
UCLA
UCLA Previously Published Works

Title
Novel variants in KAT6B spectrum of disorders expand our knowledge of clinical 
manifestations and molecular mechanisms

Permalink
https://escholarship.org/uc/item/9ct9z1sm

Journal
Molecular Genetics & Genomic Medicine, 9(10)

ISSN
2324-9269

Authors
Yabumoto, Megan
Kianmahd, Jessica
Singh, Meghna
et al.

Publication Date
2021-10-01

DOI
10.1002/mgg3.1809
 
Peer reviewed

eScholarship.org Powered by the California Digital Library
University of California

https://escholarship.org/uc/item/9ct9z1sm
https://escholarship.org/uc/item/9ct9z1sm#author
https://escholarship.org
http://www.cdlib.org/


Mol Genet Genomic Med. 2021;9:e1809.	 		 		 |	 1 of 21
https://doi.org/10.1002/mgg3.1809

wileyonlinelibrary.com/journal/mgg3

Received:	28	July	2021	 |	 Accepted:	26	August	2021

DOI:	10.1002/mgg3.1809		

O R I G I N A L  A R T I C L E

Novel variants in KAT6B spectrum of disorders expand 
our knowledge of clinical manifestations and molecular 
mechanisms

Megan Yabumoto1,2 |   Jessica Kianmahd3 |   Meghna Singh1,2 |   Maria F. Palafox1,2 |   
Angela Wei2 |   Kathryn Elliott2 |   Dana H. Goodloe4 |   S. Joy Dean4 |   
Catherine Gooch5 |   Brianna K. Murray6 |   Erin Swartz6 |   Samantha A. Schrier Vergano6 |  
Meghan C. Towne7  |   Kimberly Nugent8,9 |   Elizabeth R. Roeder8,9 |   
Christina Kresge10 |   Beth A. Pletcher10 |   Katheryn Grand11 |   John M. Graham Jr.11  |   
Ryan Gates12 |   Natalia Gomez- Ospina12 |   Subhadra Ramanathan13 |    
Robin Dawn Clark13 |   Kimberly Glaser14 |   Paul J. Benke14 |   Julie S. Cohen15,16 |   
Ali Fatemi15,16 |   Weiyi Mu17 |   Kristin W. Baranano16 |   Jill A. Madden18,19 |    
Cynthia S. Gubbels18 |   Timothy W. Yu18 |   Pankaj B. Agrawal18,19,20 |    
Mary- Kathryn Chambers21 |   Chanika Phornphutkul21 |   John A. Pugh22 |    
Kate A. Tauber23 |   Svetlana Azova24 |   Jessica R. Smith24 |   Anne O’Donnell- Luria18 |   
Hannah Medsker25 |   Siddharth Srivastava25 |   Deborah Krakow1,26 |    
Daniela N. Schweitzer3 |   Valerie A. Arboleda1,2

1Department	of	Human	Genetics,	David	Geffen	School	of	Medicine,	UCLA,	Los	Angeles,	California,	USA
2Department	of	Pathology	and	Laboratory	Medicine,	David	Geffen	School	of	Medicine,	UCLA,	Los	Angeles,	California,	USA
3Division	of	Medical	Genetics,	Department	of	Pediatrics,	David	Geffen	School	of	Medicine,	UCLA,	Los	Angeles,	California,	USA
4Department	of	Genetics,	University	of	Alabama	at	Birmingham,	Birmingham,	Alabama,	USA
5Department	of	Pediatrics,	Washington	University	School	of	Medicine	in	St.	Louis,	St.	Louis,	Missouri,	USA
6Division	of	Medical	Genetics	and	Metabolism,	Children’s	Hospital	of	The	King’s	Daughters,	Norfolk,	Virginia,	USA
7Ambry	Genetics	Corp,	Aliso	Viejo,	California,	USA
8Department	of	Pediatrics,	Baylor	College	of	Medicine,	San	Antonio,	Texas,	USA
9Department	of	Molecular	and	Human	Genetics,	Baylor	College	of	Medicine,	Houston,	Texas,	USA
10Department	of	Pediatrics,	Division	of	Clinical	Genetics,	Rutgers	New	Jersey	Medical	School,	Newark,	New	Jersey,	USA
11Department	of	Pediatrics,	Cedars-	Sinai	Medical	Center,	Los	Angeles,	California,	USA
12Department	of	Pediatrics,	Division	of	Medical	Genetics,	Stanford	University,	Stanford,	California,	USA
13Department	of	Pediatrics,	Division	of	Medical	Genetics,	Loma	Linda	University	Children’s	Hospital,	Loma	Linda,	California,	USA
14Division	of	Genetics,	Joe	DiMaggio	Children’s	Hospital,	Hollywood,	Florida,	USA
15Department	of	Neurology	and	Developmental	Medicine,	Kennedy	Krieger	Institute,	Baltimore,	Maryland,	USA
16Department	of	Neurology,	Johns	Hopkins	School	of	Medicine,	Baltimore,	Maryland,	USA
17Department	of	Genetic	Medicine,	Johns	Hopkins	School	of	Medicine,	Baltimore,	Maryland,	USA
18Division	of	Genetics	and	Genomics,	Department	of	Pediatrics,	Boston	Children’s	Hospital,	Harvard	Medical	School,	Boston,	Massachusetts,	USA

