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Summary
Au-Kline syndrome (AKS) is a neurodevelopmental disorder associated with multiple malformations and a characteristic facial gestalt.

The first individuals ascertained carried de novo loss-of-function (LoF) variants in HNRNPK. Here, we report 32 individuals with AKS

(26 previously unpublished), including 13 with de novomissense variants.We propose new clinical diagnostic criteria for AKS that differ-

entiate it from the clinically overlapping Kabuki syndrome and describe a significant phenotypic expansion to include individuals with

missense variants who present with subtle facial features and few or no malformations. Many gene-specific DNA methylation (DNAm)

signatures have been identified for neurodevelopmental syndromes. BecauseHNRNPK has roles in chromatin and epigenetic regulation,

we hypothesized that pathogenic variants in HNRNPK may be associated with a specific DNAm signature. Here, we report a unique

DNAm signature for AKS due to LoF HNRNPK variants, distinct from controls and Kabuki syndrome. This DNAm signature is also iden-

tified in some individuals with de novo HNRNPKmissense variants, confirming their pathogenicity and the phenotypic expansion of AKS

to includemore subtle phenotypes. Furthermore, we report that some individuals withmissense variants have an ‘‘intermediate’’ DNAm

signature that parallels their milder clinical presentation, suggesting the presence of an epi-genotype phenotype correlation. In sum-

mary, the AKS DNAm signature may help elucidate the underlying pathophysiology of AKS. This DNAm signature also effectively sup-

ported clinical syndrome delineation and is a valuable aid for variant interpretation in individuals where a clinical diagnosis of AKS is

unclear, particularly for mild presentations.
Introduction

Recent advances in gene sequencing technologies have led

to the molecular characterization of many rare neurodeve-

lopmental disorders (NDDs). In turn, this has led to
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routine use of targeted and genome-wide sequencing for

clinical diagnostics for NDDs. Significant knowledge gaps

still hamper diagnosis in many individuals with NDDs

because of (1) the significant number of variants of uncer-

tain significance (VUSs) reported by molecular diagnostic
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laboratories, (2) the variability of clinical phenotypes

within a disorder, and (3) overlapping non-specific features

across different NDD syndromes. This diagnostic ambigu-

ity has generated renewed interest in developing better

clinical criteria to assist with reverse-phenotyping and

developing accessible functional tools to classify VUSs.

Au-Kline syndrome (AKS [MIM: 616580]) is a rare neuro-

developmental and multiple congenital malformation

syndrome. The condition was reported by Au et al. in

20151 as being caused by heterozygous loss-of-function

(LoF) variants affecting heterogeneous nuclear ribonucleo-

protein K (HNRNPK [MIM: 600712]). The AKS phenotype

has also been previously described clinically as Okamoto

syndrome (MIM: 604916) as well as in individuals with

9q21.3 microdeletions overlapping HNRNPK.2–5 Since the

identification of a human phenotype associated with vari-

ants in HNRNPK, two individuals with an initial clinical

diagnosis of Okamoto syndrome were subsequently found

to have pathogenic variants in HNRNPK, confirming that

Okamoto and AKS are the same condition.2,4 AKS is char-

acterized by hypotonia, global developmental delay, char-

acteristic facies (long palpebral fissures, shallow orbits, pto-

sis, a broad nasal bridge, hypoplastic alae nasi, downturned

corners of themouth, and a long face), congenital heart de-

fects, genitourinary abnormalities, skeletal abnormalities,

and variable other congenital malformations.1,6–9

AKS has a recognizable facial gestalt; however, as more

individuals are ascertained, the phenotypic spectrum is

widening to include more subtle presentations. Clinical

diagnosis of AKS may therefore be challenging and clinical

diagnosis is further complicated by clinical overlap with

other conditions, such as Kabuki syndrome (KS [MIM:

147920 and 300867]).1,6,7 Expert evaluation may be
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needed to identify characteristic features in mildly affected

individuals. The molecular diagnosis of AKS can also be

challenging. Many individuals have now been identified

with rare de novomissense or intronic variants in HNRNPK,

which are frequently reported as VUSs. While some of

these individuals have the recognizable AKS facial gestalt

that has been reported with HNRNPK LoF variants, it is

challenging to confirm or rule out a diagnosis of AKS if

there is a less characteristic facial appearance and/or if in-

heritance status of a variant is unknown.

We developed clinical diagnostic criteria following

phenotypic review of a core group of individuals with a

confirmed diagnosis of AKS (based on the presence of a

LoF variant in HNRNPK). The purpose of these criteria is

to guide the clinician’s level of clinical suspicion of AKS

and to enhance reverse phenotyping in individuals with

VUSs inHNRNPK, many of whomhavemild presentations.

Further, we derived a score to grade the severity of disease

in individuals with AKS to explore whether variant type

correlated with disease burden.

In the last 7 years, a new functional tool that assesses

genome-wide DNA methylation (DNAm) has emerged,

which is particularly useful for classifying VUSs for a large

class of genes that encode epigenetic regulators implicated

inNDDs.10–12Although theprimarydisruptionmay impact

histone modification or chromatin remodeling, some of

these disorders still show specific genome-wide DNAm sig-

natures, reflecting a layered dysregulation of the epigenetic

machinery. Examples of disorders with identifiable DNAm

signatures include Kabuki syndrome10 (KMT2D [MIM:

602113]) and Sotos syndrome (MIM: 117550) (NSD1

[MIM: 606681]),11 which are associated with genes that

impact histone methyltransferases. DNAm signatures
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have also been identified in CHARGE syndrome (MIM:

214800) (CHD7 [MIM: 608892]),10 Nicolaides-Baraitser

syndrome (MIM: 601358) (SMARCA2 [MIM: 600014]),13

and Floating Harbor syndrome (MIM:136140) (SRCAP

[MIM: 611421]),14 which implicate chromatin remodelers.

Initially, DNAmsignatureswere reported for geneswith pri-

mary roles in epigenetic regulation; however, more

recently, evidence has emerged that genes with pleiotropic

functions that include various interactions with DNA can

also demonstrate DNAm signatures, such as DYRK1A

(MIM: 600855),15 CDK13 (MIM: 603309),16 and ADNP

(MIM: 611386).17 There arenow>40disorder/gene-specific

DNAm signatures currently available that can be used as a

second-tier test to functionally classify VUSs.10–12 This

approach is particularly helpful in rare disorders where

there have been only a limited number of reported individ-

uals and when there are missense variants, splice variants,

or non-coding variants, which are more difficult to

interpret.

HNRNPK encodes the heterogeneous nuclear ribonucleo-

protein K (hnRNP K), a conserved and ubiquitously ex-

pressed nucleic-acid-binding protein involved in many

gene expression processes, including chromatin remodel-

ing, transcription, RNA stability, splicing, translation,

post-translational modification, and signal transduction

(reviewed in Barboro et al.18). It has been implicated in the

regulation of both tumor-suppressive and oncogenic path-

ways. Given its role in chromatin regulation, we hypothe-

sized that pathogenic variants in HNRNPK associated with

AKS may be associated with a specific DNAm signature.

We analyzed genome-wide DNAm in individuals with AKS

confirmed by a LoF variant in HNRNPK to investigate the

pathophysiology of AKS and its overlap with Kabuki syn-

drome. We identified a unique and robust DNAm signature

for AKS that is distinct from that of the KMT2D Kabuki syn-

dromeDNAm signature, showing that theDNAm signature

of AKS is specific and that these two conditions have a

distinct pathophysiology despite their clinical similarities.

The unique DNAm signature associated with AKS al-

lowed for the functional characterization of VUSs in

HNRNPK as either consistent with AKS (pathogenic) or

not consistent with AKS (benign), which was particularly

valuable when diagnostic scoring based on clinical features

was equivocal for AKS. An integrated approach using the

AKS DNAm signature together with the AKS clinical

criteria allows us to confidently report on a group of indi-

viduals with missense and intronic variants in HNRNPK

as having AKS, resulting in a significant phenotypic expan-

sion for this syndrome to include individuals with only

subtle clinical features.
Subjects and methods

Research subjects
Informed consent was obtained for all 39 research subjects for

phenotype and natural history studies through protocols
The American Jo
approved by the Calgary Health Research Ethics Board (REB

#16–2419) and the GBMC Institutional Review Board (IRB

#1220098). 31 of these individuals were recruited for DNAm

studies according to the protocol approved by the Research Ethics

Board of the Hospital for Sick Children (REB # 1000038847) or the

local IRB of the respective recruiting institution. Photography con-

sent for publication was obtained as needed, either as part of nat-

ural history studies or through respective institutions. Individuals

with variants inHNRNPK and/or a clinically suspected diagnosis of

AKS were identified through GeneMatcher19 and through direct

contact with collaborators. Study subjects were recruited through

the institutions of the co-authors. One individual was diagnosed

through the Deciphering Developmental Disorders (DDD) proj-

ect.20 One individual was diagnosed via the 100,000 Genomes

Project.21 One individual was diagnosed through an IRB-approved

protocol (KFSHRC RAC#2080 006) at King Faisal Specialist Hospi-

tal. Two individuals were diagnosed through the Undiagnosed

Disease Network (UDN).

