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Abstract

Pathogenic variants in ANKRD11 or microdeletions at 16q24.3 are the cause of KBG syndrome (KBGS), a neurodevelopmental syndrome
characterized by intellectual disability, dental and skeletal anomalies, and characteristic facies. The ANKRD11 gene encodes the
ankyrin repeat-containing protein 11A transcriptional regulator, which is expressed in the brain and implicated in neural development.
Syndromic conditions caused by pathogenic variants in epigenetic regulatory genes show unique patterns of DNA methylation (DNAm)
in peripheral blood, termed DNAm signatures. Given ANKRD11’s role in chromatin modification, we tested whether pathogenic
ANKRD11 variants underlying KBGS are associated with a DNAm signature. We profiled whole-blood DNAm in 21 individuals with
ANKRD11 variants, 2 individuals with microdeletions at 16q24.3 and 28 typically developing individuals, using Illumina’s Infinium
EPIC array. We identified 95 differentially methylated CpG sites that distinguished individuals with KBGS and pathogenic variants
in ANKRD11 (n = 14) from typically developing controls (n = 28). This DNAm signature was then validated in an independent cohort
of seven individuals with KBGS and pathogenic ANKRD11 variants. We generated a machine learning model from the KBGS DNAm
signature and classified the DNAm profiles of four individuals with variants of uncertain significance (VUS) in ANKRD11. We identified
an intermediate classification score for an inherited missense variant transmitted from a clinically unaffected mother to her affected
child. In conclusion, we show that the DNAm profiles of two individuals with 16q24.3 microdeletions were indistinguishable from
the DNAm profiles of individuals with pathogenic variants in ANKRD11, and we demonstrate the diagnostic utility of the new KBGS
signature by classifying the DNAm profiles of individuals with VUS in ANKRD11.

Introduction
ANKRD11 (previously known as ANCO-1) encodes the ankyrin
repeat-containing protein 11, a nuclear protein belonging to a
family of ankyrin repeat-containing coactivators known to regu-
late transcriptional activity (1,2). Truncating variants in ANKRD11
or microdeletions at 16q24.3 encompassing ANKRD11 cause KBG
syndrome (KBGS; MIM# 148050), a rare autosomal dominant neu-
rodevelopmental disorder (NDD) (3–5). KBGS is characterized by
specific facial dysmorphia (e.g. triangular face, brachycephaly,
synophrys, widely spaced eyes), dental and palatal abnormali-
ties, most commonly macrodontia of permanent upper central
incisors and dental pits, skeletal anomalies such as postnatal
short stature and brachydactyly, learning difficulty and develop-
mental delay of variable severity (4–6). No sex differences in the

frequency of this syndrome have been reported. The initials ‘KBG’
are the first letters of the surnames of the first families in which
this disorder was diagnosed in 1975 by Hermann et al. Today, there
are more than 200 individuals reported in the medical literature
associated with ANKRD11 variants or 16q24.3 microdeletions (3,6).

The majority (>75%) of variants in ANKRD11 causing KBGS
are frameshift and nonsense variants, and most are de novo;
approximately 30% are inherited (6). However, a small proportion
(∼5%) of missense or splice site variants have also been reported.
A recent survey of all published cases (n = 253) of KBG syndrome
noted both genotype–phenotype correlation and variable expres-
sivity. A higher frequency of developmental delay and intellectual
disability is seen in individuals with truncating variants com-
pared to those with missense variants (7). Of those patients with
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missense variants and a clinical diagnosis of KBGS (n = 13; ∼5%),
six individuals inherited the variant from a parent who did not
meet the clinical diagnostic criteria for KBGS, and in four of
those individuals, transmission is from mother to son (7). Based
on published reports, a highly variable clinical presentation of
inherited missense variants appears to be a hallmark of ANKRD11
(5,8,9).

The ANKRD11 protein is composed of four protein domains:
ankyrin domain with five ankyrin repeats (amino acids 162–284),
two repression domains (amino acids 318–611 and 2369–2663) and
one activation domain (amino acids 1851–2145) (2). This protein
acts as a chromatin regulator with a unique dual function, allow-
ing it to interact with coactivators and corepressors of nuclear
receptors (NRs). Studies have shown that ANKRD11 interacts with
p160 NR coactivators (RAC3, NCOA1, NCOA2), components of the
P/CAF (p300/CBP-associated factor) acetyltransferase complex,
and histone deacetylases, particularly HDAC3 (1,10,11). The role
of ANKRD11 in epigenetic regulation is not fully characterized;
however, evidence of ANKRD11’s interactions with writers and
eraser of histone acetylation suggest it as an epigenetic regulator.
Modification of chromatin structure through histone acetylation
is important for nervous system and bone development (12,13).
The ANKRD11 protein is highly expressed in the adult human
brain and localizes to nuclei of neurons and glial cells (11,14).
Using ANKRD11-deficient murine and human cell models, studies
have shown that ANKRD11 is a vital co-regulator of neurogenesis,
including neural positioning and dendritic differentiation (11,14).