This	is	an	open	access	article	under	the	terms	of	the	Creat	ive	Commo	ns	Attri	bution-NonCo	mmercial	License,	which	permits	use,	distribution	and	reproduction	in	any	
medium,	provided	the	original	work	is	properly	cited	and	is	not	used	for	commercial	purposes.
©	2021	The	Authors.	Molecular Genetics & Genomic Medicine	published	by	Wiley	Periodicals	LLC

www.wileyonlinelibrary.com/journal/mgg3
https://orcid.org/0000-0001-9460-2368
https://orcid.org/0000-0003-4297-1078
mailto:
https://orcid.org/0000-0002-9687-9122
http://creativecommons.org/licenses/by-nc/4.0/


2 of 21 |   YABUMOTO et al.

1 	 | 	 INTRODUCTION

Lysine	 Acetyltransferase	 6B,	 or	 KAT6B	 (MIM#	 605880;	
a.k.a	MORF,	MYST4),	is	a	gene	that	encodes	a	highly	con-
served	histone	acetyltransferase	protein.	KAT6B	belongs	
to	the	MSYT	family	of	proteins	along	with	KAT6A,	KAT5,	
and	KAT7;	members	of	this	family	are	distinguishable	by	
their	highly	conserved	MYST	domain	with	an	acetyl-	CoA	
binding	motif	and	a	zinc	finger	(Champagne	et	al.,	2001;	
Sapountzi	&	Cote,	2011)	and	plays	a	role	in	transcription	
activation	 through	 the	 promotion	 of	 H3K23	 acetylation	

upon	the	interaction	of	the	protein	with	acylated	H3K14	
(Klein	et	al.,	2019).	The	MYST	family	of	proteins	function	
in	 important	 cellular	 processes	 including	 chromatin	 re-
modeling,	 gene	 regulation,	 protein	 translation,	 metabo-
lism,	and	cellular	replication	(Avvakumov	&	Cote,	2007;	
Voss	et	al.,	2009).

De	 novo	 truncating	 variants	 in	 the	 KAT6B	 gene	 are	
associated	 with	 two	 distinct	 clinical	 syndromes	 de-
scribed	 by	 a	 range	 of	 phenotypes:	 Say-	Barber-	Biesecker-	
Young-	Simpson	 syndrome	 (SBBYSS;	 MIM#	 603736)	 and	
Genitopatellar	 syndrome	 (GPS;	 MIM#	 606170),	 with	
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Abstract
The	 phenotypic	 variability	 associated	 with	 pathogenic	 variants	 in	 Lysine 
Acetyltransferase 6B	 (KAT6B,	 a.k.a.	 MORF,	 MYST4)	 results	 in	 several	 interre-
lated	syndromes	including	Say-	Barber-	Biesecker-	Young-	Simpson	Syndrome	and	
Genitopatellar	Syndrome.	Here	we	present	20	new	cases	representing	10	novel	
KAT6B	variants.	These	patients	exhibit	a	range	of	clinical	phenotypes	including	
intellectual	 disability,	 mobility	 and	 language	 difficulties,	 craniofacial	 dysmor-
phology,	and	skeletal	anomalies.	Given	the	range	of	features	previously	described	
for	KAT6B-	related	syndromes,	we	have	identified	additional	phenotypes	includ-
ing	concern	for	keratoconus,	sensitivity	to	light	or	noise,	recurring	infections,	and	
fractures	in	greater	numbers	than	previously	reported.	We	surveyed	clinicians	to	
qualitatively	 assess	 the	 ways	 families	 engage	 with	 genetic	 counselors	 upon	 di-
agnosis.	We	found	that	56%	(10/18)	of	 individuals	receive	diagnoses	before	the	
age	of	2 years	(median	age = 1.96 years),	making	it	challenging	to	address	future	
complications	with	limited	accessible	information	and	vast	phenotypic	severity.	
We	used	CRISPR	to	introduce	truncating	variants	into	the	KAT6B	gene	in	model	
cell	 lines	and	performed	chromatin	accessibility	and	transcriptome	sequencing	
to	identify	key	dysregulated	pathways.	This	study	expands	the	clinical	spectrum	
and	addresses	the	challenges	to	management	and	genetic	counseling	for	patients	
with	KAT6B-	related	disorders.

