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Abstract: The 22q11.2 deletion syndrome (22q11.2DS) manifests as a wide range of medical conditions
across a number of systems. Pediatric growth deficiency with some catch-up growth is reported, but
there are few studies of final adult height. We aimed to investigate how final adult height in 22q11.2DS
compared with general population norms, and to examine predictors of short stature in in a cohort
of 397 adults with 22q11.2DS (aged 17.6-76.3 years) with confirmed typical 22q11.2 microdeletion
(overlapping the LCR22A to LCR22B region). We defined short stature as <3rd percentile using
population norms. For the subset (1 = 314, 79.1%) with 22q11.2 deletion extent, we used a binomial
logistic regression model to predict short stature in 22q11.2DS, accounting for effects of sex, age,
ancestry, major congenital heart disease (CHD), moderate-to-severe intellectual disability (ID), and
22q11.2 deletion extent. Adult height in 22q11.2DS showed a normal distribution but with a shift
to the left, compared with population norms. Those with short stature represented 22.7% of the
22q11.2DS sample, 7.6-fold greater than population expectations (p < 0.0001). In the regression
model, moderate-to-severe ID, major CHD, and the common LCR22A-LCR22D (A-D) deletion were
significant independent risk factors for short stature while accounting for other factors (model
p = 0.0004). The results suggest that the 22q11.2 microdeletion has a significant effect on final adult
height distribution, and on short stature with effects appearing to arise from reduced gene dosage
involving both the proximal and distal sub-regions of the A-D region. Future studies involving larger
sample sizes with proximal nested 22q11.2 deletions, longitudinal lifetime data, parental heights, and
genotype data will be valuable.

Keywords: copy number variation; DiGeorge syndrome; velocardiofacial syndrome; adult phenotype;
quantitative trait

1. Introduction

The 22q11.2 deletion syndrome (22q11.2DS) is the most common of the clinically
relevant microdeletion syndromes, affecting males and females about equally, with esti-
mated live birth prevalence of the 22q11.2 microdeletion approaching 1 in 2000 [1-3]. This
multi-system condition is associated with a broad range of developmental and later onset
features of varying severity, including congenital cardiac and palatal anomalies, intellectual
disabilities, hypocalcemia, hypothyroidism, and significant neuropsychiatric conditions,
such as schizophrenia and early onset Parkinson’s disease [1-3]. The phenotypic manifesta-
tions of the syndrome are thought to be related at least in part to the reduced dosage of
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genes in the 2.5 million base pair 22q11.2 deletion region [1,2]. Pediatric short stature is
reported to be a relatively frequent finding in children, and pediatric growth curves are
available for those of European ancestry with 22q11.2DS [4]. However, data on final adult
height are limited [4-6].

There is a general association of pathogenic copy number variation (CNV) with short
stature reported in the pediatric genetic literature [7-9] and height-lowering effects on the
average of CNVs, especially deletions, in adult data [10,11]. However, none of the samples
studied included more than a few individuals with a 22q11.2 microdeletion. Additionally,
to our knowledge, there are no studies of factors that may relate to short stature in adults
with 22q11.2DS.

Therefore, in a large cohort of adults with a 22q11.2 microdeletion [12], we compared
adult height to population-based norms, and examined possible predictors of short stature,
including the extent of the 22q11.2 deletion. Based on the general literature, we hypothe-
sized that moderate-to-severe intellectual disability (ID) [13,14] and major congenital heart
disease (CHD) [15,16] may be significant predictors of short stature.

2. Materials and Methods
2.1. Participants and Study Design

The cohort studied comprised a well-characterized sample of adults (age > 17 years)
with 22q11.2DS (n = 397; 192 M, 205 F; median age 32.3, range 17.6-76.3, years) who had data
available on adult height. We excluded a single female participant with a history of growth
hormone deficiency and severe scoliosis where recorded height was 128 cm, representing
an extreme outlier. All individuals had a typical 22q11.2 deletion on clinical genetic testing
by fluorescence in situ hybridization (FISH) and a probe (usually TUPLE1), targeting the
proximal 22q11.2 deletion region or by genome-wide microarray [1,2]. For those with only
FISH data, there are no data on 22q11.2 deletion extent (1 = 83, 20.9%) but for the majority
(n = 314, 79.1%) we had data on whether the 22q11.2 deletion was the common 2.5 Mb
LCR22A-LCR22D (A-D) deletion, or the rarer proximal nested LCR22A-LCR22B (A-B) or
LCR22A-LCR22C (A-C) deletions (Figure 1).