Our research group and others have reported unique genome-
wide changes in DNA methylation (DNAm) caused by pathogenic
variants in genes encoding epigenetic regulators, termed ‘DNAm
signatures’ (15–21). DNAm signatures are gene- and disorder-
specific; to date, DNAm signatures for >50 disorders have been
defined, most of which are caused by variants in genes encoding
epigenetic regulators. These DNAm signatures are likely estab-
lished via crosstalk between histone modifications and DNAm.

Although the exact molecular mechanisms underpinning
DNAm signatures are not yet fully elucidated, a rapidly expanding
body of work has emerged demonstrating that DNAm signatures
have diagnostic utility in classifying variants of uncertain
significance (VUS). For VUS classification, the DNAm profile for
a single case is compared to a gene-specific DNAm signature,
derived from analysis of samples from patients with pathogenic
variants within the gene in question. Here, we generated a
unique DNAm signature for pathogenic ANKRD11 variants in a
cohort of individuals with KBGS. We demonstrate the diagnostic
utility of the signature and classify four ANKRD11 VUS. Gene
targets overlapping the KBGS-specific DNAm signature sites also
demonstrate the functional relevance of DNAm signatures, as we
found some of those genes to be directly implicated in bone and
skeletal development.

Results
Molecular genetics
In this study, we report 21 individuals with ANKRD11 (NM_013275.5)
variants that are predicted to adversely impact protein function
and are classified as pathogenic using the ACMG variant classifi-
cation guidelines (22) (Table 1 and Supplementary Material, Table
S1). These are frameshift or nonsense variants located within the
largest exon (9), an observed mutational hotspot in ANKRD11. In
addition, there is one individual with a splice site variant between
exons 2 and 3, and two individuals with microdeletions at 16q24.3,
which result in full deletion of the ANKRD11 gene. Variants in all

these individuals are associated with KBG syndrome phenotypes
(43% females). The remaining variants (n = 4) in ANKRD11 are
missense VUS, two of which are located within exon 9, and
an additional two from a parent–child duo located in exon 7
overlapping ankyrin repeats. Figure 1 provides a schematic of the
ANKRD11 gene structure and variant location generated using
ProteinPaint (23).

KBG syndrome DNAm signature generation
To generate a KBG-syndrome-specific DNAm signature, we pro-
filed genome wide DNAm in blood from individuals with a clinical
diagnosis of KBG syndrome and a truncating variant in ANKRD11
(Table 1 and Supplementary Material, Table S1). The KBG syn-
drome discovery cohort (n = 14) included eight females and six
males with mean age at sample collection of 10.6 ± 5.1 years
(range 2–18 years). The 28 sex- and age-matched control subjects
included 14 females and 14 males with mean ages at sample
collection of 9.5 ± 4.7 years (range 2–18 years) (Supplementary
Material, Table S2).

We identified 95 differentially methylated CpG sites that meet
thresholds of false discovery rate (FDR) < 0.05 and |�β | > 0.10 (10%
DNAm difference; Supplementary Material, Table S3), using linear
regression modeling. We accounted for cell types as covariates in
the linear regression model (Supplementary Material, Fig. S1). We
visualized DNAm data at signature sites using principal compo-
nent analysis (PCA) and hierarchal clustering (Fig. 2). DNAm at
95 signature sites clearly clusters individuals with KBG syndrome
from typically developing controls; 45% of the signature CpG sites
were hypermethylated and 55% were hypomethylated. Approx-
imately 56% of CpG signature sites overlapped CpG islands or
shores (within 2 kb of islands). This was significantly higher than
the percentage of total probes on the array mapping to islands and
shores (37%) (P-value = 4.9E−3; hypergeometric test). There were
no significant DNAm differences based on sex at the identified
KBGS-specific signature sites.