K E Y W O R D S

CRISPR,	Genitopatellar	syndrome,	KAT6B-	related	disorders,	phenotypic	spectrum,	Say-	
Barber-	Biesecker-	Young-	Simpson	syndrome,	variable	expressivity,	rare	genetic	diagnosis
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intermediate	 phenotypes	 falling	 on	 a	 spectrum	 between	
these	 two	 syndromes.	 Major	 characteristics	 of	 SBBYSS	
include	distinctive	craniofacial	features	such	as	blepharo-
phimosis,	“mask-	like”	facies,	a	bulbous	nose	with	a	broad	
nasal	 bridge,	 hypotonia,	 difficulties	 feeding,	 abnormally	
long	thumbs	and	long	great	toes,	intellectual	disability,	and	
severe	developmental	delay	(Biesecker,	1991;	Cavalcanti,	
1989;	 Clayton-	Smith	 et	 al.,	 2011;	 Ohdo	 et	 al.,	 1986;	 Say	
&	Barber,	1987;	Szakszon	et	al.,	2011).	Major	features	of	
GPS	include	skeletal	dysplasia,	absent	or	hypoplastic	pa-
tellae,	ambiguous	genitalia,	anal	anomalies,	renal	issues,	
agenesis	of	 the	corpus	callosum	with	microcephaly,	and	
severe	motor	and	intellectual	delay	(Campeau	et	al.,	2012;	
Cormier-	Daire	et	al.,	2000;	Penttinen	et	al.,	2009).	Finally,	
despite	the	previous	standard	of	classification	into	either	
GPS	or	SBBYSS,	a	number	of	individuals	display	an	inter-
mediate	phenotype	or	a	phenotype	not	otherwise	specified	
(NOS).	Individuals	receiving	intermediate	or	NOS	classi-
fications	do	not	easily	subcategorize	into	either	condition	
because	of	the	presence	or	absence	of	major	features	from	
either	disease	(Campeau	et	al.,	2012;	Lonardo	et	al.,	2019;	
Marangi	et	al.,	2018).

To	help	differentiate	between	SBBYSS	and	GPS,	patho-
genic	 variants	 and	 their	 locations	 can	 partially	 assist	 in	
associating	 specific	 genotypes	 with	 a	 clinical	 phenotype	

(Vlckova	et	al.,	2015).	The	majority	of	SBBYSS	individu-
als	have	pathogenic	variants	in	the	distal	part	of	exon	18	
(Szakszon	et	al.,	2013)	or	more	proximal	variants	in	exons	
13–	17.	 In	contrast,	 the	majority	of	GPS	 individuals	have	
pathogenic	variants	in	the	distal	part	of	exon	17	and	in	the	
proximal	part	of	exon	18	(Lonardo	et	al.,	2019)	(Figure	1).		
Given	the	emergence	of	cases	with	an	intermediate	phe-
notype,	 it	 has	 become	 increasingly	 common	 to	 refer	 to	
this	group	of	disorders	in	relation	to	their	gene	name,	as	
“KAT6B-	related	disorders.”	However,	the	rapidly	evolving	
landscape	and	knowledge	about	the	spectrum	of	KAT6B-	
related	disorders	may	complicate	the	guidance	and	prog-
nosis	by	genetic	counselors	and	medical	geneticists	who	
have	 been	 historically	 trained	 to	 recognize	 these	 syn-
dromes	as	clinically	distinct.

