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SHORT REPORT

Genomic analysis of partial 21q monosomies with
variable phenotypes
Elisha DO Roberson1,2,8, Elizabeth Squibb Wohler3, Julie E Hoover-Fong4,5, Emily Lisi5, Eric L Stevens1,
George H Thomas3,4,5, Jay Leonard6,9, Ada Hamosh4,5 and Jonathan Pevsner*,2,7
Partial monosomy 21 was recently segregated into three regions associated with variable clinical severity. We describe 10 new
patients, all examined by single nucleotide polymorphism (SNP) genotyping and G-banded karyotyping. Cohort A consisted of
three patients seen in our medical genetics clinics with partial chromosome 21 monosomies. In two of these patients having
terminal deletions (21q22.2-ter and 21q22.3-ter), the breakpoints differed by at least 812 Kb of sequence, containing seven
RefSeq genes. A third patient had an interstitial hemizygous loss of 16.4 Mb (21q21.1–q22.11). All three patients had
relatively mild phenotypes. Cohort B consisted of seven patients with partial chromosome 21 monosomies who had a greater
number of dysmorphic features and some major malformations; SNP genotypes were obtained from the Coriell Genetic Cell
Repository. We also collected data on partial monsomy 21 cases from the DECIPHER database. This report of 10 new cases of
21q deletion and review of a total of 36 confirms that deletion of the terminal region is associated with a mild phenotype, but
suggests that deletion of regions 1 and 2 is compatible with life and have a variable phenotype perhaps relating more to other
genetic and environmental variables than to genes in the interval.
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INTRODUCTION
In 1964, Lejeune et al1 described a proband with partial monosomy of
a G group chromosome that was presumed to be 21. They described
this as the ‘contretype’ (countertype) of trisomy 21. No non-mosaic
complete monosomy of chromosome 21 or any other autosome has
been confirmed in living individuals with modern techniques; however, segmental monosomy 21 has been reported. Published accounts
indicate that chromosome 21 segmental monosomies are heterogeneous with regard to the severity of the phenotypes. In the most
complete study to date Lyle et al2 reported 11 cases of partial
monosomy 21 and outlined three affected regions with the associated
phenotypic severity ranging from mild to severe to lethal (Figure 1a;
see Discussion). In the present study we report on ten cases of partial
monosomy 21 and we employ high density single nucleotide polymorphism (SNP) genotyping to further refine the monosomy breakpoints, and increase the number of patients described with clinical
phenotypes associated with the three broad regions of monosomy.
MATERIALS AND METHODS
Sample selection and SNP genotyping
Cohort A (Figure 1d) included three individuals seen at the Kennedy Krieger
Institute and Johns Hopkins University having segmental chromosome 21
monosomies initially identified by G-banded karyotype. Additionally, karyotypes of their parents were performed to establish whether aberrations
were de novo or inherited. All studies were performed with approval of the

Johns Hopkins Institutional Review Board, and informed consent was obtained
from the individuals involved. The karyotypes are listed in Table 1.
Patient sample genotyping was performed using the Illumina HumanHap550
v1.0 (Illumina Inc., San Diego, CA, USA) and Illumina HumanHap550 v3.0
Genotyping Beadchips. SNP genotypes were detected by whole-genome amplification and single-base extension per the Infinium II assay. Genotyping was
performed at the Center for Inherited Disease Research (CIDR) at Johns Hopkins.
Cohort B (Figure 1e) consisted of seven individuals with cytogenetically
identified chromosome 21 segmental monosomy from whom cell lines were
available from the Coriell Genetic Cell Repository. Karyotypes are listed in
Table 2. SNP data from the Affymetrix SNP 6.0 genotyping platform were
generated at Coriell.
Chromosome 21 deletion breakpoint regions were defined using BeadStudio
software (Illumina, Inc., San Diego, CA, USA), Genotyping Console software
(Affymetrix, Inc., Santa Clara, CA, USA), custom scripts, and by manual
inspection of SNP data. The last normal SNP before the deletion, the first and
last SNP within the deletion, and the first normal SNP after the deletion were
determined. Two main criteria were required to define a region as deleted: a
reduced Log R Ratio, and a loss of heterozygosity as measured by a loss of SNPs
clustered around 0.5 on the calculated B Allele Frequency.
Information about 12 additional cases of 21q partial monosomy was
obtained from the DECIPHER database.3