Independent validation of KBG syndrome DNAm
signature
Using the KBG syndrome DNAm signature, we used a machine
learning classification model to robustly categorize variants
from independent samples as ‘KBG-like’ or ‘control-like’ based
on DNAm levels at signature sites. We trained a support vector
machine (SVM) model on data from the discovery cohort used
to generate the signature. The model generated a probability
of pathogenicity score ranging from 0 ‘control-like’ to 1 ‘KBGS-
like’ for each sample (Supplementary Material, Table S4). We
classified a validation cohort of nine individuals with pathogenic
sequence variants (n = 7) and 16q24.3 microdeletions (n = 2)
involving ANKRD11 (Table 1). The SVM model generated high
pathogenicity scores (75–98%) for all samples in the validation
cohort demonstrating high sensitivity of the signature (Fig. 3 and
Supplementary Material, Table S4). We found that individuals
with 16q24.3 microdeletions have a similar DNAm profile to
individuals with single variants in ANKRD11 (pathogenicity scores
>88%). To test the specificity of the KBGS DNAm signature, we
included DNAm data for an additional 150 typically developing
controls (46% females, and ages 1–42 years), all of which had
low SVM scores (0–25%) demonstrating high specificity of the
signature (Fig. 3). To further validate the specificity of the KBG
syndrome DNAm signature generated, we classified cohorts of
individuals with Kabuki (n = 9) and Weaver (n = 17) syndromes,
caused by pathogenic variants in genes encoding the epigenetic
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Table 1. Demographic and mutation information for individuals with ANKRD11 variants used for signature discovery and validation

Sample_ID Sex Age at blood collection
(years)

cDNA change Protein change Group

EX1 M 9 c.3770_3771del p. (Lys1257Argfs∗25) Discovery
EX2 F 13 c.2329_2332del p. (Glu777Argfs∗5) Discovery
EX3 M 8 c.2344_2345dup p. (Leu782Phefs∗2) Discovery
EX4 F 18 c.2175_2178del p. (Asn725Lysfs∗23) Discovery
EX5 M 18 c.3309del p. (Asp1104Metfs∗214) Discovery
EX6 F 14 c.1920_1921insT p. (Lys641∗) Discovery
EX7 F 9 c.1903_1907del p. (Lys635Glnfs∗26) Discovery
EX8 M 10 c.3786_3789del p. (Lys1262Asnfs∗55) Discovery
EX9 F 13 c.3201dupA p. (Asp1068Argfs∗34) Discovery
EX10 F 11 c.1903_1907del p. (Lys635Glnfs∗26) Discovery
EX11 F 4 c.1902_1905del p. (Lys635Thrfs∗17) Discovery
EX12 F 2 c.2398_2401del p. (Glu800Asnfs∗62) Discovery
EX13 M 15.5 c.4374delG p. (Lys1459Argfs∗72) Discovery
EX14 M 3.4 c.5174dupC p. (Ser1726Valfs∗6) Discovery
EX15 M 43 c.1902_1905del p. (Lys635Thrfs∗17) Validation
EX16 F 41 c.3786_3789del p. (Lys1262Asnfs∗55) Validation
EX17 M 8 - Protein Del 507 kb (ACSF3, CDH15, ANKRD11) Validation
EX18 M 2 - Protein Del 635 kb (GALNS, ACSF3, CDH15, ANKRD11) Validation
EX19 F 16 c.226+1G>T c.(226+1G>T) Validation
EX20 M 1 c.3860_3861delAG p. (Glu1287Glyfs∗4) Validation
EX21 M 13 c.6738delA p. (Glu2247Asnfs∗90) Validation
EX22 M 17 c.2178del p. (Asp727Thrfs∗22) Validation
EX23 F 14 c.1903_1907del p. (Lys635Glnfs∗26) Validation

GenBank: ANKRD11; NM_013275; GRCh37.

Figure 1. Genomic location of ANKRD11 variants. Schematic representation of the ANKRD11 protein (GenBank: ANKRD11; NM_013275; GRCh37), its
functional domains and variants used in this study. The number in each lollipop represents the number of individuals with that variant. Exon structure,
based on GenBank: NM_013275.5, is provided by dashed lines. ANK, ankyrin tandem repeats (167–292); repression domain I (318–611); repression domain
II (2369–2663); one activation domain (amino acids 1851–2145).

regulators, KMT2D and EZH2, respectively. Both cohorts had
pathogenicity scores within the control range (1–22%) (Fig. 3).

Classification of VUS in ANKRD11
Having illustrated the efficacy of the KBG syndrome DNAm
signature in classifying individuals with pathogenic ANKRD11
variants, we next classified four individuals with VUS in ANKRD11.
Two of the individuals with VUS in ANKRD11 are a parent–
child duo (EX26, EX27), whereas the VUS in EX24 is de novo, and
inheritance for EX25 is unknown (Supplementary Material, Table
S1). The SVM model based on the KBG syndrome DNAm signature
sites generated pathogenicity scores within the control range for
EX24 [p. (Ile2427Thr), 20%] and EX25 [p. (Lys459Asn), 20%] (Fig. 3
and Supplementary Material, Table S4). For the parent–child
duo EX26 and EX27 [p. (Thr236Met)], the SVM model generated
intermediate pathogenicity scores, the child’s score was 68%
and the mother’s was 51% (Fig. 3). To investigate the possibility