FISH probes
19,500,000 20,000,000 20,500,000 21,000,000 21,500,000
T
= 1 LCR228 | 1 LCR22C | 1 LCR2ID ¢
HIRA TBX1 COMT RTN4R

Typlcal LCR2ZA-LCR22D, 3 Mb n =286 (91.1%)
LCR22A-LCR22B, 1.5 Mb n= 25(7.9%)
LCR22A-LCR22C, 2 Mb n= 3(1.0%)
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Figure 1. The common types of 22q11.2 deletion extent within the LCR22A-LCR22D region and the
frequencies of each for the n = 314 adults used in regression analyses.

The most recent adult height, measured using a stadiometer, was used for this study:.
We recorded demographic variables (sex, age at height measurement, ethnicity) and clinical
variables, including major CHD (defined as moderate-to-complex structural /anatomic
complexity [17]), and moderate-to-severe ID [18,19].

The study was approved by the local research ethics boards of the Centre for Addiction
and Mental Health and University Health Network, which are affiliated with the University
of Toronto. Informed consent was obtained in writing for participants.
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2.2. Analyses

We used Canadian WHO growth charts to obtain population-based height norms (https:/ /
www.dietitians.ca/ Advocacy /Interprofessional-Collaborations-(1)/ WHO-Growth-Charts/WHO-
Growth-Charts-Set-2, accessed on 15 May 2022), using data for the eldest available (at age
19 years), for males and females. These data provided normal distributions, means, stan-
dard deviations (SD), and percentile values for adult height. We used a standard definition
of short stature as height < 3rd percentile of population norms, i.e., 2 SDs below the
corresponding mean height of a given age, sex, and population group [20].

For descriptive statistics and univariate comparisons, we used parametric and non-
parametric analyses as appropriate. We compared the 22q11.2DS results for adult height to
the population norms, first using the Shapiro-Wilk test of normality to determine whether
the 22q11.2DS heights were normally distributed. We also used the population height
norms for males and females to determine the percentage of individuals in the 22q11.2DS
cohort who met criteria for short stature.

We used a binomial logistic regression model to investigate the following possible
demographic and clinical predictors of short stature in 22q11.2DS: moderate-to-severe ID,
major CHD, non-European ethnicity, age (in 10-year increments), male sex, and 22q11.2
deletion extent. For this analysis, we used the subgroup of 314 individuals with data on
22q11.2 deletion extent in order to assess whether the most common A-D deletion had
a greater effect than shorter proximal nested deletions. We conducted multicollinearity
analyses to identify any potentially correlated variables in the models tested; variance
inflation values did not exceed 1.2, suggesting there were no issues with multicollinearity.
In post hoc analyses, we assessed possible effects of scoliosis and (treated) hypothyroidism,
adding each of these variables, individually, to the original logistic regression model.

All statistical analyses were conducted with SAS 9.4 (SAS Institute, Cary, NC). We
defined statistical significance as p < 0.05, two-tailed. All analyses, except those using the
regression models, used the entire cohort of 397 individuals with 22q11.2DS.

3. Results

The mean adult height of the 397 individuals with 22q11.2DS was 169.0 + 7.8 cm for
the 192 males and 156.7 &= 7.1 cm for the 205 females. Mean height was significantly less
than for adult population norms for both sexes (t-score 4.86 for males, 4.82 for females,
p < 0.0001 for both). Graphical portrayals of the distributions of adult heights for 22q11.2DS
by sex show normal distributions (Shapiro-Wilk test of normality W = 0.99, p = 0.5092 for
males, W = 0.99, p = 0.4325 for females), with average leftward shifts of approximately
5.0 £ 0.7 and 4.5 & 0.6 cm for males and females, compared to population-based norms
(Figure 2), respectively.

There were 90 (22.7% of 397) individuals with 22q11.2DS who met the criteria for
short stature; these comprised 43 (47.8%) males and 47 (52.2%) females, indicating no sex
differences (p = 0.8995). The overall proportion of the adult 22q11.2DS sample with short
stature was 7.6-fold greater than population expectations (p < 0.0001).