A group of 31 individuals with clinical features suggestive of Au-

Kline syndrome and/or HNRNPK variants was included in this

study for DNA methylation analysis (Table 1, Figure 1). All but

one of these individuals had a known pathogenic or candidate

variant in HNRNPK identified via exome sequencing (ES).

The molecular findings in these individuals include the

following: 8/31 with LoF variants in HNRNPK, 1/31 with a hetero-

zygous microdeletion encompassing HNRNPK, 17/31 with

missense variants in HNRNPK, 3/31 with intronic variants in

HNRNPK, 1/31 with an in-frame deletion, and 1/31 (P20) with

no detectable coding HNRNPK variant (this individual had non-

diagnostic trio ES with no candidate variants and was included

in this study because of phenotypic overlap with AKS). An addi-

tional eight individuals (N1–8) were included for phenotype

studies alone (1/8 intronic, 2/8 missense, and 5/8 LoF), and three

of these individuals aided in establishing the clinical scoring

system.

Of the individuals reported here, six individuals have been pre-

viously published: AKS1 (patient 1 in Au et al., 20188 and origi-

nally published in Au et al., 20151), AKS2 (patient 2 in Au et al.,

20188), AKS3 (patient 3 in Au et al., 20188 and originally published

in Lange et al., 201617), AKS7 (patient 7 in Au et al., 20188), AKS8

(patient 8 in Au et al., 20181), and AKS10 (patient 10 in Au et al.,

20182). All other individuals have not been previously reported.

Detailed clinical information was collected on all participating

subjects via a phenotype questionnaire (see Table S1).
Development of clinical diagnostic criteria for Au-Kline

syndrome
Two clinicians (P.Y.B.A. and A.D.K.) previously evaluated seven in-

dividuals with known AKS (defined as having a confirmed de novo

LoF variant in HNRNPK) to assess the frequency of clinical find-

ings, malformations, and medical involvement (previously pub-

lished AKS1, 2, 7, and 11 as well as three previously unpublished

individuals, N2, 3, and 4). Three clinicians (P.Y.B.A., A.D.K., and

V.M.) then reviewed the clinical features of this group and

compared them to five additional individuals. This set of five indi-

viduals had varying levels of clinical suspicion for AKS and

included an individual with a predicted LoF variant (AKS8, which

served as a positive internal control), two individuals with

missense variants affecting recurrent residues (P6 and P11), one in-

dividual with a de novo missense variant of uncertain significance

with a milder presentation (P17), and one individual with a
urnal of Human Genetics 109, 1867–1884, October 6, 2022 1869



Table 1. Overview of all study subjects

Sample ID Sex (M/F)

Age (years) —sample
collection (and last
assessment)

Variant based on HNRNPK
transcript GenBank:
NM_002140.4

Mutation
type

Coding effect (LoF ¼
loss of function)

Met AKS
diagnostic
criteria?
(Y/N/possible) Face score

Severity
score

DNAm signature
(positive/negative/
intermediate)

Discovery
cohort

AKS1a,b M 13 (21) c.953þ1dupG duplication abnormal splicing (LoF) Y 6 5 positive

AKS3a,b,c M 10 (11) c.931_932insTT
(p.Pro311Leufs*40)

insertion frameshift (LoF) Y 6 7 positive

AKS7a M 4 (9) c.859C>T (p.Arg287*) substitution nonsense (LoF) Y 5 6 positive

AKS8a M 11 (9) c.779dupG (p.Asp262*) duplication nonsense (LoF) Y 5 8 positive

AKS10a F 8 (8) 9q21.32 (86,328,837_
86,592,487) 31

deletion (264 kb) – Y 5 10 positive

AKS 11 F 6 (10) c.257G>A substitution abnormal splicing (LoF) Y 6 11 positive

Validation
cohort

AKS2a,b M 7 (14) c.257G>A substitution abnormal splicing (LoF) Y 6 9 positive

AKS12 F 13 (13) c.1304_1322del
(p.Ile435Argfs*15)

deletion frameshift (LoF) Y 6 3 positive

AKS13 M 11 (8) c.1090C>T (p.Gln364*) substitution nonsense (LoF) Y 5 7 positive

Testing
cohort

P1 M 10 (15) c.214�77G>A substitution – (intronic variant) Y 5 4 positive

P2 F 25 (32) c.137G>T (p.Arg46Leu) substitution missense Y 5 3 positive

P3 F 1 month (3) c.140_143delinsATCA
(p.Ile47_Leu48delinsAsnGln)

indel in-frame Y 5 7 positive

P4 F 10 (10) c.257 þ 5G>A substitution – (intronic variant) Y 5 8 positive

P5 M 4 (3) c.673T>C (p.Tyr225His) substitution missense Y 6 4 intermediate

P6 M 7 (7) c.253G>A (p.Glu85Lys) substitution missense Y 5 3 intermediate

P7 F 4 (4) c.137G>T (p.Arg46Leu) substitution missense Y 5 3 intermediate

P8 F 4 (4) c.253G>A (p.Glu85Lys) substitution missense possible 4 4 intermediate

P9 M 4 (7) c.213þ5G>A substitution – (intronic variant) Y 6 4 intermediate

P10 M 8 (8) c.248G>A (p.Gly83Asp) substitution missense Y 5 4 intermediate

P11 F 3 (4) c.674A>G (p.Tyr225Cys) substitution missense possible 4 4 intermediate

P12 M 17 (16) c.203T>G (p.Leu68Arg) substitution missense Y 5 3 intermediate

P13 M 28 (29) c.253G>A (p.Glu85Lys) substitution missense possible 4 (unable to
score tongue)

2 intermediate

P14 F 6 (8) c.176G>A (p.Gly59Glu) substitution missense possible 4 2 negative

P15 F 6 (5) c.185G>A (p.Gly62Asp) substitution missense N (unable to
determine)

2þ (unable to
score fully)

4 negative

(Continued on next page)
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Table 1. Continued

Sample ID Sex (M/F)

Age (years) —sample
collection (and last
assessment)

Variant based on HNRNPK
transcript GenBank:
NM_002140.4

Mutation
type

Coding effect (LoF ¼
loss of function)

Met AKS
diagnostic
criteria?
(Y/N/possible) Face score

Severity
score

DNAm signature
(positive/negative/
intermediate)

P16 F 15 (16) c.17C>G (p.Pro6Arg) substitution missense N 2 5 negative

P17 M 6 (4) c.740G>A (p.Arg247His) substitution missense N 0 6 negative

P18 F 10 (10) c.184G>T (p.Gly62Cys) substitution missense N 0 3 negative

P19 F 10 (10) c.173T>C (p.Ile58Thr) substitution missense N 2 2 negative

P20 F 6 (5) nil – – possible 4 7 negative

P21 F 8 months
(19 months)

c.455A>T (p.His152Leu) substitution missense possible 4 1 intermediate

P22 F ?(11) c.136C>T (p.Arg46Cys) substitution missense Y 5 2 intermediate

Phenotype
cohort

N1 F (4) c.214�35A>G substitution – (intronic) Y 6 5 N/A

N2 M (5) c.1250C>A (p.S417*) substitution nonsense (LoF) Y 6 7 N/A

N3 M (3) c.999C>A (p.Tyr333*) substitution nonsense (LoF) Y 6 NR N/A

N4 F (4) c.998dupA (p.Tyr333*) duplication nonsense (LoF) Y 6 12 N/A

N5 M (13) c.999C>A (p.Tyr333*) substitution nonsense (LoF) Y 5 (unable to
score tongue)

8 N/A

N6 F (4) c.253G>A (p.Glu85Lys) substitution missense Y 4 (unable to
score mouth

2 N/A

N7 M (22) c.253G>A (p.Glu85Lys) substitution missense Y 5 2 N/A

N8 F (7) c.998dupA (p.Tyr333*) duplication nonsense (LoF) Y 5 (unable to
score tongue)

NR N/A

Total n ¼ 39, n ¼ 31 involved in DNAm signature analysis. Cohorts as used for the DNAm signature are divided into discovery (n ¼ 6), validation (n ¼ 3), and testing (n ¼ 22). Phenotype only cohort (n ¼ 8). N/A, not
applicable. Possible AKS ¼ ID þ hypotonia þ 4 facies OR facies (5þ) þ one of other two majors. NR ¼ insufficient information. ‘‘Nil’ refers to no sequence variants in HNRNPK was detected by genome sequencing.
aPreviously published in Au et al., 2018.8
bAu et al., 2015.1
cLange et al., 2016.6
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Figure 1. Schematic representation of the HNRNPK transcript, its functional domains, and variants used in this study
Each distinct variant in HNRNPK is represented by a disc sized in proportion to the number of samples and filled with the color repre-
senting its class based on the legend. Sequence variants are positioned by their amino acid coordinates based on HNRNPK GenBank:
NM_002140.4, hg19. The dotted vertical lines inside the protein delineate the boundaries of coding exons and the filled colors within
the protein correspond to known protein domains. ROKNT (NUC014) domain; PCBP_like_KH, K homology RNA-binding domain; KH-I,
K homology RNA-binding domain, type I.
clinical phenotype suggestive of AKS but without a detectable

HNRNPK sequence variant (P20). Review of these individuals

helped refine which features would be most specific to include

as clinical diagnostic criteria for AKS and helped exclude features

that were variably present (see Table S2 and Figure S1).