of somatic mosaicism in the mother, we used quantitative
pyrosequencing to genotype the ANKRD11 variant and found the
percentage of the variant allele in blood to be 49%, suggesting
no mosaicism was present. We clustered all classification
and validation samples on signature sites using heatmap
and PCA approaches (Supplementary Material, Fig. S2). We
assessed predicted pathogenicity of these VUS using Alamut
variant annotation software, which applies multiple prediction
algorithms for comparison (Table 2). All in silico predictions
indicate that these variants are deleterious; however, the parent–
child duo has a higher CADD score compared to the other two
VUS (Table 2). We also used the MetaDome web server (24)
to assess ANKRD11’s protein tolerance of the three reported
missense VUS (Fig. 4); the lower the score, the more intolerant the
protein is to variation. All three missense variants are intolerant;
however, p. (Thr236Met) in the duo was ‘highly intolerant’ with
a score of 0.12, whereas p. (Ile2427Thr) and p. (Lys459Asn)
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Figure 2. Loss-of-function variants in ANKRD11 are associated with a distinct DNAm signature. (A) PCA and (B) heatmap showing clustering of the KBGS
discovery subjects (n = 14) and control discovery subjects (n = 28) using DNAm values at the 95 CpG sites identified in the KBGS DNAm signature. The
heatmap color gradient indicates the normalized DNAm value ranging from −2.0 (blue) to 2.0 (yellow). Euclidean distance metric is used in the heatmap
clustering dendrograms.

Figure 3. Classification of samples using SVM machine learning models based on the KBG DNAm signature. Sample groups were scored using the KBGS
SVM model. KBGS validation subject (n = 7) classified as KBG-like demonstrating 100% sensitivity of the model. Whereas validation control subjects
(n = 150) classified with low probabilities demonstrating 100% specificity of the model. ANKRD11 missense variants (n = 4), two of which belong to a
child–parent duo and have KBG syndrome-like probabilities, whereas the remaining two had control-like probabilities.

were ‘intolerant’ with scores of 0.2 and 0.38, respectively. No
formal clinical genetic assessments were available for these
individuals. The limited clinical data available are as follows:
Individual EX24 with a de novo ANKRD11 VUS p. (Ile2427Thr) had
microcephaly, short stature and developmental delay but did
not have macrodontia or other dental abnormalities, one of the
more frequently observed dysmorphic features associated with
KBGS. Phenotypic information for individual EX25 p.(Lys459Asn)
was even more limited; the individual is reported to have
autism spectrum disorder. Individual EX26 who had a maternally
inherited ANKRD11 VUS had microcephaly, developmental delay,
and borderline intellectual disability, but no KBGS-specific facial
dysmorphic features. Her mother, individual EX27, was assessed
by a clinical geneticist who deemed her to be unaffected, although
specific information was not available.

Ontology of KBG syndrome DNAm signature sites
We assessed the ontology of genes overlapping CpG sites in the
KBG syndrome DNAm signature using GREAT (25). Gene ontology

analyses can be used to describe the role of gene targets in two
biological domains: larger processes accomplished by multiple
molecular functions (biological processes) and phenotypic abnor-
malities of human disorders that gene targets are predicted to
contribute to (human phenotypes). There were 41 unique genes
that overlapped 54 of the 95 signature CpG sites, with 9 genes
overlapping 2 or more CpG sites (BAHCC1, EBF4, SH3BP2, C13orf26,
BMP4, CDX1, PBX1, SNED1, TET1). We identified significant enrich-
ment (FDR < 0.05, gene hits ≥2) for 28 biological processes and 27
human phenotypes (Supplementary Material, Tables S5 and S6).
The top biological processes, ranked based on the number of gene
hits, were related to skeletal and bone development. Key genes
in these biological processes were BMP4, TBX1 and CDX1. Human
phenotypes were related to skeletal abnormalities, also enriched
for BMP4 and TBX1, in addition to SH3BP2 and NFIX. We plotted
signature CpG sites overlapping BMP4 in addition to two CpG sites
located within the same island. All four CpGs are hypomethylated
in individuals with KBGS compared to controls (Supplementary
Material, Fig. S3). The two additional CpGs did not meet our
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Table 2. Predicted pathogenicity of missense ANKRD11 variants generated using Alamut

Sample Protein change (ANKRD11 NM013275.5) Predicted pathogenicity

SIFT (score) PolyPhen-2 MutationTaster CADD SVM score (%)

