region or a secondary locus outside of the proposed
critical region. For example, of the 43 cases for whom clin-
ical information regarding ACC was available, three had
the feature and a deletion that did not encompass the pro-
posed critical region (Table 3). Although we were unable to
perform expression studies, a large terminal deletion, such
as the one in patient 13 in this study or in the study by Poot
et al. (2007), could effectively silence the nearby genes, in
this case the AKT3 gene, by a telomeric position effect on
AKT3 as a result of bringing AKT3 into closer proximity to
the subtelomeric heterochromatin (Ottaviani et al. 2008;
van Karnebeek et al. 2002).

Genotype—phenotype correlations of additional pure
interstitial and terminal deletions of 1q43q44 will continue
to be critical to elucidate the underlying genetic causes of
this rare subtelomeric disorder. The ascertainment of indi-
viduals with overlapping deletions and varying clinical fea-
tures may allow researchers to narrow the region in which
to search for candidate genes. Because microarray analysis
can precisely refine the breakpoints for microscopic and
submicroscopic deletions, the technique will continue to be
instrumental in the characterization of additional abnormal-
ities that refine the critical regions for these and other fea-
tures of microdeletions of 1q43q44.
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