Genetic	 counseling,	 an	 important	 service	 intended	
to	 assist	 in	 understanding	 an	 individual's	 genetic	 health	
and	related	decision-	making	processes,	 is	often	 incorpo-
rated	into	obstetrics,	pediatric,	and	clinical	genetics	care.	
While	genetic	counseling	processes	such	as	consenting	for	
testing,	coordinating	testing,	and	educating	about	results	
remain	consistent	across	rare	diseases,	 it	 is	 important	 to	
recognize	the	need	to	tailor	resources	and	address	specific	
concerns	an	individual	and/or	their	family	might	have.	An	
understanding	of	how	genetic	counseling	is	incorporated	

F I G U R E  1  Pathogenic	variants	in	KAT6B.	We	added	10	novel	variants	from	our	cohort	to	the	list	of	previously	reported	variants.	The	
novel	pathogenic	variants	in	our	cohort	are	shown	above	the	gene;	previously	reported	variants	are	displayed	below	the	gene.	Genitopatellar	
(GPS)-	related	variants	are	denoted	in	orange,	Say-	Barber-	Biesecker-	Young-	Simpson	(SBBYS)-	related	variants	are	denoted	in	blue,	and	
intermediate	phenotype-	related	variants	are	denoted	in	black.	RefSeq	ID	for	KAT6B	is	NM_012330.3.	Various	protein	domains	are	NEMM	
domain	(AA	1–	176),	PHD	domains	(AA	177–	360),	HAT	domain	(AA	361–	1070),	acidic	domain	(AA	1071–	1417),	and	Ser/Met	domain	(AA	
1418–	2073)
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into	 rare	 disease	 diagnosis	 is	 important	 in	 establishing	
best	practices	 in	 the	management	of	genomic	medicine,	
particularly	for	rare	diseases	with	significant	phenotypic	
heterogeneity.

Finally,	as	gene-	centric	models	of	disease	have	started	to	
take	hold,	understanding	the	underlying	functional	mech-
anisms	that	are	affected	can	help	us	elucidate	the	effect	on	
molecular	 and	 cellular	 phenotypes	 that	 are	 regulated	 by	
KAT6B	(Klein	et	al.,	2019;	Sheikh	et	al.,	2012).	We	devel-
oped	a	model	of	KAT6B	truncating	variants	in	a	human	cell	
line	to	explore	how	these	variants	result	in	differential	reg-
ulation	of	key	transcripts.	These	types	of	approaches	have	
been	 performed	 in	 a	 high	 throughput	 manner	 for	 tumor	
suppressor	genes	like	BRCA1	(Findlay	et	al.,	2018)	and	TP53	
(Kotler	et	al.,	2018)	and	can	help	identify	key	pathways	that	
are	dysregulated	by	KAT6B-	related	disorders	and	could	be	
future	targets	for	translational	research.

Here,	 we	 analyze	 20  clinical	 cases	 representing	 a	
KAT6B-	related	 clinical	 spectrum	 across	 three	 domains:	
their	 genotype,	 phenotype,	 and	 experience	 with	 genetic	
counseling	 resources.	 Furthermore,	 we	 developed	 an	 in	
vitro	model	of	KAT6B	mutations	using	CRISPR	technol-
ogy	 to	 explore	 the	 effect	 of	 protein	 truncation	 on	 global	
transcriptional	regulation.	Here	we	demonstrate	that	the	
genes	that	drive	core	clinical	phenotypes	are	enriched	in	
our	 in	 vitro	 model	 system.	 Together,	 we	 show	 that	 our	
clinical	observations	parallel	the	transcriptional	processes	
in	our	cell	model	 systems	which	allow	 for	a	 further	un-
derstanding	 of	 the	 mechanisms	 underlying	 the	 KAT6B-	
related	clinical	spectrum.

2 	 | 	 MATERIALS AND METHODS

2.1	 |	 Research cohort

We	 obtained	 clinical	 information	 for	 a	 cohort	 of	 twenty	
individuals	 with	 pathogenic	 and	 likely	 pathogenic	 vari-
ants	 in	 the	 KAT6B	 gene	 from	 12	 different	 institutions	
(Figure	S1).	Of	this	cohort,	14	individuals	were	recruited	
through	a	call	for	participation	in	the	case	series	through	
the	 National	 Society	 of	 Genetic	 Counselors’	 Pediatrics,	
Clinical	Genetics	Special	Interest	Group,	or	the	Southern	
California	 Genetic	 Counselors	 Group.	 Subsequently,	 six	
additional	individuals	were	recruited	into	the	study	by	the	
colleagues	of	collaborators.