EX24 p.Ile2427Thr Deleterious Probably damaging Disease causing 25.3 21.5
EX25 p.Lys459Asn Deleterious Probably damaging Disease causing 25.7 21.0
EX26 p.Thr236Met Deleterious Probably damaging Disease causing 29.4 68.0
EX27a p.Thr236Met Deleterious Probably damaging Disease causing 29.4 51.0

aMother of EX26

Figure 4. Predicting ANKRD11 protein tolerance to missense variants. The diagram on the top illustrates ANKRD11’s tolerance to missense changes
landscape according to MetaDome web server. The protein structure is depicted on the bottom with ankyrin repeat domains shown. Missense variants
analyzed in the present work are indicated in green. (A) Zoomed view for variants p.(Thr236Met) and p.(lys459Asn). (B) Zoomed view for p.(Ile2427Thr).

statistical thresholds to be included in the signature but clearly
show the same methylation trends. We also plotted CpGs within
CDX1 and PBX1, each overlapping two CpG sites, located within
CpG islands. In the CDX1 gene, the CpGs were located within the
transcriptional start site of the gene, whereas in PBX1 the CpG
sites were located within the gene body. We assessed DNAm at
CpG sites adjacent to the signature CpG sites located within the
same islands overlapping CDX1 and PBX1. Although adjacent CpG
sites did not meet statistical thresholds to be included in the
signature, these sites follow the observed trend in signature CpGs
and are hypomethylated in individuals with KBGS compared to
typically developing controls (Supplementary Material, Fig. S3).

Discussion
We identified a unique genome-wide DNAm signature associated
with truncating pathogenic variants in the ANKRD11 gene in
peripheral blood of individuals with a clinical diagnosis of KBGS.
The signature discovery cohort (n = 14) included individuals with
truncating variants in exon 9 (the largest exon), the reported
mutational hotspot for ANKRD11 (6). Variants in exon 9 are
predicted to cause ANKRD11 haploinsufficiency via nonsense-
mediated decay (NMD); however, a dominant negative effect
has not been ruled out for variants in ANKRD11’s C-terminal
repression domain 2 (26). Exon 9 encodes the first repression

domain (318–611), the activation domain (1851–2145) and the
beginning of the second repression domain (2369–2663), which
extends to the final exon (exon 13) (2). Although there are no trun-
cating variants in the C-terminal region encompassing repression
domain 2 in our study cohort, the validation cohort (n = 9) included
two individuals with 16q24.3 microdeletions encompassing
ANKRD11 and one individuals with a splice site variant between
exons 2 and 3. The KBGS-specific DNAm signature classified these
three individuals with high pathogenicity scores, resembling
DNAm profiles of individuals with truncating variants in exon
9. We have previously observed the same phenomenon in our
DNAm studies of Kleefstra syndrome, where the DNAm pattern
of individuals with 9q34.3 microdeletions was similar to that of
individuals with single variants in the EHMT1 gene (27). These
data support the hypothesis that the DNAm signatures for these
copy number variants are driven by loss of function of a gene
involved in epigenetic regulation. The KBGS-specific signature
demonstrated >99% specificity when it was used to classify
two cohorts of individuals with pathogenic variants in other
chromatin modifying genes (KMT2D and EZH2). These individuals
with Kabuki (n = 9) and Weaver (n = 17) syndromes, respectively,
all classified as control-like.

Using a machine learning model based on the unique KBG
syndrome DNAm signature, we classified the DNAm profiles of
a mother–child duo who share a missense variant overlapping
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the ankyrin repeats domain p. (Thr236Met). The DNAm profiles of
the clinically affected child had a predicted pathogenicity score
of 68%, just below the range of KBGS individuals, whereas the
clinically unaffected mother had a pathogenicity score of 51% and
did not classify clearly with either KBGS individuals or controls.
Given this intermediate score, we tested the mother for somatic
mosaicism for the ANKRD11 variant and found that her two alleles
were equally expressed. This does not exclude the possibility of
mosaicism in the mother in tissues other than blood. This type
of variable intrafamilial expression of KBGS has been reported
in multiple families in which an ANKRD11 missense variant is
vertically transmitted (5,7–9). Another report investigating de novo
missense variants within ANKRD11’s repression domain 2 con-
cluded that the phenotype of individuals with these variants was
in line with KBGS (28). The report also confirmed these variants
have a loss-of-function effect on the ANKRD11 protein. While the
transcript can escape NMD, the protein is unstable and unable to
carry out trans-repression activities (28). That is, missense vari-
ants in ANKRD11 have a variable impact on the protein expression
and function, which may contribute to the variable phenotype
observed.