Table 1 summarizes results of univariate analyses of demographic and clinical vari-
ables, comparing those with and without short stature for the subgroup of 314 individuals
with data on 22q11.2 deletion extent. As hypothesized, individuals with moderate-to-
severe ID and to a lesser extent those with major CHD had a statistically significantly
higher proportion with short stature. Results were also significant for those with the
proximal nested 22q11.2 deletion, compared with those who had a full-length deletion
but in the opposite direction of effect. Results were non-significant for sex and age and
were at the non-significant trend level for those of non-European ethnicity. There was no
significant difference in height between the 314 with molecular results (and thus known
22q11.2 deletion extent data), compared with the 83 for whom only FISH results were
available (mean height 162.8 and 161.6 cm, respectively, z = 0.48, p = 0.6310).

The logistic regression model was statistically significant (likelihood ratio x? = 24.5,
df = 6,p =0.0004). As hypothesized, moderate-to-severe ID and major CHD were significant
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independent predictors of short stature (Figure 3). The model also indicated that those
with a proximal nested 22q11.2 deletion, rather than the full length 22q11.2 deletion, were
at a significantly lower risk of having adult short stature, even when accounting for the
other predictors (Figure 3). Regression results remained significant for the proximal nested
22q11.2 deletion and ID variables when either hypothyroidism or scoliosis were added to
the model (likelihood ratio x2 = 24.3, df = 6, p = 0.0006; likelihood ratio x2=253,df =6,
p = 0.0003 respectively); however, results for major CHD no longer reached significance in
either of these post hoc models (p = 0.0601 and p = 0.0626 respectively).

Frequency
30 ~+
™
\ 25 4
/ \
\
\ 15 T
\
10 4
\.
\ 5
~
- m - o W
SRNNAABIS88RASSRBTAREE T m B
Male heights
Figure 2. The histogram on the left (blue bars) shows a normal distribution for adult heights of
192 male 22q11.2DS participants, with a mean (red vertical line) of 169.0 & 7.8 cm, and on the
right the histogram (red bars) similarly shows a normal distribution for adult heights of 205 female
22q11.2DS participants, with mean (blue vertical line) 156.7 & 7.1 cm. The superimposed male
(mean 174.1 £ 7.3 cm) and female (mean 161.2 &+ 6.2 cm) Canadian population adult height normal
curves for males and females are shown, respectively, by long dashed dark blue and dark red lines.
Both historgrams show a leftward shift of approximately 5.0 and 4.5 cm for males and females with
22q11.2DS, respectively. Bars to the left of the dashed red/blue vertical lines indicate those meeting
criteria for short stature for males and females, respectively.
Table 1. Clinical and demographic factors for adults with 22q11.2 deletion syndrome for the subgroup
of n = 314 with known 22q11.2 deletion length.
Short Stature
. Subgroup with Known o
Variables Deletion Length (1 = 314) Yes No Statistics
(n="71) (n =243)
Categorical n Y% n (%) 1 (%) p-value 2
Moderate-severe intellectual disability 28 8.9 14 (19.7) 14 (05.8) 0.0003
Major congenital cardiac disease 104 33.1 31 (43.7) 73 (30.0) 0.0319
Nested proximal 22q11.2 deletion ! 28 8.9 2 (02.8) 26 (10.7) 0.0403
Non-European ancestry 67 21.3 20 (28.2) 47 (19.3) 0.1102
Male sex 155 494 33 (46.5) 122 (50.2) 0.5806
Continuous Median (range)
Median age (range) at height (years) 314 100 34.0 (19.0-67.3)  35.0 (18.0-76.3) 0.5537

1 A,B and A—C (vs. full A-D) 22q11.2 deletions. 2 p values are from X2 analysis (df = 1) for categorical variables,
and Wilcoxon for age.
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Variables :;::1: (]:?;;;ti() p-value
Nested proximal 22q11.2 del! '0—' (0.05- (]Ogil) 0.0415
Moderate-severe ID? & (1.83- ;7%2) 0.0007
Major CHD? —o— (1.00- ; S’; 0.0486
Non-European ethnicity 'a—t—- (1 .[}[}-3;96;)’ 0.0501
Older age '-b-' (0.84- 112?;; 0.6241
Male sex -0*—- (0.45- 102789; 0.3978

o 1 2 3 4 5 6 7 8 9 10

Figure 3. Forest plot of logistic regression model for short stature in 314 adults with 22q11.2DS. The
figure shows odds ratios (OR, red diamonds) and 95% confidence intervals (CI, horizontal lines)
for six possible predictors of short stature in 314 adults with a 22q11.2 microdeletion and known
deletion extent. The overall logistic regression model was significant (likelihood ratio x> = 24.5, df = 6,
p = 0.0004). Significant values are shown in bold font. ! Nested proximal 22q11.2 deletions (A-B or
A-C; see Methods). 2 ID = intellectual disability (see Methods). 3 CHD = congenital heart disease
(see Methods).