The diagnostic criteria were then tested on a larger set of individ-

uals with clinical features overlapping AKS and/or presence of an

HNRNPK variant. This set included a previously published individ-

ual with a known LoF variant (AKS10),8 a published individual

with an LoF variant (AKS8), an unpublished individual with an in-

tronic variant confirmed to have a splice effect (N1, unpublished

data from UDN), and individuals with missense variants affecting

a recurrent residue in multiple probands (P6, 7, and 11). Four cli-

nicians (P.Y.B.A., A.M.I., A.D.K., and V.M.) rated this cohort inde-

pendently to determine whether the clinical score was reproduc-

ible amongst clinicians. One clinician (A.M.I.) was blinded to

the HNRNPK variant status and the initial process of creating the

diagnostic score.

To validate the AKS score’s specificity, 22 individuals with a

confirmed diagnosis of Kabuki syndrome (KS) due to pathogenic

variants in KDM6A (MIM: 300128) or KMTD2 were assessed by

three independent clinicians who have expertise in KS (M.A.,

H.B., and J.H.) by using the AKS clinical diagnostic criteria (see

Table S3).

Development of a clinical severity scoring system for Au-

Kline syndrome
After clinical diagnostic criteria were established, a clinical severity

score was created. Three clinicians (P.Y.B.A., A.D.K., and V.M.) re-

viewed the phenotypic spectrum of five individuals with AKS to

identify clinical features that covered the breadth of the pheno-

typic spectrum and the main causes of morbidity in AKS. This

group of five included individuals with a clinical diagnosis of
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AKS (based on the newly developed clinical diagnostic criteria),

including previously published individuals with LoF variants

(AKS1, 7, and 10)8 and an unpublished individual with a novel

LoF variant (N4). This group also included two individuals who

had missense variants affecting a recurrent residue (P7 and P11),

including one (P11) with a ‘‘possible AKS’’ clinical score, to repre-

sent a potential mild presentation of the AKS spectrum. Clinical

features included as part of the severity score were selected on

the basis of which body systems were frequently affected in AKS

(craniofacial, skeletal, cardiac, renal, gastrointestinal, eye, neuro-

developmental, and growth) and included a spectrum of pheno-

typic variability (Table S4). Manifestations deemed more severe

were those that led to increased morbidity, such as more severe

disability (e.g., vision deficit), or a need for surgical or invasive

intervention (e.g., surgical correction of craniosynostosis or

requirement for a feeding tube). Once the severity score was estab-

lished, the remaining cohort underwent scoring. Of note, the pur-

pose of the clinical severity score is to establish the extent of dis-

ease burden; the components of the severity score are not

unique to individuals with AKS.
Cohorts for DNA methylation analysis
Disease cohort

For DNAm signature generation and validation, we selected nine

individuals with a clinical diagnosis of AKS (based on the AKS diag-

nostic criteria) and presence of an HNRNPK LoF variant (Tables 1

and S1). A random 75% subset of these individuals was then cate-

gorized as the discovery cohort (n ¼ 6, [AKS1, 3, 7, 8, 10, and 11]).

The remaining 25% (n ¼ 3, [AKS 2, 12, and 13]) was used for

validation.

The testing cohort (n ¼ 22) included individuals with HNRNPK

variants that were either likely pathogenic or of uncertain signifi-

cance based on ACMG classification criteria.22 The individual with
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a clinical suspicion of AKS but no HNRNPK variant (P20) was also

included in this cohort.

All gene variant annotations for HNRNPK cohorts and in silico

prediction via PolyPhen-2 and SIFT were generated with Alamut

visual 2.11. CADD scores were obtained with https://cadd.gs.

washington.edu/snv, v1.4. All DNA was extracted from peripheral

blood.

Control cohort

Genomic DNA from peripheral blood was obtained from 16 con-

trol individuals selected as age- and sex-matched neurotypical

controls to the AKS discovery set. An additional 172 reference

blood control DNA methylation profiles were used in the study

to determine the specificity of the DNAm signature. These con-

trols were obtained from the POND Network, The Hospital for

Sick Children, and The University of Michigan (Dr. Greg Hanna).

Neurotypical was defined as healthy and developmentally normal

on formal cognitive/behavioral assessments (samples from POND

and The University of Michigan) or via physician/parental

screening questionnaires (Hospital for Sick Children). For detailed

information, see Table S5.
DNAm array processing
Genome-wide DNAmprofiling on control and affected individuals

matched for age and sex was performed at The Center for Applied

Genomics (TCAG), SickKids Research Institute, Toronto, ON, Can-

ada. Genomic DNA from each subject was sodium bisulfite con-

verted with the EpiTect Bisulfite Kit (EpiTect PLUS Bisulfite Kit,

QIAGEN, Valencia, CA) according to the manufacturer’s protocol.

Modified genomic DNA was then processed and analyzed on the

Infinium HumanMethylationEPIC BeadChip (Illumina 850K) ac-

cording to the manufacturer’s protocol.23 The distribution of the

samples on the arrays was randomized for both affected individ-

uals and controls. All signature-derivation affected individuals

and controls were run in the same batch.

Quality control and normalization

The raw IDAT files were converted into b values, which represent

DNAm levels as a percentage (between 0 and 1), with theminfi Bio-

conductor package in R. Data preprocessing included filtering out

non-specific probes (44,135 probes); probes with detection p

value> 0.05 inmore than 25%of the samples (771 probes); probes

located near single-nucleotide polymorphic sites (SNPs) with mi-

nor allele frequencies above 1% (n ¼ 29,958); probes with raw

beta ¼ 0 or 1 in >0.25% of samples (n ¼ 21); non-CpG probes

(n ¼ 2,932); and X and Y chromosome probes (n ¼ 19,627) for a

total of 91,379 probes removed and a total of n ¼ 774,480 probes

remaining for differential methylation analysis. Standard quality

control (QC) metrics in minfi were used, including median inten-

sity QC plots, density plots, and control probe plots: all samples

passed quality control and were included in the study.
Differential DNAm analysis
The analysis was performed with our previously published proto-

col.12 Differential DNAm analysis between AKS and controls was

performed at 774,480 CpG sites with beta scores, representing

DNAm levels as a percentage (between 0 and 1). The b value

from each sample at the remaining 774,480 CpGs was used for

downstream analysis and generation of a DNAm signature. b

values were logit transformed toM values with the following equa-

tion: log2(b/(1 � b)). We used a linear regression modeling by us-

ing limma package24 to identify the differentially methylated

probes. We estimated blood cell counts by using Houseman’s
The American Jo
method implemented in minfi and FlowSorted.Blood.EPIC Bio-

conductor packages to generate the proportions of CD8þ T cells,

CD4þ T, natural killer, B cells, monocytes, and granulocytes

(mainly neutrophils [Neu]).25 The analysis was done on the dis-

covery set of six AKS and 16 controls and was adjusted for age,

sex, and blood-cell type. The generated p values were corrected

for multiple testing with the Benjamini-Hochberg method. A sig-

nificant difference in DNAm between AKS and control samples

for each CpG site was required to meet the cutoffs of Benjamini-

Hochberg-adjusted p values < 0.05 and |Db| R 0.10 (10% methyl-

ation differences) as previously reported12 were considered

significant.
Generation of disease score classification model using

correlation analysis
We used a previously described pipeline for generating disease

scores by using an established disease-specific DNAm signa-

ture.11,12 At each of the 429 signature CpGs, a median DNAm level

was computed across the AKS-affected individuals of the diag-

nostic cohort (as described above [n ¼ 6]) used to generate the

signature, resulting in a reference profile. Similarly, a robust me-

dian-DNAm reference profile for the signature controls (n ¼ 16)