It will be important to evaluate additional parent–child duos to
determine whether the consistent finding of a milder phenotype
in the parent versus the child represents an ascertainment bias.
If so, we would predict that studies of larger cohorts of missense
duos should uncover some parent–child duos in which the parent
is equally or more severely affected than the child. Nonetheless,
these reports on ANKRD11 missense variants suggest that caution
is warranted in the interpretation and classification of these
variants, particularly inherited variants. The typical pipeline for
trio exome analysis, which excludes variants, found in unaffected
parents should be reconsidered for ANKRD11 missense variants as
the potential pathogenicity of such variants may be missed. The
impact of inherited missense variants may need to be considered
more generally in genome sequencing pipelines, with a recent
report demonstrating phenotypic variation in the general adult
population is associated with genomic variants in genes known
to cause rare monogenic developmental disorders (29). Lastly, it
may be informative to determine whether the severity of the
KBGS phenotype is consistently reflected by the DNAm data. We
have demonstrated this relationship for missense variants and
DNAm in the HNRNPK gene associated with Au-Kline syndrome
(30). In the future, DNAm profiling could be helpful in predicting
pathogenicity and severity of the KBGS phenotype as we have
shown for a missense ANKRD11 variant inherited from a clinically
unaffected parent.

While the role of ANKRD11 in epigenetic regulation has
not been fully characterized, studies have identified a dual
function for ANKRD11 in transcriptional regulation, through
protein–protein interactions with co-activators and co-repressors
of NRs (1,10). NRs are DNA-binding transcription factors that
control hormone-dependent gene expression in many important
biological processes (31,32). Coactivators and corepressors are
cofactors that mediate activation and repression functions for
NRs, respectively (32). The p160 NR coactivator binds liganded
NR to enhance transcriptional activation through recruitment
of histone acetyltransferases (HAT), i.e. CBP and p300 (31).
Conversely, co-repressors bind unliganded NR and recruit histone
deacetylates (HDAC) to neutralize histone acetyltransferase
activity and attenuate transcriptional activation (31). The
ANKRD11 protein was initially identified to interact with RAC3
(1), a p-160 coactivator protein (33), where it can recruit and
interact with HDACs to neutralize transactivation activity (1).

Subsequent studies have characterized additional ANKRD11-
interacting proteins such as ADA3 and p53 (10,34). The human
alteration/deficiency in activation 3 protein, ADA3, is a NR coac-
tivator and a component of the P/CAF complex (p300/CBP [CREB
(cAMP-response-element binding protein)-binding protein]-
associated factor), which functions to link co-activators to histone
acetylation and basal transcription machinery (35). Collectively,
these studies demonstrate an integral role for ANKRD11 in tran-
scriptional regulation and chromatin modification via histone
acetylation.

Chromatin modification via histone acetylation is required
for development and function of the nervous, bone and skele-
tal systems (12,36). Therefore, more recent studies have inves-
tigated the role of ANKRD11 during the development of these
systems. A study by Gallagher et al. (11) confirmed the expression
of ANKRD11 in neurons and their precursors in the develop-
ing mouse cortex and human forebrain. In addition, targeted
knockdown of ANKRD11 in cultured murine and human cor-
tical precursors disrupted proliferation and neurogenesis (11).
Using in vivo techniques, targeted knockdown of Ankrd11 in the
developing embryonic murine cortex caused mislocalization of
cortical neurons and decreased neurogenesis (11). Histone acety-
lation and p53 acetylation were markedly altered in Ankrd11-
deficient murine embryonic cortical precursors and postnatal
neurons (11,14). These studies emphasize ANKRD11’s role in neu-
ral development and histone acetylation.

To investigate ANKRD11’s role in craniofacial bone and palate
development, a study by Roth et al. (37) used conditional ablation
of Ankrd11 in developing murine neural crest cells, which con-
tribute to the development of the anterior craniofacial complex.
Mice with heterozygous Ankrd11 deletions displayed reduction
in ossification of midfacial bone, hypoplastic palatal shelves, and
delayed bone maturation and remodeling during development
(37). These mice had KBGS-like craniofacial manifestations such
as retrognathia and midfacial hypoplasia (37). Ontology analysis
for the KBGS DNAm signature sites identified relevant biological
processes to the KBG syndrome phenotypes such as bone
development, skeletal development, odontogenesis of dentin-
containing tooth, and endochondral ossification. A number of
genes overlapping the signature are driving the enrichment of
these biological processes including BMP4, CDX1 and PBX1. Stud-
ies have shown that bone morphogenetic protein 4 (BMP4) has a
role in bone and skeletal development and limb patterning (38).
The loss of BMP4 in murine models resulted in severe impairment
in osteogenesis and differentiation of cells to mature osteoblasts
(38). In the KBGS signature, there are two hypomethylated CpG
sites in a CpG island located in BMP4’s gene body (Supplementary
Material, Fig. S3). Homeobox transcription factors CDX1 and PBX1
also have critical functions in bone and skeletal development,
particularly the proliferation and differentiation of osteoblasts
and chondrocytes, respectively (39,40). A study in osteoblast cell
culture showed that PBX1 is associated with histone deacetylases
and attenuates activations of osteoblast-related genes important
for osteogenesis (41). In the KBGS DNAm signature, CpG sites
overlapping CDX1 and PBX1 are also located within CpG islands,
and all were hypomethylated (Supplementary Material, Fig. S3).