There was no evidence that these results could be mainly attributed to major pediatric
growth conditions. One male participant with a history of growth hormone deficiency
as a child had a final adult height at about the 10th percentile per Canadian male norms;
another who received human growth hormone therapy (at age 15-17 years) for delayed
puberty was in the short stature subgroup. For eight individuals with a history of failure to
thrive as infants, five (one male, four female) were in the short stature subgroup and three
had adult heights that were either in the <10th percentile (1 = 2) or >10th percentile (1 = 1).

4. Discussion

The results of this study support a significant effect of the 22q11.2 microdeletion
on adult height. Stature in adults with 22q11.2DS appears to have an overall normal
distribution, with a significant shift to the left (lower adult height), compared to population
norms, and including a substantial subgroup with short stature defined conservatively
as <3rd percentile. There were several other novel findings that begin to help us understand
possible factors associated with short stature in 22q11.2DS. These include moderate-to-
severe ID and what appear to be lesser though significant independent associations with
major CHD, and with the length of the 22q11.2 microdeletion itself.

Approximately 22.7% of adults with 22q11.2DS met criteria for short stature. This
was a similar proportion to that previously reported in an earlier study involving a much
smaller adult sample [21]. The height results are comparable to, but extend, previous
primarily pediatric data available on stature in 22q11.2DS [4]. Collectively, the data reflect
that while a substantial minority have short stature, many individuals with a 22q11.2
microdeletion have height well in the normal range, and some are taller than average.

The association of short stature with the rare subgroup of 22q11.2DS who have
moderate-to-severe ID is consistent with long term evidence for an association between
growth and neurocognitive abnormalities in the general population [13,14,22,23]. There
was also some evidence of association of short stature with severe CHD. Reassuringly,
there were no significant effects of age or sex on the short stature results. However, even
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though not reaching significance, the results suggest that ethnicity will be an important
consideration in future studies, given the known effects on height [24,25].

The findings in regard to significant effects of length of the 22q11.2 microdeletion on
the likelihood of short stature provide intriguing molecular implications. This is one of the
few examples so far identified of differing effects related to 22q11.2 deletion extent [26].
The full length ~2.5 Mb 22q11.2 A-D deletion conveyed significantly greater risk of adult
short stature than the shorter, proximal nested 22q11.2 deletions (A-B or A-C) that affected
a minority (8.9%) of the sample. This suggests the possibility that gene dosage effects from
both the proximal nested A-B and distal nested B-D sub-regions may contribute to the low
end of final height in 22q11.2DS.

These results for adult height in 22q11.2 microdeletion may now be placed in the
context of previous studies of rare CNVs. In general, these have shown an association
between short stature and rare CNVs, especially for deletions [7]. There are also several
reports of general effects of CNVs on height in multi-cohort studies [10], often combining
effects of all rare CNVs rather than examining individual CNVs. This is due to power
considerations, especially for high impact CNVs that are disproportionately rare in these
samples in part due to ascertainment issues [11]. Notably, none of these studies included
more than 11 individuals with a 22q11.2 microdeletion [7]. For example, a study using UK
Biobank data reported that the 10 individuals with a 22q11.2 microdeletion (of unknown
sex or age) in the sample had significantly shorter stature (on average by 0.58 Z) than
380,630 other participants [11].

Advantages and limitations: We present results on what is, to our knowledge, the
largest dataset available of adult height in 22q11.2DS. The sample provided sufficient
power to delineate several novel findings and to confirm the strong effects of the 22q11.2
microdeletion on adult height and short stature. We excluded data on only one individual
representing an extreme outlier, and included individuals with treated hypothyroidism
and scoliosis, with neither factor appearing to significantly affect the results. In 22q11.2DS,
few children have a formal diagnosis of growth deficiency [2], consistent with our findings.
Larger numbers of such individuals would be necessary to evaluate this as a factor in adult
short stature. Additionally, there were insufficient numbers of individuals of non-European
ancestry to see significant results for this important variable.