Phenotypic	 information	 was	 obtained	 by	 clinicians	
and/or	 genetic	 counselors	 with	 a	 targeted	 questionnaire	
designed	to	identify	a	spectrum	of	clinical	features	(Table	
S1).	This	survey	of	clinical	findings	reflects	features	pre-
viously	 reported	 to	 the	 literature	 in	 GPS,	 SBBYSS,	 and	
intermediate	 cases’	 reports.	 A	 set	 of	 questions	 assessing	
the	 role	 of	 genetic	 counselors	 in	 the	 patient's	 care	 was	

appended	to	the	clinical	phenotype	survey	(Table	S2).	All	
clinical	information	was	deidentified	before	the	study,	as	
per	protocol	approved	by	the	Institutional	Review	Board	
of	the	University	of	California,	Los	Angeles.	Patients	and	
families	 included	in	the	study	provided	consent	through	
their	treating	clinician	and	additional	written	consent	for	
the	publication	of	patient	photos	was	obtained.

The	 variants	 in	 KAT6B	 (reference	 sequence,	
NM_012330.3)	 reported	 by	 clinicians	 were	 identified	
through	whole-	exome	sequencing	or	targeted	gene	panel	
clinical	testing	performed	at	six	different	laboratories	(see	
Table	1).	The	original	clinical	diagnoses	provided	by	cli-
nicians	 on	 the	 questionnaire	 served	 to	 classify	 individu-
als	 into	three	categories:	GPS,	SBBYSS,	and	cases	falling	
within	 a	 spectrum	 between	 the	 two	 subcategories	 and	
therefore	classified	as	“intermediate.”	We	then	reclassified	
patients	 based	 on	 the	 major	 and	 minor	 criteria	 defined	
in	 Zhang	 et	 al.	 (2020),	 which	 grouped	 individuals	 into	
KAT6B	disorder	subtypes	GPS,	SBBYSS,	intermediate,	and	
NOS	 (Table	 S3).	 Each	 individual	 was	 evaluated	 within	
their	category	as	well	as	across	the	cohort	to	identify	major	
features	implicated	in	KAT6B-	related	disorders.

2.2	 |	 Identification of 
functional domains

The	drawProteins	R	package	was	used	 to	make	the	pro-
tein	primary	structure,	with	domain	and	region	annota-
tions	 for	 KAT6B	 “Q8WYB5”	 UniProtKB	 ID	 provided	 by	
the	 UniProt	 API	 (http://www.unipr	ot.org/).	 PTM	 an-
notations	 were	 downloaded	 from	 the	 PhosphoSitePlus	
(Hornbeck	 et	 al.,	 2015)	 and	 mapped	 to	 positions	 on	 the	
primary	 structure.	 The	 conservation	 metric	 LIST	 and	
the	 disorder	 predictors	 ESpritz	 (Walsh	 et	 al.,	 2012)	 and	
IUPred2a	(Mészáros	et	al.,	2018)	were	sourced	from	LIST	
server	(Malhis	et	al.,	2019).

2.3	 |	 Cell culture

HEK293T-	Cas9-	AAVS1	(Genocopeia)	cells	were	grown	in	
DMEM	(Gibco™),	10%	FBS,	and	1%	PenStrep	at	37℃	 in	
5%	CO2	incubators.	Cell	lines	were	tested	for	mycoplasma	
on	a	monthly	basis.