While the exact mechanisms by which ANKRD11 haploinsuf-
ficiency triggers DNAm alterations in these genes are not fully
understood, many of the signature genes have a direct role in
skeletal patterning and bone development, and in some instances,
their expression is regulated by histone acetylation, e.g. histone
3 lysine 9 acetylation of the BMP4 promotor increases expres-
sion (42). In addition to DNAm signature sites overlapping genes

https://academic.oup.com/hmg/article-lookup/doi/10.1093/hmg/ddac289#supplementary-data
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implicated in bone and skeletal development, there are sites that
also overlap genes implicated in autism, including CNOT3, GAS7
and TET1. While we do not yet understand how differential methy-
lation of these genes impacts their function and expression in
KBGS, all three are highly expressed in brain tissues, implicated in
neuronal development and identified as candidate autism genes
(43–46).

In conclusion, we report a unique DNAm signature that is
highly sensitive and specific for ANKRD11 haploinsufficiency and
KBG syndrome. Gene targets in the signature have a direct role
in bone development and transcriptional regulation. The DNAm
signature classified a mother–child duo with a VUS in the ankyrin
repeats domain as KBGS-like. The different levels of DNAm dis-
ruption identified in the child with KBGS and the unaffected
mother provide further insights into the mechanisms underlying
the clinical variability observed in multiple families. For future
studies, additional functional studies of missense variants in
ANKRD11 paired with DNAm studies will likely contribute to
our understanding of molecular mechanisms underpinning this
disease. In addition, in vitro models of induced pluripotent stem
cells derived from patient fibroblast, combined with multi-omics
approaches to measure histone acetylation and gene expression,
will further elucidate molecular and epigenetic changes associ-
ated with ANKRD11 variants causing KBG syndrome.

Materials and Methods
Research participants
Informed consent was obtained from all research participants
and/or their guardian(s) according to the protocol approved by
the Research Ethics Board of the Hospital for Sick Children (REB#
1000038847). Individuals were recruited through our International
Epigenetic Consortium (IEC), which includes both local and inter-
national collaborators. Individuals with ANKRD11 variants were
also identified through MSSNG (46), one of the largest whole-
genome sequencing project for Autism Spectrum Disorder and
SFARI (Simons Foundation Autism Research Initiative) (47) and the
Simons Simplex Collection using the Genotypes and Phenotypes
in Families (GPF) tool (https://gpf.sfari.org/). Following recruit-
ment, our cohort consisted of 25 individuals with ANKRD11 vari-
ants and 2 individuals with 16q24.3 microdeletions. The patient
demographics, clinical phenotype and variant information are
presented in Supplementary Material, Table S1. We divided indi-
viduals with classic features of KBG and pathogenic truncating
variants in ANKRD11 (n = 23) into discovery (n = 14) and validation
(n = 9) (including 2 microdeletion samples) cohorts. The remaining
ANKRD11 cohort included four (n = 4) individuals with a VUS that
were included in order to classify them as KBGS- or control-like
using the generated KBG DNAm signature. Banked DNA sam-
ples from age- and sex-matched typically developing individuals
(n = 150) were included as control subjects (Supplementary Mate-
rial, Table S2). These individuals were recruited from the Hospital
for Sick Children and the Province of Ontario Neurodevelopmental
Disorders (POND) Network and were deemed typically developing
(Dr Gregory Hanna). ‘Typically developing’ was defined as healthy
and developmentally normal by using formal cognitive/behav-
ioral assessments (POND) or via physician/parental screening
questionnaires (SickKids).