Implications and future directions: Results from the current study further strengthen
a recent American College of Medical Genetics (ACMG) revision to 2009 guidelines on
genetic evaluation of short stature, that advises genome-wide microarray as a first line
investigation [27]. Further studies of adult stature in 22q11.2DS are needed, especially those
that include larger samples of the rare proximal nested 22q11.2 deletions, of non-European
ancestries, and with intra-individual longitudinal data to delineate growth trajectories.
Possible factors to be considered may include hormonal effects, however, there is no
evidence that puberty is a significant factor in 22q11.2DS [4]. As for IQ in 22q11.2DS [28],
assessing height in the context of parental heights will be important; this has been shown to
contribute to predicting adult height in the general population and to assist with estimating
genetic contributions [29].

Next steps should also include investigation of the role of genetic variants within the
22q11.2 microdeletion region and genome-wide, including common variants and polygenic
risk score for height, and rare variants of all types [29-31]. This will be important as there
may be effects of reduced gene dosage in the 22q11.2 deletion region that could affect growth
from conception onward [3], and this may add to or interact with genome-wide variants
for height. There is evidence for such a mechanism in 22q11.2DS for other phenotypes [32].
The 22q11.2 deletion region was not highlighted in a recent study identifying clusters
of common variants across the genome that affect height [31]. However, conclusions
regarding regional enrichment of biologically relevant genes may be consistent with our
findings for 22q11.2DS. Genes located in the 22q11.2 deletion region, such as DGCRS8
involved in microRNA processing, the several related to mitochondrial functions, and
others, may affect growth [33]. The results of the current study foreshadow a further role
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of the 22q11.2 microdeletion in understanding the complex pathways underlying human
growth and stature.

Author Contributions: Conceptualization: TH., S.M., E.B. and A.S.B.; Data curation: T.H., SM., ].H.
and A.S.B.; Data analysis: T.H. and A.S.B.; Data collection/investigation: T.H., S.M., ].H. and A.S.B.;
Methodology: T.H., S.M. and A.S.B.; Writing, reviewing, and reviewing: TH., B.C.,SM., ].H., EB.,
M.C. and A.S.B. All authors have read and agreed to the published version of the manuscript.

Funding: This work was supported in part by the Canadian Institutes of Health Research (CIHR)
[MOP-313331 and MOP-111238 to A.S.B]; A.S.B. holds the Dalglish Chair in 22q11.2 Deletion Syn-
drome at the University of Toronto and University Health Network.

Institutional Review Board Statement: The study was conducted in accordance with and approved
by the University Health Network and the Centre for Addiction and Mental Health.

Informed Consent Statement: Informed patient consent was obtained for every participant enrolled
in the study.

Data Availability Statement: The data are not publicly available due to ethical restrictions and
privacy concerns. Any data requests can be directed to the corresponding author.

Acknowledgments: The authors thank the patients and their families for their participation; col-
leagues for referring patients; and research assistants, administrative staff, and students who assisted
in the collection of data for the study.

Conflicts of Interest: The authors declare no conflict of interest. The sources of funding for this
project had no role in the study design, collection, analysis and interpretation of data nor any role in
writing or submitting this paper for publication.

References

1.

10.

11.

12.

13.

Bassett, A.S.; McDonald-McGinn, D.M.; Devriendt, K.; Digilio, M.C.; Goldenberg, P.; Habel, A.; Marino, B.; Oskarsdottir, S.; Philip,
N.; Sullivan, K.; et al. Practical guidelines for managing patients with 22q11.2 deletion syndrome. J. Pediatr. 2011, 159, 332-339.el.
[CrossRef] [PubMed]

McDonald-McGinn, D.M.; Sullivan, K.E.; Marino, B.; Philip, N.; Swillen, A.; Vorstman, J.A.; Zackai, E.H.; Emanuel, B.S,;
Vermeesch, J.R.; Morrow, B.E.; et al. 22q11.2 deletion syndrome. Nat. Rev. Dis. Prim. 2015, 1, 15071. [CrossRef] [PubMed]
Blagojevic, C.; Heung, T.; Theriault, M.; Tomita-Mitchell, A.; Chakraborty, P.; Kernohan, K.; Bulman, D.E.; Bassett, A.S. Estimate of
the contemporary live-birth prevalence of recurrent 22q11.2 deletions: A cross-sectional analysis from population-based newborn
screening. Can. Med. Assoc. |. Open 2021, 9, E802-E809. [CrossRef] [PubMed]