was created. The classification of each additional gene variant or

control DNAm sample was based on extracting a vector BRsigR of

its DNAm values in the signature CpGs and comparing BRsigR to

the two reference profiles computed above. HNRNPK score was

defined as HNRNPK score ¼ r(BRsigR, AKS profile) – r(BRsigR, control

profile)), where r is the Pearson correlation coefficient. A classifica-

tionmodel was developed on the basis of scoring each newDNAm

sample with the HNRNPK score: a test sample with a positive score

is more similar to the AKS reference profile based on the signature

CpGs and is therefore classified as ‘‘AKS’’, whereas a sample with a

negative score is more similar to the control-blood reference pro-

file and is classified as ‘‘not-AKS.’’ To test specificity, we scored

and classified EPIC array data from 172 additional neurotypical

controls. To test sensitivity, we scored and classified the validation

cohort of three additional unrelated AKS individuals with

HNRNPK pathogenic variants.
Generation of machine learning model for variant

classification
Using the R package caret, we removed probes with very similar

methylation patterns with correlation greater or equal to 90%

(redundant probes) as we previously described.10,12 Next, we

developed a machine learning model, a support vector machine

(SVM) model with linear kernel that had been trained on the sig-

nificant CpG sites from the discovery cohorts after further filtering

to remove redundant CpGs. The model was set to the ‘‘probabil-

ity’’ mode to generate SVM scores ranging between 0 and 1 (or

0% and 100%), thus classifying samples as ‘‘AKS’’ (high scores)

or ‘‘not-AKS’’ (low scores). This SVM model was built as a tool

for the classification of variants in HNRNPK and KMT2D.
Gene and genomic regions enrichment analyses
Gene Ontology analysis was performed in Metascape26 (http://

metascape.org) for the 184 human Entrez Gene IDs overlapping

the signature CpG sites. Background genes from the Illumina

EPIC array were used as the background list. Significant biological

process categories were determined by hypergeometric test with

Benjamini-Hochberg correction.
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Table 2. Au-Kline syndrome clinical diagnostic criteria

Major
criteria

Diagnostic criteria for
Au-Kline syndrome Description

1 global developmental
delay or intellectual
disability

DQ or IQ score below 70

2 congenital hypotonia clinical diagnosis

3 five of six facial features facies: long

eyes: shallow orbits

eyes: apparently increased
length of palpebral fissures

nose: broad nasal ridge
and/or thick alae nasi with
narrow nares

mouth: upper lip with
exaggerated cupid’s bow
(widened M shape)

mouth: tongue large or
bifid and/or with deep
midline groove

Three major criteria are required for a clinical diagnosis of AKS. DQ is develop-
mental quotient and IQ is intelligence quotient.
Tissue-specific expression analysis and cell-type-specific expres-

sion analysis (TSEA and CSEA, respectively) were performed on

the 184 human Entrez Gene IDs with the pSI package.27 Specificity

indices were determined with previously published RNA

sequencing data.28 We used a Chi-square test to determine

whether the distribution of cell types in input genes was signifi-

cantly different. Genomic regions enrichment analysis was per-

formed with the Illumina EPIC array annotation for both ‘‘UCSC

relation to CpG island’’ and ‘‘DNase hypersensitive sites’’ to

compare CpG sites that overlapped the signature against the back-

ground CpG sites from the EPIC array.

Statistical analysis
Continuous variables were presented as medians because of

skewed distribution. To determine statistical differences for the

clinical severity score between HNRNPK positive and intermediate

DNAm signature groups, group differences were assessed by

nonparametric Mann-Whitney U test/Kruskal-Wallis test.
Results

We collected molecular and clinical information for the 39

individuals in this research study (Table 1; additional de-

tails in Table S1). The 31 individuals in the DNA methyl-

ation cohort had an age range of 1 month–28 years, with

18 males and 20 females. The eight individuals included

only for phenotype studies ranged from age 3 to 22 years,

with four females and four males.

Clinical diagnostic criteria for Au-Kline syndrome

Based on review of individuals with HNRNPK LoF variants

followed by a comparison to a group of more heteroge-

neous individuals as described above, a core set of six facial

features was identified. These features added themost spec-
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ificity for clinical diagnosis: a long face; shallow orbits;

long palpebral fissures; a broad nasal ridge and/or thick

alae nasi; an exaggerated Cupid’s bow (wide M shape) of

the upper lip; and a tongue that is large, bifid, or has a

deep midline groove (Table 2 and Figure 2). Other features

common in other neurodevelopmental disorders (NDDs)

and less specific to AKS were removed. Examples include

facial features (such as myopathic face, ptosis, and long

ears), craniosynostosis, and congenital anomalies (malfor-

mations seen in AKS are common to many NDDs). While

not specific to AKS, the presence of global developmental

delay (GDD) or intellectual disability (ID) and hypotonia

were identified as being required for an AKS diagnosis.

Individuals with facial scores of 5 or 6, in combination

with GDD/ID and hypotonia, were classified as ‘‘having a

clinical diagnosis of AKS’’ (these individuals will subse-

quently be referred to as ‘‘AKS’’). Individuals with GDD/

ID and hypotonia with a facial score of 4 were classified

as ‘‘possible AKS.’’ Individuals who did not have GDD/ID

or had a facial score of 3 or below were classified as ‘‘un-

likely AKS.’’ See Table 2 for the newly developed clinical

diagnostic criteria for AKS. When possible, photographs

at multiple ages were reviewed.

In addition to the seven individuals with HNRNPK LoF

variants used to develop the clinical diagnostic criteria

(AKS1, 2, 7, 11, N2, 3, and 4), the other individuals

(AKS3, 8, 10, and 13) with HNRNPK LoF variants also met

criteria for having AKS, validating the diagnostic criteria.

For the individuals in the test cohort with missense var-

iants, intronic variants, and the individual with no

HNRNPK variant, 11/22 met diagnostic criteria for having

AKS on the basis of clinical features alone. Facial scores

for the individuals with missense variants were extremely

variable, ranging from 0 to 6 (see Table 1). 7/17 of the in-

dividuals with missense variants met diagnostic criteria

for AKS (see Table 1). Of note, facial scores could be variable

even for individuals with recurrent variants, e.g., individ-

uals with the recurrent HNRNPK variant: c.253G>A

(p.Glu85Lys) (GenBank: NM_002140.4) scored either

‘‘possible AKS’’ with 4/5 (P8, 13, and 11) or as ‘‘AKS’’ with

>5/6 (P6); however, for some individuals there was insuffi-

cient information (photograph or documented exam) to

fully score the tongue.

Identification of DNAm signature in Au-Kline syndrome

To identify an HNRNPK DNAm signature, we generated

genome-wide DNAm profiles by using Infinium Human

MethylationEPIC BeadChip arrays with DNA from periph-

eral blood samples of individuals with pathogenic

sequence variants in HNRNPK and controls. We identified

nine individuals with AKS and with HNRNPK LoF variants

reported by molecular diagnostic laboratories (Table 1) or

through research-based testing. We selected a random

75% subset of these AKS-affected individuals with LoF var-

iants in HNRNPK as a discovery cohort (n ¼ 6) for the pur-

pose of feature selection and model training. The remain-

ing 25% (n ¼ 3) was used for validation or assessment of
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Figure 2. Facial composite of individuals with AKS diagnosis
(A) Individuals with HNRNPK LoF variants in the discovery cohort and (B) in the validation cohort. Individuals with asterisk (*) have
been previously published. All individuals in (A) and (B) have LoF variants.
(C) Individuals in the test cohort with VUSs in HNRNPK (as indicated) and with a positive AKS DNAm signature. All individuals (A, B, C)
with positive AKS DNAm are outlined in red.
(D) Individuals in the test cohort with VUSs in HNRNPK with an intermediate AKS DNAm signature. These individuals are outlined in
gold.
(E) Individuals in the test cohort who had a negative AKS DNAm signature. These individuals are outlined in blue.
(F) Individuals in phenotype-only group. Photos of N7 show evolution of facial features from infancy to late childhood. For photographs
of individuals with AKS (A, B, C, D, and F), an italicized label indicates a facial score of 4/5, whereas regular text indicates a facial score
of R5/6. Not all individuals in the test or phenotype cohorts are shown depending on consent for photograph publication.
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Figure 3. DNA methylation signature of HNRNPK
(A) Heatmap showing the hierarchical clustering of discovery HNRNPK LoF individuals (n ¼ 6) and age- and sex-matched neurotypical
discovery controls (n ¼ 16) used to identify the 429 differentially methylated signature sites shown. The color gradient represents the
normalized DNAmethylation value from �2.0 (blue) to 2.0 (orange) at each site. DNAmethylation at these sites clearly separate discov-
ery individuals (red) from discovery controls (blue). Euclidean distance metric is used for the clustering dendrogram.
(B) Principal-component analysis (PCA) visualizing the DNAm profiles of the study cohort at the 429 signature sites.
(C) Validation of HNRNPK LoF individuals (not used to define the signature sites; red) cluster with discovery individuals, while control
validation (n ¼ 172, yellow) cluster with controls.
(D) Support vector machine (SVM) classification model based on the DNA methylation values in the discovery groups. Each sample is
plotted on the basis of its scoring by the model. Samples with an SVM score> 0.25 were considered likely disease causing.HNRNPK vali-
dation individuals from our cohort (n ¼ 3) classified as ‘‘AKS’’ and all control validation individuals (n ¼ 172) classified as ‘‘not AKS.’’
Missense variants in the testing cohort showed a spectrum of SVM scores compared to other testing variants. Pathogenic KMT2D var-
iants (Kabuki syndrome) also classified as ‘‘not AKS’’.
the performance of the classification model. Both cohorts

included previously published individuals from interna-

tional centers, and all individuals met diagnostic criteria.