Clinical reports
The clinical phenotypes for Cohort A are summarized in Table 1, and detailed
descriptions are provided in Supplementary File 1. For Cohort B phenotypic
data are summarized in Table 2 and in detail in Supplementary File 2.
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Regions

Region 1
(~50 genes)

Region 3
(~130 genes)

Region 2
(~80 genes)

Lyle case 42

Lyle et al. cases

Lyle case 37
Lyle case 39
Lyle case 36
Lyle case 40
Lyle case 34
Lyle case 35
Lyle case 38
Lyle case 33
Lyle case 32
Lyle case 31

Lindstrand et al. cases

Lindstrand patient 1
Lindstrand patient 2
Lindstrand patient 3
KKI patient 1
KKI patient 2

Cohort A (this study)
KKI patient 3
GM08210

Cohort B (this study)

GM06918
GM00137
GM06136
GM00983
GM19999
GM09868
DECIPHER cases
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249224
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Figure 1 Genomic locations of chromosome 21 partial monosomies. Summary of chromosome 21 partial monosomy cases. (a) Three regions proposed by
Lyle et al,2 separated by vertical dashed lines. (b) Physical positions of segmental monosomy in 11 cases reported by Lyle et al.2 Rectangles indicate the
extent of the hemizygous deletion. (c) Positions of hemizygous deletions in three cases reported by Lindstrand et al.9 (d) Positions of hemizygous deletions in
Cohort A. (e) Positions of hemizygous deletions in Cohort B. (f) Positions of hemizygous deletions in 12 DECIPHER database cases. (g) Ideogram of chromosome 21.
All cases in panels b–f having a chromosomal abnormality (deletion, duplication, derivative chromosome, or translocation) on a chromosome other than 21,
based on SNP, array CGH and/or karyotype data, are indicated with light grey rectangles. For full karyotypes and/or array data corresponding to panel b see
Lyle et al2; for panels d, e see Supplementary File 3; for panel f see Supplementary File 8. Cases having only chromosome 21 segmental monsomy (without
other identified chromosomal abnormalities) are indicated with black rectangles. All rectangles correspond to regions of deletions.

Phenotypic data were limited to those reported to Coriell by the case
contributors.

RESULTS
We determined the breakpoint regions for aberrations present in the
ten cases of Cohorts A and B (Supplementary File 3). The regions of
hemizygous deletions on chromosome 21 are summarized in Figure 1.
Cohort A
Comparison of parental genotype data to Patient 1 confirmed a
de novo 21q terminal deletion (Supplementary Files 4 and 5), and
allowed a refinement of the breakpoint (Supplementary File 3). The
minimum deletion size was determined to be 4.86 Mb (chromosome
21 coordinates 42 047 505–46 909 417). Based on analysis with SNPtrio
software (http://pevsnerlab.kennedykrieger.org),4 the deleted region
exhibited a paternal SNP inheritance pattern. This indicated the
deletion occurred on the maternally derived chromosome (Supplementary File 5). A total of 78 RefSeq annotated genes (Build 35) were
included in the deleted region (Supplementary File 6). There was an
additional, small hemizygous deletion on chromosome 20 that was
also deleted in the mother (Supplementary File 3). While deletions
in this region were reported to occur in apparently normal individuals
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in the Database of Genomic Variants (DGV), such deletions were
absent from the DECIPHER database. Thus it is likely to be benign.
Analysis of the genotype data for Patient 2 confirmed a de novo 21q
terminal hemizygous deletion (Supplementary Files 4 and 5) that
completely overlapped the region deleted in Patient 1, but was larger
in size with a minimum size of 5.68 Mb (chr21:41 229 212–
46 909 417). Patient 1 was described as having the larger deletion by
karyotype analysis, but the SNP genotyping data showed that patient 2
had the larger terminal deletion by 812–819 Kb. This offset contained
seven RefSeq annotated genes (Supplementary File 6). In contrast to
Patient 1, the SNP inheritance pattern indicated the deletion occurred
on the paternally derived chromosome (Supplementary File 5).
For Patient 3, an interstitial 21q deletion was confirmed to be
de novo after examination of the parental SNP data. The deletion
included a minimum of 16.4 Mb of DNA in chromosomal bands
21q21.1–q22.11 (chr21:17 108 535–33 526 427) (Supplementary Files
3 and 4). Analyzing the SNP data for parent of origin identified the
deletion on the paternal copy due to a maternal inheritance pattern in
the deletion region (Supplementary File 5). The deletion included a
total of 69 RefSeq annotated genes listed in Supplementary File 7, as
well as microRNA hsa-miR155. We identified additional variants of
E150 kb on chromosomes 4 (a hemizygous deletion affecting no
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Table 1 Karyotypes and clinical phenotypes of cohort A