Habel, A.; McGinn, M.]., 2nd; Zackai, E.H.; Unanue, N.; McDonald-McGinn, D.M. Syndrome-specific growth charts for 22q11.2
deletion syndrome in Caucasian children. Am. J. Med. Genet. A 2012, 158, 2665-2671. [CrossRef]

Digilio, M.C.; Marino, B.; Cappa, M.; Cambiaso, P.; Giannotti, A.; Dallapiccola, B. Auxological evaluation in patients with
DiGeorge/velocardiofacial syndrome (deletion 22q11.2 syndrome). Genet. Med. 2001, 3, 30-33. [CrossRef]

Fung, W.L.; Butcher, N.J.; Costain, G.; Andrade, D.M.; Boot, E.; Chow, E.W.; Chung, B.; Cytrynbaum, C.; Faghfoury, H.; Fishman,
L.; et al. Practical guidelines for managing adults with 22q11.2 deletion syndrome. Genet. Med. 2015, 17, 599-609. [CrossRef]
Dauber, A.; Yu, Y,; Turchin, M.C.; Chiang, CW.; Meng, Y.A.; Demerath, EW.; Patel, S.R,; Rich, S.S.; Rotter, J.I.; Schreiner,
P]J.; et al. Genome-wide association of copy-number variation reveals an association between short stature and the presence of
low-frequency genomic deletions. Am. J. Hum. Genet. 2011, 89, 751-759. [CrossRef]

van Duyvenvoorde, H.A.; Lui, J.C,; Kant, S.G.; Oostdijk, W.; Gijsbers, A.C.; Hoffer, M.]J.; Karperien, M.; Walenkamp, M.J,;
Noordam, C.; Voorhoeve, P.G.; et al. Copy number variants in patients with short stature. Eur. J. Hum. Genet. 2014, 22, 602-609.
[CrossRef]

Zahnleiter, D.; Uebe, S.; Ekici, A.B.; Hoyer, ].; Wiesener, A.; Wieczorek, D.; Kunstmann, E.; Reis, A.; Doerr, H.G.; Rauch, A ; et al.
Rare copy number variants are a common cause of short stature. PLoS Genet. 2013, 9, e1003365. [CrossRef]

Macé, A.; Tuke, M.A_; Deelen, P.; Kristiansson, K.; Mattsson, H.; Noukas, M.; Sapkota, Y.; Schick, U.; Porcu, E.; Rueger, S.; et al.
CNV-association meta-analysis in 191,161 European adults reveals new loci associated with anthropometric traits. Nat. Commun.
2017, 8, 744. [CrossRef]

Owen, D.; Bracher-Smith, M.; Kendall, K.M.; Rees, E.; Einon, M.; Escott-Price, V.; Owen, M.].; O'Donovan, M.C.; Kirov, G. Effects
of pathogenic CNVs on physical traits in participants of the UK Biobank. BMC Genom. 2018, 19, 867. [CrossRef] [PubMed]
Blagojevic, C.; Heung, T.; Malecki, S.; Ying, S.; Cancelliere, S.; Hegele, R.A.; Bassett, A.S. Hypertriglyceridemia in young adults
with a 22q11.2 microdeletion. Eur. |. Endocrinol. 2022, 187, 91-99. [CrossRef] [PubMed]