We used our established pipeline as outlined in the sub-

jects and methods for signature derivation. Of the

774,480 CpG sites tested for differential DNAm between

AKS and controls, we identified 429 statistically significant

changes in DNAm across the genome at a false discovery

rate (FDR)-adjusted p value < 0.05 and |Db| R 0.10

(Table S6). We examined these CpG sites by using hierar-

chical clustering (Figure 3A) and principal-component

analysis (PCA) (Figure 3B) to assess their capacity to sepa-

rate AKS subjects from controls. As seen in Figure 3B, we
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could use the significant CpGs to successfully segregate

the discovery cohort of AKS from controls. These differen-

tially methylated 429 CpG sites representing the AKS-asso-

ciated HNRNPK DNAm signature will be referred to from

here as the AKS signature.

Specificity and sensitivity of the AKS signature

To test the specificity and sensitivity of the AKS signature,

we generated median-methylation profiles of controls and

AKS subjects from the discovery cohort and classified our

independent validation cohort of AKS-affected individuals

(n¼ 3) and controls (n¼ 172) as either ‘‘AKS’’ (positive dis-

ease score) or ‘‘not AKS’’ (negative disease score) on the
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basis of their DNAm profiles by using the correlation-based

classification model (see subjects and methods). All con-

trols showed DNAm profiles similar to the control profile,

had negative disease scores, and were classified as ‘‘not

AKS’’ demonstrating 100% specificity (Figure 3C and

Table S7). Each individual in the AKS validation cohort

clustered with AKS individuals and not with controls and

generated positive disease scores. Therefore, the validation

cohort demonstrated 100% sensitivity (Figure 3C and

Table S7).

Testing the utility of AKS signature for VUS classification

Using the highly specific and sensitive AKS signature, we

classified 21 unrelated individuals with HNRNPK VUSs

(17 missense variants, three intronic variants, and one

in-frame deletion) and the one individual (P20) with no

detectable variant in HNRNPK. These 22 samples were clas-

sified with the support vector machine-learning model

(SVM). This model generated scores between 0% and

100%, with high scores classified as ‘‘AKS’’ and low scores

classified as ‘‘not AKS.’’ We found that four variants had

high SVM scores > 70% and seven had SVM scores below

25% (i.e., not AKS). Interestingly, 11 variants were classi-

fied as intermediate with SVM scores ranging between

34% and 52% (Figure 3D and Table S8). This distinct

classification of ten missense variants, which included

recurrent missense variants (Table 1), prompted us to

look for (epi)-genotype-phenotype correlations associated

with AKS and HNRNPK missense variants. (see epi-geno-

type phenotype analysis section below).

Classification of Kabuki syndrome using AKS signature

Since Kabuki syndrome is included in the differential diag-

nosis of AKS because of clinical overlap, we further tested

the specificity of the AKS signature in classifying individ-

uals with Kabuki syndrome and KMT2D pathogenic vari-

ants. Using an SVM classification model for HNRNPK, we

classified ten pathogenic variants in KMT2D as ‘‘not AKS’’

with an SVM score < 25% (Figure 3D and Table S8). These

data provide additional evidence supporting the high spec-

ificity of the AKS signature.

Functional enrichment of the HNRNPK DNAm signature

We investigated the DNAm signature for its potential to

elucidate the molecular pathophysiology of AKS. Gene

set enrichment analysis was performed with Metascape.

The top ten pathways that reached statistical significance

(p < 0.05) are shown in Figure 4A. For the GO analysis,

the enriched genes functionmainly in neuronal projection

morphogenesis, synapse organization, and tissue/skeletal

development as well as intracellular signaling.

Unbiased tissue-specific enrichment analysis (TSEA) (Fig-

ure 4B) and cell-type specific expression analysis (CSEA)

(Figure 4C) show AKS-significant genes are most strongly

enriched in transcripts expressed in the brain, pituitary,

uterus, blood vessels, and specifically in the developing

cerebellum.
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Analysis of the genomic locations of the CpG sites in the

signature showed that CpGs were over-represented in CpG

island shores (defined as 0 to 2 kb upstream of CpG island)

and DNase hypersensitive sites (Figure 4D).

Epi-genotype phenotype analysis

Next, we compared DNAm classification on the basis of

the AKS signature in individuals with HNRNPK VUSs

and/or unclear clinical diagnosis of AKS for potential

epi-genotype phenotype correlations. We identified that

four individuals with VUSs in HNRNPK with a clinical

diagnosis of AKS based on the diagnostic score also

had a positive AKS DNAm signature (P1, 2, 3, and 4).

This included two individuals with intronic splice

variants and the individual with an in-frame deletion-

insertion.

Eleven individuals in the test cohort had an intermedi-

ate DNAm signature. This included one individual (P9)

with an intronic variant who met diagnostic criteria

for AKS and six individuals with missense VUSs in

HNRNPK who also met diagnostic criteria for AKS (P5, 6,

7,10, 12, and 22). The other four individuals with

missense variants and an intermediate DNAm signature

(P8, 11, 13, and 21) had only facial scores of 4 and were

considered as ‘‘possible AKS’’ by diagnostic criteria; how-

ever, they were highly suspected of having AKS as they

had de novo missense variants affecting residues that

are recurrently affected in our test cohort, Glu85 or

Tyr225. These missense variants may be considered as

likely pathogenic by ACMG criteria,22 as they affect

recurrent residues in HNRNPK seen in other individuals

who meet diagnostic criteria for AKS (see Table 1) (P5

and 6). Given the above observations, we reclassified

any variant of uncertain significance associated with

either a positive or intermediate AKS DNAm signature to

likely pathogenic.

All three individuals (P6, 8, and 13) in the methylation

cohort with the recurrent HNRNPK variant, GenBank:

NM_002140.4 c.253G>A (p.Glu85Lys) (GenBank: NM_

002140.4),were intermediate for the AKS DNAm signa-

ture (Figure 3 and Table 1). P2 (facial score 5) had a recur-

rent HNRNPK missense variant, c.137G>T(p.Arg46Leu)

(GenBank: NM_002140.4), and had a positive DNAm

signature; however, P7 (facial score 5), who had the same

variant, was intermediate.

Six individuals with VUSs in HNRNPK who did not meet

the criteria for a clinical diagnosis of AKS (P14, 15, 16, 17,

18, and 19) were all negative for the AKS signature. These

individuals all had de novo variants, with the exception

of P16, for whom the inheritance was unknown as the

maternal sample was not available. The individual with

no HNRNPK variant (P20) who was a ‘‘possible AKS’’ on

the basis of a facial score of 4 was also negative for the

AKS signature. These negative results support that these

HNRNPK VUSs are more likely to be benign or potentially

associated with a separate condition distinct from AKS

(Figure 3 and Table 1).
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Figure 4. Gene and genomic enrichment analyses
(A) GO enrichment analysis showing the Metascape bar graph for top non-redundant enrichment clusters, one per cluster, using a
discrete color scale to represent statistical significance.
(B) Specific tissue expression and (C) specific brain region enrichment as determined by SEA, showing enrichment of expression of
the signature genes and we found that the genes that overlapped the significant CpGs are highly expressed in brain tissue. Hexagons
represent list of genes enriched in each tissue or cell type going from pSI threshold to include larger but less stringent gene lists to thresh-
olds for themost stringent subsets (smallest, central hexagons). Fisher’s exact testing is used to establish p values for each target and each
gene list at each threshold, which are corrected by Benjamini–Hochberg for the number of cell types (color bar).
(D) Bar chart representing the percentage distribution of the CpG sites according to genomic annotations extracted from the Illumina
EPIC array annotation file. The CpG sites that overlap the signature were compared to the distribution of the CpGs within the dataset
(background, 774,480 CpGs) for the regulatory feature group: ‘‘relation to CpG island’’ and ‘‘DNase hypersensitive sites (DHSs).’’
Clinical severity score for AKS

We identified fourteen clinical features as contributing to

the severity of the AKS phenotype (Table S4). These include

three categories: growth abnormalities, major organ sys-

tem abnormalities (craniofacial, cardiac, genitourinary,

musculoskeletal, and nervous system), and developmental

abnormalities. Each feature receives a single point, and a

higher score reflects a higher disease burden.