Table 2 Karyotypes and clinical phenotypes of cohort B

Patient 1

Patient 2

Patient 3

46,XY,del(21)
(q22.2)

46,XY,del(21)
(q22.3)

46,XX,del(21)
(q21.1–q22.11)

3.8 years
95th %ile

4 years
c95th %ile

6 years
15–35th %ile

c95th %ile
75th %ile

97th %ile
52.5 cm (75%ile)

Case

Malformations

Psychomotor
retardation

Karyotype
Age at assessment
Height

Weight
50–75th %ile
Head circumference 50.5 cm (25–50%ile)
Dolichocephaly
Low anterior hairline

+






+

Epicanthal folds
Periorbital fullness

+
+




Stellate irises
Strabismus

+
+

Amblyopia
Anteverted nares

GM08210

Facial asymmetry; prominent forehead;

Growth, motor,

high arched palate; elevated nasal bridge;
micrognathia; ulnar deviation of 2nd & 3rd

and mental
retardation

fingers bilaterally
45,XX,der(4)(4qter44p16.3::
21q11.2421qter),-21
Multiple skeletal abnormalities; short stature;

Developmental




widow¢s peak; downward slanting palpebral
fissures; high arched palate; micrognathia

delay; mental
retardation


+


+

46,XY,del(21)(pter4q11.2::q22.14qter) .ish
del(21)(wcp21+),15p+.ish 15p+ (wcp21-)

+
+

NA


+


Large mouth
Widely spaced teeth

+






+

Tongue paralysis
to the left

NA

NA

+

High arched palate



NA



Simple ears
Torticollis

+
+







Sacral dimple
Inguinal hernia

+
+







Tapered fingers
2/3 toe syndactyly

+
+







septal defect and patent ductus arteriosus;
microphthalmia; corneal clouding; dysplastic

Pes planus
Medial rotation of

+
+







hips; intrauterine growth retardation.
46,XX,del(21)(pter4q22.2:) .ish

medial malleolus
GERD



NA

+

Eczema
Dermatographism




NA
NA

+
+

Hypotonia
Vision

+
NL

NA
L vision loss


NL

posteriorly rotated ears; increased facial hair;
pectus deformity of chest; slight kyphosis; brisk

Hearing

NL

due to accident
NL

NL

deep tendon reflexes and occasional clonus
46,XX,rec(21)(pter4 p13::q22.14pter)

Echocardiogram
Renal ultrasound

NL
NL

NA
NA

NL
NA

Skeletal survey
Brain MRI

NL
NL

NA
NA

NA
NL

8–9 months
15 months

unknown
10 months

12 months
15 months

Crawled
Walked
Speech
Developmental
Assessment
Parental karyotypes

50% speech delay
mild to moderate MR
NL

speech delay
70% speech delay
moderate MR mild to moderate MR
NL

NL

GM06918

GM00137

GM06136

Multiple
45,XY,der(4)t(4;21)(4qter44p16::