Harris, M.A; Brett, C.E.; Deary, L.].; Starr, ]. M. Associations among height, body mass index and intelligence from age 11 to age
78 years. BMIC Geriatr. 2016, 16, 167. [CrossRef]


http://doi.org/10.1016/j.jpeds.2011.02.039
http://www.ncbi.nlm.nih.gov/pubmed/21570089
http://doi.org/10.1038/nrdp.2015.71
http://www.ncbi.nlm.nih.gov/pubmed/27189754
http://doi.org/10.9778/cmajo.20200294
http://www.ncbi.nlm.nih.gov/pubmed/34404688
http://doi.org/10.1002/ajmg.a.35426
http://doi.org/10.1097/00125817-200101000-00007
http://doi.org/10.1038/gim.2014.175
http://doi.org/10.1016/j.ajhg.2011.10.014
http://doi.org/10.1038/ejhg.2013.203
http://doi.org/10.1371/journal.pgen.1003365
http://doi.org/10.1038/s41467-017-00556-x
http://doi.org/10.1186/s12864-018-5292-7
http://www.ncbi.nlm.nih.gov/pubmed/30509170
http://doi.org/10.1530/EJE-21-1104
http://www.ncbi.nlm.nih.gov/pubmed/35521712
http://doi.org/10.1186/s12877-016-0340-0

Genes 2022, 13, 2038 8of8

14.
15.

16.

17.

18.

19.

20.
21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

Kanazawa, S.; Reyniers, D.J. The role of height in the sex difference in intelligence. Am. J. Psychol. 2009, 122, 527-536. [PubMed]
Le Roy, C.; Larios, G.; Claveria, C.; Springmuller, D. Short stature among children undergoing cardiac surgery for congenital
heart defects. Arch. Argent. Pediatr. 2019, 117, e211-e217. [CrossRef]

Peres, M.B.; Croti, U.A.; Godoy, M.E; De Marchi, C.H.; Hassem Sobrinho, S.; Beani, L.; Moscardini, A.C.; Braile, D.M. Evolution
of weight and height of children with congenital heart disease undergoing surgical treatment. Rev. Bras. Cir. Cardiovasc. 2014,
29, 241-248. [CrossRef] [PubMed]

Billett, J.; Cowie, M.R.; Gatzoulis, M.A.; Vonder Muhll, L.F.; Majeed, A. Comorbidity, healthcare utilisation and process of care
measures in patients with congenital heart disease in the UK: Cross-sectional, population-based study with case-control analysis.
Heart 2008, 94, 1194-1199. [CrossRef]

Van, L.; Heung, T.; Malecki, S.L.; Fenn, C.; Tyrer, A.; Sanches, M.; Chow, EW.C.; Boot, E.; Corral, M.; Dash, S.; et al. 22q11.2
microdeletion and increased risk for type 2 diabetes. EClinicalMedicine 2020, 26, 100528. [CrossRef]

Malecki, S.L.; Van Mil, S.; Graffi, J.; Breetvelt, E.; Corral, M.; Boot, E.; Chow, E.ZW.C.; Sanches, M.; Verma, A.A.; Bassett, A.S. A
genetic model for multimorbidity in young adults. Genet. Med. 2020, 22, 132-141. [CrossRef]

Rani, D.; Shrestha, R.; Kanchan, T.; Krishan, K. Short Stature; StatPearls: Treasure Island, FL, USA, 2022.

Bassett, A.S.; Chow, E.W.; Husted, J.; Weksberg, R.; Caluseriu, O.; Webb, G.D.; Gatzoulis, M.A. Clinical features of 78 adults with
22q11 Deletion Syndrome. Am. J. Med. Genet. A 2005, 138, 307-313. [CrossRef]

Humphreys, L.G.; Davey, T.C.; Park, R K. Longitudinal correlation analysis of standing height and intelligence. Child. Dev. 1985,
56, 1465-1478. [CrossRef] [PubMed]

Johnson, EW. Biological factors and psychometric intelligence: A review. Genet. Soc. Gen. Psychol. Monogr. 1991, 117, 313-357.
[PubMed]

Lango Allen, H.; Estrada, K.; Lettre, G.; Berndt, S.I.; Weedon, M.N.; Rivadeneira, E.; Willer, C.J.; Jackson, A.U.; Vedantam, S.;
Raychaudhuri, S.; et al. Hundreds of variants clustered in genomic loci and biological pathways affect human height. Nature
2010, 467, 832-838. [CrossRef] [PubMed]

Marouli, E.; Graff, M.; Medina-Gomez, C.; Lo, K.S.; Wood, A.R;; Kjaer, T.R; Fine, R.S.; Lu, Y.; Schurmann, C.; Highland, H.M.; et al.
Rare and low-frequency coding variants alter human adult height. Nature 2017, 542, 186-190. [CrossRef]