All individuals with a positive or intermediate AKS

DNAm were scored for severity. When considering all 13

individuals with a positive AKS DNAm signature (in-

cluding the diagnostic, validation, and test cohorts), the

median severity score was 7 (range 3–11). This group pri-

marily represents individuals with LoF variants. For the

11 individuals with an intermediate AKS DNAm signature

(P5, 6, 7, 8, 9, 10, 11, 12, 13, 21, and 22), the median

severity was 3 (range 1–4) (see Table 1 and Figure S2).

This group primarily represents individuals with missense

variants. The difference between these groups was statisti-

cally significant with p < 0.001 via Kruskal-Wallis test.

Althoughmost individuals withAKS-associatedmissense

variants had an intermediate DNAm score, one individual

(P2) with a missense variant had a positive DNAm score
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and had a severity score of 3. There were insufficient

numbers of individuals with missense variants in the posi-

tive DNAm score group to determine whether there was a

significant difference in severity between these individuals

and individuals with missense variants in the intermediate

DNAm group.

The difference between the severity scores of the positive

AKS DNAm group and the intermediate DNAm group may

be due to a difference in organ malformation burden. 10/

13 positive DNAm signature individuals (nine have LoF

variants) had congenital heart disease compared to 5/11

with intermediate DNAm (nine have missense variants).

10/13 positive DNAm signature individuals had renal

anomalies compared to 3/10 with intermediate DNAm.

4/13 of the positive DNAm group had frank cleft palate

compared to only one in the intermediate DNAm group

(P9). 8/13 in the positive DNAm group had scoliosis

compared to only one individual in the intermediate

DNAm group. Of the components of the severity score,

congenital heart disease was found to be the main contrib-

utor to the difference between these groups (F ¼ 6.14, p ¼
0.023; ANOVA). There is a significant difference in severity

score between positive DNAm and intermediate DNAm
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groups even if hypotonia and motor and speech delay

points are removed and the comparison is made with

only systemic involvement (growth and malformations)

(p < 0.001 via Kruskal-Wallis).

Given the wide age range and the limited number of in-

dividuals in the cohort presented here, it was not possible

to correlate developmental outcomes with HNRNPK

variant type or DNAm status. However, there may be a

trend toward better development outcomes (i.e., more

likely to be ambulatory or have verbal communication at

a younger age) for individuals with missense variants.
Overview of clinical features and phenotypic expansion

The DNAm signature confirmed the AKS diagnosis in a

broader cohort of individuals, including multiple individ-

uals with missense and intronic variants. An overview of

the clinical features seen in individuals with a diagnosis

of AKS as confirmed by the DNAm signature can be seen

in Table 3.

Review of the entire expanded cohort of AKS individ-

uals demonstrates that malformations are common in

AKS; renal (hydronephrosis in 52%) and congenital heart

defects (present in 62%) are the most frequent anoma-

lies. However, some individuals with missense variants

do not have malformations or have only isolated malfor-

mations. Furthermore, some malformations such as

vertebral segmentation anomalies are currently not

observed in individuals with missense variants. Aortic

dilation was present in three individuals (AKS2, P13,

and N3); however, given that most individuals are still

young, the true incidence and screening requirement

remain unclear. Two individuals now have a formal diag-

nosis of dysautonomia and more than 1/3 of the individ-

uals have a combination of high pain tolerance, GI dys-

motility, abnormal sweating, and heat intolerance. CNS

malformations are variable, but delayed myelination/hy-

pomyelination and hypoplasia of the corpus callosum

are recurrent findings. Skeletal issues, particularly

affecting the spine, are common. Scoliosis can occur

even in the absence of segmentation anomalies. Cranio-

synostosis (typically sagittal or metopic sutures) occurs in

approximately 20%.

Global developmental delay and/or intellectual disability

and hypotonia are universally reported. The distinctive

facial features associated with AKS are key in recognizing

the syndrome (see Figure 2 for facial composite). The AKS

facies appear to evolve andmaynotbe as easily recognizable

at a young age, such as in the 1-month-old individual,

where the face was rounder (P3; subsequent photos at 3

years of age met the AKS facies criterion), and as demon-

strated by N7 (see Figure 2).

Thus, the phenotypic spectrum for AKS is much broader

than previously recognized. Individuals with loss-of-

function HNRNPK variants are more likely than indivi-

duals with missense HNRNPK variants to have organ

malformations.
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Discussion

We describe the expanded phenotypic spectrum of Au-

Kline syndrome based on 32 individuals with a confirmed

diagnosis. All individuals had sequence variants in

HNRNPK and were assessed with the newly developed

AKS clinical diagnostic criteria. Twenty-four individuals

with AKS clinical diagnosis were also characterized with

DNAm profiling, including 11 individuals with missense

variants that are now reclassified as likely pathogenic. Six

individuals with de novo HNRNPK variants were excluded

from having AKS, as these individuals did not have the

characteristic AKS DNAm signature.

AKS was initially described in 2015 and 20181,8 as a mul-

tiple malformation syndrome with a clinically recogniz-

able facial gestalt. Similar to other newly described genetic

syndromes, syndrome delineation was facilitated by the

identification of multiple individuals with de novo LoF var-

iants in a common gene. This ascertainment meant that

the initial AKS cohort represented a narrow phenotype of

individuals with more severe phenotypic manifestations.

However, with the widespread clinical availability of ES, in-

dividuals with rare missense or intronic HNRNPK variants

presenting with only subtle facial features and/or without

significant organ involvement are now being identified.

This highlights a need for clinical and molecular tools to

clarify clinical diagnostic suspicion and variants of uncer-

tain significance.

Although the facies of AKS are considered recognizable

to experienced dysmorphologists, there is considerable

overlap with other conditions, such as Kabuki syndrome

(KS).6 Individuals with AKS with subtle features may be

difficult to identify or differentiate from these other ge-

netic syndromes. Additionally, facial features evolve with

aging and may become more ‘‘classic’’ over time. Younger

individuals tend to have a rounder face, fuller cheeks, a

smaller nose, and a shorter columella. A clinical diagnosis

of AKS may be difficult during infancy.

To assist in clinically identifying AKS, we defined six

facial features as being most helpful and specific in sup-

porting a clinical diagnosis (see Table 2). KS has been recog-

nized by many as being the condition with the most

obvious overlap with AKS,1,6,7 and in scoring a large cohort

of KS-affected individuals, we supported the specificity of

the AKS diagnostic criteria (see Table S3).

Non-facial characteristics, such as cleft palate and

congenital heart disease, were also considered for the

diagnostic criteria; however, these features are often pre-

sent in other syndromes (e.g., KS) and were less helpful

in differentiating AKS. Although not included in the

diagnostic criteria, a combination of these less-specific

features (e.g., vertebral segmentation anomalies, craniosy-

nostosis, hyporeflexia, and autonomic dysfunction) may

help support a diagnosis of AKS. While non-specific,

hypotonia and GDD/ID are required for clinical diag-

nosis, as the absence of these features would be atypical

for AKS.
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Table 3. Summary of clinical features seen in the cohort of individuals with Au-Kline syndrome

Clinical feature
Total proportion
(%)

LoF individuals proportion
(%), [proportion in DNAm
individuals; proportion in
phenotype only individuals]

Missense individuals
proportion (%), [proportion
in DNAm individuals;
proportion in phenotype
only individuals]

Intronic/indel
individuals (%)

CNS
involvement

global developmental delay/
intellectual disability

32/32(100%) 14/14 (100%) [9/9; 5/5] 13/13 (100%) [11/11; 2/2] 5/5 (100%) [4/4, 1/1]

hypotonia 32/32 (100%) 14/14 (100%) [9/9, 5/5] 13/13 (100%) [11/11; 2/2] 5/5 (100%) [4/4, 1/1]

CNS malformationsa 15/30 (50%) 8/13 (62%) [5/9; 3/4] 5/12 (42%) [5/11; 0/1] 2/5 (40%) [1/4, 1/1]

abnormal myelination 3/31 (10%) 3/13 (23%) [2/9; 1/4] 0/13 (0%) [0/9; 0/2] 0/5 (0%) [0/4, 0/1]

hypo- or areflexia 12/31 (39%) 7/13 (54%) [4/9; 3/4] 2/13 (15%) [2/11; 0/2] 3/5 (60%) [2/4, 1/1]

high pain tolerance 11/30 (37%) 8/13 (62%) [5/9; 3/4] 3/13 (23%) [2/11; 1/2] 0/4 (0%) [0/4]

seizures 1/31 (3%) 1/13 (8%) [1/9; 0/4] 0/13 (0%) [0/11; 0/2] 0/5 (0%) [0/4, 0/1]