DNAm profiling and data processing
Genomic DNA was extracted from peripheral blood and bisulfite
converted using the EpiTect PLUS Bisulfite Kit (QIAGEN, Germany).
Sodium bisulfite converted DNA was then hybridized to the Illu-
mina Infinium Human Methylation EPIC BeadChip to interro-
gate more than 850 000 CpG sites in the human genome at The

Center for Applied Genomics (TCAG), Hospital for Sick Children
Research Institute, Toronto, Ontario, Canada. Samples were run
in two batches. On each microarray chip, cases and controls
were randomly assigned a chip position. The minfi Bioconduc-
tor package in R was used to preprocess data including quality
control, Illumina normalization and background subtraction, fol-
lowed by extraction of beta (β) values as previously described
(48). Standard quality control metrics in minfi were used, includ-
ing median intensity QC plots, density plots and control probe
plots. Probes with detection flaws (n = 816), probes near SNPs
with minor allele frequencies above 1% (n = 29 958), cross-reactive
probes (n = 41 975) (49), probes with raw beta of 0 or 1 in >0.25%
of samples (n = 247), non-CpG probes (n = 2925) and X and Y chro-
mosome probes (n = 19 627) were removed, resulting in a total of
n = 774 245 probes remained for differential methylation analysis.

DNAm signature derivation
To assess DNAm patterns, we identified differentially methylated
sites in whole blood derived DNA from n = 14 individuals with
truncating variants in ANKRD11 and a clinical diagnosis of KBGS
compared to 28 sex- and age-matched typically developing con-
trols (Supplementary Material, Tables S1 and S2). For all samples,
we applied the blood cell-type proportion estimation tool in minfi
based on Illumina EPIC array data (50). We identified differentially
methylated CpG sites using Limma (51) regression modelling with
age, sex, cell type proportions, and one surrogate variable, to
account for latent variables outside of our known and measured
covariates. The surrogate variable was identified using the ‘sva’
package in R (52). The thresholds for differentially methylated
CpG sites were Benjamini–Hochberg adjusted P-value <0.05 and
a |�β | > 0.10. �β represents the difference in average DNAm (β)
between groups. PCA and hierarchical clustering were generated
using Qlucore Omics Explorer V3.7 (QOE, www.qlucore.com).

Machine learning classification models
We developed a machine learning model using the KBGS DNAm
signature. Using the R package ‘caret’, CpG sites with correla-
tions equal to or greater than 90% to other signature CpGs were
removed as previously described (16). A SVM model, trained on
signature CpG sites, was set to ‘probability’ mode to generate SVM
scores ranging between 0 and 1 (0–100%), classifying variants as
‘KBGS-like’ (score >0.5) or ‘control-like’ (score <0.5). To test model
specificity, EPIC array data from additional typically developing
controls (n = 150) were scored. To test model sensitivity, we clas-
sified n = 9 validation samples, from individuals with a confirmed
truncating variants in ANKRD11 (n = 7) or a 16q24.3 microdeletion
that includes the ANKRD11 gene (n = 2) and a clinical diagnosis
of KBGS. Lastly, we classified individuals with Kabuki (n = 9) and
Weaver (n = 17) syndromes, carrying pathogenic variants in KMT2D
and EZH2, respectively, two genes encoding epigenetic regulators
and implicated in NDDs.

Gene Ontology analysis
The list of CpG positions comprising the DNAm signature
was submitted to GREAT (25) (Genomic Regions Enrichment of
Annotations Tool) for Gene Ontology (GO) enrichment analysis.
Enrichment of each GO term within the gene list was calculated
using a foreground/background hypergeometric test over genomic
regions, using the set of CpG sites after minfi probe quality control
(n = 774 245) as a background set. Overlapping genes were mapped
using default GREAT settings with the following exceptions: the
cut-off to annotate a CpG as overlapping with a gene (‘distal gene
mapping’ setting) was set to 10 kb, and only enriched terms with
two or more gene hits and FDR < 0.05 were reported.

https://gpf.sfari.org/
https://academic.oup.com/hmg/article-lookup/doi/10.1093/hmg/ddac289#supplementary-data
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Pyrosequencing
Genotyping was performed using quantitative pyrosequenc-
ing for ANKRD11 variant: GenBank: NM_013275.5, c.707G>A
(p.Thr236Met) in a mother–child pair (EX26 and EX27). Targeted
assay was designed using the PyroMark Assay Design Software
2.0 (QIAGEN). Primer set sequences consisted of forward primer
50-GGGATGCCAACCTTGTAGTGC-30; reverse primer 50-CGCC
AGGGTTTTCCCAGTCACGACGCAGGTGCGGAGGTGAAC-30 and
sequencing primer 50-AGCGTCGTGCAAAGG-30. The amplifi-
cation protocol was developed using a biotinylated universal
primer approach. Regions of interest were amplified by PCR
and pyrosequencing was carried out using the PyroMark Q24
pyrosequencer (QIAGEN) according to the manufacturer’s pro-
tocol. Output data were analyzed using PyroMark Q24 Software
(QIAGEN), which calculates the allelic percentage for each allele,
allowing quantitative comparisons.

Supplementary Material
Supplementary Material is available at HMG online.
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