Severe

21q21421qter),-21
Bilateral cleft lip and palate; absent patellae;

No data

severe calcaneo valgus and metatarsus abductus
46,XY,der(21)t(10;21)(21pter4 21q22.3::
10p11.2410pter)mat
GM00983

GM19999

GM09868

No data
46,XY,der(21)(21pter4 21q22::

No data

10q24410qter)mat
Congenital heart defects including ventricular

del(21)(wcp21+,D21S1575)
Developmental delay; feeding difficulties;
increased tone; prominent nasal bridge; large
nose/blunt tip; downslanting eyes; low-set,

Developmental
delay

interstitial hemizygous deletion of 15–18 Mb in chromosome 21q near
the centromere. We also observed a 10.9 Mb deletion at the telomeric
region of chromosome 4p to 4p16.1. (2) For case GM08210, we detected
an interstitial 4.1 Mb hemizygous deletion in chromosome 21q near the
centromere. There was also a hemizygous deletion of almost 4 Mb on 4p
at the telomere. (3) We detected an interstitial hemizygous deletion in
chromosome 21q near the centromere for proband GM06918, without
prominent gains or losses on other chromosomes.

Abbreviations: NL¼Normal; NA¼Not available.

genes, also deleted in the mother) and 14 (an amplification affecting
two RefSeq genes, also present in an extra copy in the father;
Supplementary File 3). For both of these additional variants there
are overlaps with deleted or duplicated regions from the DGV. There
were also several DECIPHER cases having overlapping abnormalities
on chromosomes 4 and 14, but only involving larger affected regions
and/or multiple chromosomal abnormalities. Thus, these additional
variants are unlikely to contribute to the clinical phenotype.
Interstitial hemizygous deletion cases in Cohort B
Three cases obtained from Coriell had interstitial 21q deletions
(Supplementary File 3). (1) For proband GM00137 we detected an