Faciesb 26/31 (84%) 13/13 (100%) [9/9; 4/4] 8/13 (69%) [7/11; 1/2 1/2] 5/5 (100%) [4/4, 1/1]

Inverted nipples 11/28 (39%) 5/10 (50%) [5/9; 0/1] 1/13 (8%) [1/11; 0/2] 5/5 (100%) [4/4, 1/1]

Congenital heart defectc 20/32 (62%) 12/14 (86%) [7/9;5/5] 3/13 (23%) [3/11; 0/2] 5/5 100%) [4/4, 1/1]

Aortic dilation 3/31 (10%) 2/13 (15%) [1/9; 1/4] 1/13 (8%) [1/11; 0/2] 0/5 (0%) [0,4, 0/1]

Palate involvementd 16/31 (52%) 8/13 (62%) [6/9; 2/4] 6/13 (46%) [5/11; 0/2] 2/5 (40%) [2/4, 0/1]

Cleft palate 8/31 (26%) 6/13 (46%) [4/9; 2/4] 0/13 (0%) [0/11; 0/2] 2/5 (40%) [2/4, 0/1]

Bifid uvula 5/31 (16%) 2/13 (15%) [2/9; 0/4] 2/13 (15%) [2/11; 0/2] 1/5 (20%) [0/4, 1/1]

High-arched palate 6/31 (19%) 3/13 (23%) [1/9; 2/4] 3/13 (23%) [3/11; 0/2] 0/5 (0%) [0/4, 0/1]

Gastrointestinal (GI) issuese 22/31 (71%) 12/13 (92%) [8/9; 4/4] 6/13 (46%) [6/11; 0/2] 4/5 (80%) [3/4, 1/1]

Musculoskeletal scoliosis 12/31 (39%) 9/13 (69%) [7/9; 2/4] 2/13 (15%) [2/11; 0/2] 1/5 (20%) [0/4, 1/1]

vertebral segmentation
defects

3/31 (10%) 3/13 (23%) [3/9; 0/4] 0/13 (0%) [0/11; 0/2] 0/5 (0%) [0/4, 0/1]

other skeletal
anomaliesf

22/32 (69%) 11/14 (79%) [7/9; 4/5] 8/13 (62%) [6/11; 2/2] 3/5 (60%) [3/4, 0/1]

joint hypermobility 19/32 (59%) 8/14 (57%) [3/9; 5/5] 9/13 (69%) [8/11; 1/2] 2/5 (40%) [1/4, 1/1]

muscle weakness 14/31 (45%) 5/13 (38%) [4/9; 1/4] 7/13 (54%) [6/11; 1/2] 2/5 (40%) [2/4, 0/1]

Metopic ridging 16/32 (50%) 9/14 (64%) [7/9; 2/5] 4/13 (31%) [4/11; 0/2] 3/5 (60%) [2/4, 1/1]

Craniosynostosis 7/31 (23%) 4/13 (31%) [3/9; 1/4] 1/13 (8%) [1/11; 0/2] 2/5 (40%) [1/4, 1/1]

Genitourinary
(GU) system

cryptorchidism (males
only)

13/17 (76%) 7/9 (78%) [4/6; 3/3] 4/6 (67%) [4/5; 0/1] 2/2 (100%)

hydronephrosis 16/31 (52%) 9/13 (69%) [6/9; 3/4] 4/13 (31%) [3/11; 1/2] 3/5 (60%) [3/4, 0/1]

Hearing loss (sensorineural and/or
conductive)

5/22 (23%) 3/13 (23%) [2/9; 1/4] 1/11 (8%) [1/9; 0/2] 1/5(20) [0/4, 1/1]

Divided into sub-groups of individuals confirmed with AKS DNAmethylation signature with (1) a loss-of-function (LoF) or deletion variant in HNRNPK (n¼ 9), (2) a
missense variant in HNRNPK (n ¼ 11), and (3) non-canonical intronic/indel/splice variants (n ¼ 4). The phenotype-only cohort is also included with LoF n ¼ 5 and
missense n ¼ 2 and intronic n ¼ 1.
aCNS malformations include hypoplasia of the corpus callosum, abnormal morphology of the corpus callosum, heterotopia, spinal syrinx, hypomyelination, de-
layed myelination, cyst in corpus callosum, and spinal multicyst dilatation.
bFacies: meets facial criteria if having five or six of the following: long palpebral fissures, shallow orbits, a broad nose with wide nasal bridge, downturned corners of
the mouth with upper lip M shape, and a deeply grooved or bifid tongue.
cCongenital heart defect: can be of any type; reported cardiac defects include ASD, VSD, AVSD, tetralogy of Fallot, bicuspid aortic valve, coarctation of the aorta,
left ventricular hypertrophy, double outlet right ventricle, and dilation of the ascending aorta.
dPalate involvement can include cleft palate, high-arched palate, bifid uvula, and short immobile palate.
eGI (gastrointestinal) issues include constipation, feeding difficulties, gastroesophageal reflux, and tube feeding.
fOther skeletal anomalies include some or all of the following: hip dysplasia, pes planus, talipes, polydactyly, genu recurvatum, coxa valga, a segmented manu-
brium, and reduced bone mineral density.
In contrast to the clinical diagnostic score, the severity

score is not considered specific to AKS and was developed

to reflect the breadth and degree of disease burden for
1880 The American Journal of Human Genetics 109, 1867–1884, Oct
AKS. Consequently, the severity score is primarily based

on the number of malformations requiring significant

intervention (e.g., surgery) and the impact of functional
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deficits (e.g., requirement of a feeding tube or mobility or

communication impairment). We noted a trend where in-

dividuals with LoF variants were more likely to have mod-

erate to severe systemic involvement, whereas individuals

with missense variants tended to have milder involve-

ment. The increased severity associated with LoF versus

missense appears to be due primarily to the malformation

burden; however, whether there is correlation of variant

type with developmental outcomes may become clearer

as more individuals at different ages are ascertained.

Historically, clinical diagnostic criteria were used to diag-

nose rare syndromes when genetic testing such as ES was

not readily available and to identify individuals for appro-

priate targeted testing. With increased access to hypothe-

sis-free broad-based genetic testing, clinical criteria are

now helpful in reverse phenotyping to assist in deter-

mining the likelihood that an individual’s phenotype

matches the diagnosis suggested by a variant. The avail-

ability of a detectable ‘‘molecular phenotype,’’ such as a

specific DNAm signature, is also invaluable in this context.

Previously reported DNAm signatures have already

demonstrated this utility in predicting the pathogenicity

of VUSs.10–12

Using a discovery set of individuals with AKS defined by

clinical diagnostic criteria and the presence of HNRNPK

LoF variants, we identified a highly sensitive and specific

AKS DNAm signature. We demonstrate that the AKS signa-

ture has 100% specificity and is distinct from the DNAm

signature associated with KS. This AKS signature can also

differentiate the functional effects of different types of var-

iants in HNRNPK with two previously validated classifica-

tion models, specifically correlation based11,12 and ma-

chine learning.10,12,14

Variant interpretation is challenging, particularly when

an individual with a rare de novomissense HNRNPK variant

presents with amild phenotype and/or does notmeet diag-

nostic criteria for AKS. Here, we have overcome a major

challenge in clarifying the pathogenic significance of these

VUSs in HNRNPK by using this functional DNAm assay,

which robustly supports variant classification.

The highly specific AKS signature allowed reclassifica-

tion of six individuals with de novo rare missense variants

in HNRNPK as not AKS. For some individuals, this suggests

that the identified variant may be more likely benign (e.g.,

HNRNPK variant, c.740G>A [p.Arg247His] [GenBank:

NM_002140.4] for P17), as the individual already appears

non-syndromic and in silico predictors suggest the variant

is not deleterious (Table S1). For other individuals, it is less

clear whether the HNRNPK variant is likely benign versus

potentially associated with a separate condition related

to HNRNPK.

The AKS DNAm signature, particularly in combination

with the syndrome definition provided by the diagnostic

criteria, allows us to report on a large cohort of individuals

with missense variants in HNRNPK (n ¼ 13, 11 with AKS

DNAm signature plus two additional individuals in the

phenotype study with the recurrent p.Glu85Lys variant).
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We thus describe with high confidence an expanded

phenotypic spectrum of AKS. On the basis of these data,

we establish that AKS has a wide range of presentations

that may include more subtle facies and the absence of or-

gan malformations (see Table 3).