Zhao, Y.; Guo, T.; Fiksinski, A.; Breetvelt, E.; McDonald-McGinn, D.M.; Crowley, T.B.; Diacou, A.; Schneider, M.; Eliez, S.; Swillen,
A.; et al. Variance of IQ is partially dependent on deletion type among 1,427 22q11.2 deletion syndrome subjects. Am. J. Med.
Genet. A 2018, 176,2172-2181. [CrossRef]

Mintz, C.S.; Seaver, L.H.; Irons, M.; Grimberg, A.; Lozano, R.; Practice, A.P.; Guidelines, C. Focused Revision: ACMG practice
resource: Genetic evaluation of short stature. Genet. Med. 2021, 23, 813-815. [CrossRef]

Fiksinski, A.M.; Heung, T.; Corral, M.; Breetvelt, E.]J.; Costain, G.; Marshall, C.R.; Kahn, R.S.; Vorstman, J.A.S.; Bassett, A.S.
Within-family influences on dimensional neurobehavioral traits in a high-risk genetic model. Psychol. Med. 2021, 1-9. [CrossRef]
You, C.; Zhou, Z.; Wen, J.; Li, Y;; Pang, C.H.; Du, H.; Wang, Z.; Zhou, X.H.; King, D.A.; Liu, C.T,; et al. Polygenic Scores and
Parental Predictors: An Adult Height Study Based on the United Kingdom Biobank and the Framingham Heart Study. Front.
Genet. 2021, 12, 669441. [CrossRef]

Yap, C.X,; Alvares, G.A.; Henders, A K,; Lin, T.; Wallace, L.; Farrelly, A.; McLaren, T,; Berry, J.; Vinkhuyzen, A.A.E.; Trzaskowski,
M.; et al. Analysis of common genetic variation and rare CNVs in the Australian Autism Biobank. Mol. Autism. 2021, 12, 12.
[CrossRef]

Yengo, L.; Vedantam, S.; Marouli, E.; Sidorenko, J.; Bartell, E.; Sakaue, S.; Graff, M.; Eliasen, A.U.; Jiang, Y.; Raghavan, S; etal. A
saturated map of common genetic variants associated with human height. Nature 2022, 610, 704-712. [CrossRef]

Cleynen, I; Engchuan, W.; Hestand, M.S.; Heung, T.; Holleman, A.M.; Johnston, H.R.; Monfeuga, T.; McDonald-McGinn, D.M,;
Gur, R.E.; Morrow, B.E,; et al. Genetic contributors to risk of schizophrenia in the presence of a 22q11.2 deletion. Mol. Psychiatry
2021, 26, 4496-4510. [CrossRef] [PubMed]

Guna, A.; Butcher, N.J.; Bassett, A.S. Comparative mapping of the 22q11.2 deletion region and the potential of simple model
organisms. J. Neurodev. Disord. 2015, 7, 18. [CrossRef] [PubMed]


http://www.ncbi.nlm.nih.gov/pubmed/20066931
http://doi.org/10.5546/aap.2019.eng.e211
http://doi.org/10.5935/1678-9741.20140036
http://www.ncbi.nlm.nih.gov/pubmed/25140475
http://doi.org/10.1136/hrt.2007.122671
http://doi.org/10.1016/j.eclinm.2020.100528
http://doi.org/10.1038/s41436-019-0603-1
http://doi.org/10.1002/ajmg.a.30984
http://doi.org/10.2307/1130466
http://www.ncbi.nlm.nih.gov/pubmed/4075869
http://www.ncbi.nlm.nih.gov/pubmed/1756951
http://doi.org/10.1038/nature09410
http://www.ncbi.nlm.nih.gov/pubmed/20881960
http://doi.org/10.1038/nature21039
http://doi.org/10.1002/ajmg.a.40359
http://doi.org/10.1038/s41436-020-01046-0
http://doi.org/10.1017/S0033291720005279
http://doi.org/10.3389/fgene.2021.669441
http://doi.org/10.1186/s13229-020-00407-5
http://doi.org/10.1038/s41586-022-05275-y
http://doi.org/10.1038/s41380-020-0654-3
http://www.ncbi.nlm.nih.gov/pubmed/32015465
http://doi.org/10.1186/s11689-015-9113-x
http://www.ncbi.nlm.nih.gov/pubmed/26137170

	Introduction 
	Materials and Methods 
	Participants and Study Design 
	Analyses 

	Results 
	Discussion 
	References