Terminal hemizygous deletion cases in Cohort B
Four cases had hemizygous terminal deletions (Supplementary File 3).
(1) Analysis of SNP data for proband GM00983 indicated a terminal
hemizygous deletion of about 8.6 Mb on 21q and a gain of 30.7 Mb on
10q25.1 to 10qter. (2) For case GM06136, we observed a terminal
hemizygous deletion on 21q and a gain of material on the majority of
10p extending from near the centromere to the telomere (spanning
33 Mb). Cell line GM06136 had an apparent terminal deletion with
the proximal breakpoint near the breakpoint for Cohort A Patient 2.
The difference in their putative ends was less than 5 kb. (3) For
proband GM09868, we observed a terminal hemizygous deletion on
21q involving 11.2 Mb. (4) We observed a terminal hemizygous
deletion on 21q in GM19999 spanning 10.8 Mb.
European Journal of Human Genetics
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In addition to the cases in Cohorts A and B, we identified 12 cases of
hemizygous 21q deletion in the DECIPHER database.3 We plotted these
(Figure 1e) and summarized the breakpoints (Supplementary File 8).
DISCUSSION
Partial chromosome 21 monosomy is sometimes associated with
severe clinical phenotypes, such as brain dysgenesis, extensive
dysmorphic features, and heart defects.5–9 However, other patients
present with very few dysmorphic features or congenital anomalies.10,11
It is important to understand the genotype–phenotype correlation to
elucidate the consequence of particular hemizygous deletions. In the
present study we have characterized ten 21q monosomy cases, as well
as described 12 cases from the DECIPHER database. We characterized
the deletion breakpoint regions using high-density SNP arrays, and we
provide descriptions of clinical phenotypes of varying severity.
We interpret the significance of our findings in the context of a model
recently presented by Lyle et al2 and we extend that model. They reported
11 partial monosomy 21 cases (summarized in Figure 1b) as well as cases
of partial trisomy 21, and they described three broad classes of partial 21
monosomy (Figure 1a). In the first region, deletions from the centromere
to B31.2 Mb (spanning about 50 genes) are associated with a severe
phenotype. In our study this region included Cohort A Patient 3, three
Cohort B cases, and two DECIPHER cases (Figure 1d–f). Consistent with
Lyle et al,2 deletions in this region tended to be large (three extended over
15 Mb). Although Patient 3 had a deletion encompassing approximately
half of the q-arm of chromosome 21, she had few dysmorphic features
and no detectable congenital brain, heart or kidney abnormalities. We
note that two of the four cases in region 1 from Lyle et al2 as well as two
of our cases had deletions or translocations involving chromosomes other
than 21, and this may contribute to the clinical severity. Lindstrand et al9
reported three partial 21q deletion cases. Their patient 1, who died at the
age of 5 months, had a complex intrachromosomal rearrangement
involving four duplicated and four deleted segments, including a large
deletion in Region 1. Their patient 3 had a 14 Mb hemizygous deletion in
Region 1. This child had normal to late speech development, some
problems in gross and fine motor functions, and normal to mildly
delayed social, emotional, and cognitive development.
In the second region, from 31.2 to 36 Mb, Lyle et al2 found no cases
that spanned the interval and only one case had a partial deletion. They
suggested that deletions of this region, harboring B80 genes, produce a
severe phenotype not compatible with survival. We report one Cohort A
and three Cohort B cases having deletions overlapping Region 2.
Lindstrand et al9 reported Patient 2 (Figure 1c) having an 11.9 Mb
hemizygous deletion that spanned part of Region 1 and half of Region 2,
with severely delayed psychomotor function and some dysmorphic
features. Three DECIPHER cases occur in this region, two of which
almost span it. This suggests that region 2 could be merged with
Region 1. The severity of clinical presentation for deletions spanning
this region was variable, and appears comparable with that of Region 1.
In agreement with Lyle et al,2 we also found hemizygous deletions
in a third region, from B36–37.5 Mb to the telomere, to be the most
common abnormality (two from Cohort A, four from Cohort B, eight
from DECIPHER, seven from Lyle et al). Also in agreement with Lyle
et al, the phenotypes were relatively mild. Although deletions in this
region were common, the breakpoint locations were variable.
We depict the chromosome 21q deletion breakpoints for 36 cases
in Figure 1. Of these, 16 cases involve no other identified chromosomal abnormalities, whereas 20 cases involve aneuploidy and/or a

translocation on a chromosome other than 21. We may reasonably
exclude these latter cases from the analysis of genotype/phenotype
correlations because the effects of additional chromosomal abnormalities are too complex to interpret. Our interpretation of the 16 cases
as a group still suggests that Regions 1 and 2 may be combined. There
is still considerable variability in the severity of the phenotype considering this larger region. This interpretation is consistent with that of
Lindstrand et al9 who reviewed 35 published cases of 21q deletion.
They proposed that a small region (from 33.83 to 33.99 Mb),
including the ITSN1 gene, is deleted in most patients with mental
retardation or severe developmental delay; and further they suggested
that the neighboring genes KCNE1, RCAN1, CLIC6, and RUNX1 form
a critical region of severe cardiac malformations. This region was not
affected in cases from Cohort A or B, and although case 42 from Lyle
et al does include this region (Figure 1b), that patient also has a X
chromosome aneuploidy that could impact the cardiac phenotype.
This highlights the current challenge of identifying genes responsible
for developmental abnormalities in partial 21q deletion cases.
We conclude that the variability of clinical phenotypes reflect the
variable sizes of the hemizygous deletion, the location of the deletion,
the influence of variants at other chromosomal loci in each individual’s genome, and other environmental factors. As we continue to
determine breakpoint locations and standardize the way clinical
phenotype data are collected, we may further discern candidate loci
for particular phenotypes associated with these deletions.
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