The DNAm analysis also identified an interesting subset

of individuals with an ‘‘intermediate’’ AKS signature (SVM

prediction scores of 34%–52%). In this group, the

impacted CpG sites remain consistent with an AKS signa-

ture but with a lesser degree of hypomethylation or hyper-

methylation difference in the same direction. Except for P9

(HNRNPK variant, c.213þ5G>A [GenBank: NM_002140.

4]), all the individuals with an intermediate DNAm score

harbored anHNRNPKmissense variant. It is clear, however,

that this intermediate DNAm signature is still well within

the spectrum of AKS and not associated with a separate

HNRNPK related condition, as multiple individuals who

clearly have AKS by diagnostic criteria classified with an in-

termediate DNAm score (P5, 6, 7, 9, 10, 12, and 22).

Furthermore, one of the recurrent HNRNPK variants,

c.137G>T (p.Arg46Leu) (GenBank: NM_002140.4),classi-

fied as positive for the AKS signature in one individual

(P2), whereas it classified as intermediate for the AKS signa-

ture in a different individual (P7). There are few published

reports of DNA methylation variation for recurrent

sequence variants. We have previously reported in Chou-

fani et al., 2020,12 that the same variant within a family

or across many unrelated families can vary by about 20%

in their SVM classification. This is comparable to a second

recurrent HNRNPK variant, c.253G>A (p.Glu85Lys)

(GenBank: NM_002140.4), reported in three AKS-affected

individuals, which showed about 15% variation within

the three unrelated individuals. In contrast, the difference

in the SVM score between P2 and P7 with the recurrent

HNRNPK variants, c.137G>T (p.Arg46Leu) (GenBank:

NM_002140.4),is �40%. Further molecular follow-up will

clarify the degree of variation that occurs in DNAm profiles

of individuals that carry recurrent sequence variants.

The presence of an intermediate DNAm signature sug-

gests possible DNAm signature-phenotype correlation

and may provide insight into the pathophysiological

origin of the trends noted earlier for LoF and missense var-

iants, where individuals with missense variants often have

milder disease severity in comparison to those with LoF

variants. The individuals with missense variants are also

likely to have an intermediate DNAm score, although it

is notable that some individuals with a positive SVM for

AKS signature can also have mild phenotypic severity.

Modifiers, either genetic, environmental, and/or age-

related, are most likely influencing both the DNAm signa-

ture and clinical phenotype, and these are not yet under-

stood. There can be discordance in the DNAm signature

for individuals with the same variant, as previously dis-

cussed for P2 (positive) and P7 (intermediate), who both

have the same mild severity score of 3. There is also a

wide range in severity scores for individuals with loss-of-

function variants (ranging from 3 to 9). We highlight
urnal of Human Genetics 109, 1867–1884, October 6, 2022 1881



two individuals (AKS2 and AKS12) who have the same

known HNRNPK splice variant, c.257G>A (GenBank:

NM_002140.4), but have severity scores of 9 and 3, respec-

tively. Similar observations have been made for other ge-

netic conditions, where individuals with the same patho-

genic variant can have extremely variable expressivity.

For example, significant intra-familial variability is seen

in neurodevelopmental conditions such as 22q11 deletion

syndrome or neurofibromatosis type 1 (MIM: 162200) and

in malformation conditions such as branchio-oto-renal

(MIM: 113650)29 or Van der Woude syndromes (MIM:

119300).30 The degree of variability in the DNAm signa-

ture as observed here, in association with the same

HNRNPK variant (c.137G>T [p.Arg46Leu] [GenBank:

NM_002140.4]), has not been reported previously. We

expect further multi-omic studies in other tissues, in-

cluding genome sequencing and RNA and protein ana-

lyses, will elucidate these issues. While we speculate with

caution that the DNAm signature may become helpful in

predicting clinical outcomes for AKS, at this time, it is still

challenging to use DNAm as an outcome prediction tool

for single unique individuals.

There are known gene domain-specific DNAm signa-

tures, where there may be multiple phenotypically sepa-

rate conditions with unique signatures for the same gene.

For SMARCA2, variants clustering outside the helicase

domain are associated with a unique DNAm signature

and phenotype that is distinct from Nicolaides-Baraitser

syndrome (MIM: 601358), which is typically caused by var-

iants clustering within the helicase domains.13,31 Trun-

cating variants in exons 33 or 34 in SRCAP are associated

with a DNAm signature specific to Floating Harbor Syn-

drome (FLHS) (MIM: 136140), whereas proximal variants

in SRCAP are associated with a separate DNAm signature

and neurodevelopmental disorder without the typical

facial gestalt of FLHS.14 For HNRNPK, we identified two in-

dividuals with dysmorphic facies and IDwho hadmissense

variants affecting adjacent residues (P14 HNRNPK variant,

c.176G>A [p.Gly59Glu] [GenBank: NM_002140.4]; P19

HNRNPK variant, c.173T>C [p.Ile58Thr] [GenBank:

NM_002140.4]), who did not classify as having the AKS

signature, which is in contrast to the missense variants in

the AKS intermediate signature group. While it is possible

these individuals have a condition that is unrelated to

HNRNPK, we also wonder whether there could be a sepa-

rate, non-AKS, but still HNRNPK-associated, condition.

Additional individuals will be required to clarify this

possibility.

The functional roles of the genomic regions within the

AKS-associated HNRNPK signature are of great importance,

as they demonstrate enrichment in CpG island shores

where DNA methylation levels are susceptible to change

under several conditions, such as tissue differentiation, re-

programming, aging, and disease.32 CpG island shores are

defined as 2-kb-long regions that lie on both sides of a CpG

island.32 Interestingly, AKS signature CpG sites correlated

with marks of open chromatin and active transcription,
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including DNase hypersensitive sites (HSSs), further high-

lighting the potential functional significance of the under-

lying signature to inform on the pathophysiological role of

HNRNPK in AKS. Gene set enrichment highlighted func-

tional categories associated with brain and skeletal devel-

opment, identifying specific genes that are highly ex-

pressed in the relevant tissues as candidate deregulated

genes in the pathogenesis of AKS.

While it is clear that there are multiple complementary

approaches to interrogate disorder pathophysiology, we

posit that insight from DNAm is inherently valuable, as

previously described for Sotos syndrome and Nicolaides-

Baraitser syndrome.11,13 These disorders, similar to AKS,

impact multiple tissues in the body from early develop-

ment, leading to broad constellations of clinical features

affecting multiple organs. As HNRNPK is ubiquitously

expressed, with important roles in a wide spectrum of

tissues, we suggest that some DNAm patterns are estab-

lished early in development and may be maintained for

a lifetime and provide an opportunistic window to iden-

tify candidate disease biomarkers that reflect important

developmental molecular changes relevant to disease

pathophysiology.

HNRNPK belongs to a molecularly related gene family of

hnRNPs. Many of the genes in this family have been impli-

cated in neurodevelopmental disorders (NDDs). Interest-

ingly, we found that �85% of pathogenic HNRNPK

missense variants (n ¼ 11/13) cluster in the K homology

RNA-binding domain, which is important for RNA binding

and recognition, as previously reported.33 Clustering of

variants in RNA or DNA interaction domains have also

been observed for other hnRNPs (e.g., HNRNPUL1 [MIM:

605800]33). It will be important to test the specificity of

this DNAm signature against NDD phenotypes caused by

pathogenic variants in other hnRNPs, such as HNRNPU

(MIM: 602869), HNRNPH1 (MIM: 601035), and HNRNPR

(MIM: 607201).33 Such comparisons may elucidate our un-

derstanding of the clinical overlap and differences in these

related conditions.

In summary, we have developed clinical diagnostic

criteria, which refine the most specific features of AKS.

These criteria have utility in not only identifying individ-

uals likely to have AKS but also support reverse phenotyp-

ing when VUSs in HNRNPK are found. We have also iden-

tified a highly sensitive and specific AKS DNAm signature

that is a valuable molecular functional tool that can be

used to classify VUSs in HNRNPK. We show how the inte-

gration of data from the DNAm signature and clinical

criteria contribute to a high confidence expansion of the

phenotypic spectrum and pathophysiological insights

into genotype-phenotype correlations. Although initially

described as a multiple malformation syndrome with a

recognizable facial gestalt, AKS now includes individuals

with only subtle craniofacial differences and relatively

few, or only minor, malformations. This study highlights

the considerable potential of a combined clinical and mo-

lecular diagnostic approach. We anticipate that this
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integrated approach will be further facilitated by the use of

machine learning techniques that support deep phenotyp-

ing with facial recognition and/or electronic medical re-

cord data. In addition, emerging technologies, such as

long-read sequencing, will in the future detect DNAm al-

terations and sequence variants concurrently.
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