2.4	 |	 CRISPR- mediated introduction of 
truncating KAT6B variants in HEK293T 
cell line

KAT6B-	specific	 guide	 RNAs	 were	 purchased	 from	
Integrated	DNA	Technologies	(see	Table	S4).	Guide	RNAs	

http://www.uniprot.org/
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for	 KAT6B	 were	 transfected	 into	 HEK293T-	Cas9	 cells	
using	Lipofectamine	3000	(Invitrogen)	and	the	RNAi	re-
verse	transfection	protocol.	Transfected	cells	were	grown	
for	24–	48 h	and	then	serially	diluted	to	obtain	single-	cell	
colonies.	 Single-	cell	 colonies	 were	 expanded	 and	 DNA	
was	extracted	from	each	clonal	line.	The	region	around	the	
guide	RNA	was	amplified	from	DNA	extracted	from	clonal	
cell	populations	and	sequenced	by	Sanger	sequencing	to	
confirm	the	presence	of	CRISPR-	mediated	mutations.	As	
HEK	cells	are	pseudotriploid	(Bylund	et	al.,	2004),	we	took	
into	account	 the	potential	 for	mutations	across	 three	al-
leles.	 Sanger	 sequencing	 chromatograms	 were	 analyzed	
using	 TIDE	 software	 to	 identify	 CRISPR/Cas9-	mediated	
genetic	alterations	at	KAT6B	loci	(Brinkman	et	al.,	2018).	
We	 observed	 three	 variants	 across	 the	 two	 clonal	 lines	
and	predicted	allele	count	using	the	TIDE	analysis,	which	
was	validated	by	RNAseq	of	the	clonal	lines	compared	to	
controls.	 Therefore	 for	 Mut1,	 there	 is	 a	 single	 mutation	
affecting	one	of	the	three	alleles.	For	Mut2,	there	are	two	
mutations	generated	by	the	same	gRNA	affecting	two	of	
the	three	alleles	(Table	S5).

2.5	 |	 RNA- seq library 
preparation and analysis

RNA	 was	 extracted	 from	 cells	 grown	 to	 80%–	90%	 con-
fluence	 using	 the	 PureLink	 RNA	 mini	 kit	 (Invitrogen	
#12183018A).	 Paired-	end,	 150-	bp	 libraries	 were	 pre-
pared	at	the	UCLA	Technology	Center	for	Genomics	and	
Bioinformatics	Core	Facility	at	UCLA	and	sequenced	on	
an	Illumina	HiSeq3000	for	an	average	of	30 million	reads	
per	sample.	Raw	read	quality,	adaptor	content,	and	dupli-
cation	rates	were	assessed	with	FastQC.	Raw	reads	were	
then	 aligned	 against	 the	 Gencode	 human	 genome	 ver-
sion	 hg38	 (GRCh38)	 version	 31	 using	 STAR	 2.7.0e	 with	
default	parameters	(Dobin	et	al.,	2013).	Gene	counts	from	
raw	reads	were	generated	using	featureCounts	1.6.5	from	
the	 Subread	 package.	 For	 each	 gene,	 we	 counted	 reads	
that	 uniquely	 mapped	 to	 the	 gene's	 exons.	 Differential	
expression	 was	 quantified	 using	 DESeq2	 v1.24.0	 (Love	
et	al.,	2014).	Genes	with	an	adjusted	p-	value	(Benjamini-	
Hochberg	correction)	that	was	<0.05	were	considered	as	
significantly	differentially	expressed	(Wald's	test).	A	heat-
map	was	created	from	normalized	counts	from	the	DEseq	
using	R-	package	heatmap	(Kolde,	2015)	which	shows	the	
top	differentially	expressed	(DE)	genes	based	on	log	fold-	
change	values	>1.5.	Color	on	 legend	represents	normal-
ized	counts.	The	top	DE	genes	are	listed	in	Table	S6.

Gene	 ontology	 overenrichment	 tests	 were	 completed	
using	clusterProfiler	v3.12.0	(Yu	et	al.,	2012)	and	SetRank	
v1.1.0	 (Simillion	 et	 al.,	 2017).	 Gene	 ontology	 overenrich-
ment	tests	were	completed	using	clusterProfiler	v3.12.0	(Yu	K
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et	 al.,	 2012)	 by	 submitting	 differentially	 expressed	 genes	
against	all	genes	from	the	Gencode	hg38.	Differentially	ex-
pressed	(DE)	genes	were	tested	against	a	background	set	of	
genes	created	by	taking	the	union	of	all	transcripts	that	are	
detected	at	least	once	in	our	entire	dataset.	A	new	dataset	
was	 created	 by	 filtering	 DE	 genes	 for	 absolute	 log2Fold-
Change	values	≥1.5.	Gene	ontologies	were	classified	as	sig-
nificantly	enriched	when	p-	adjusted	(Benjamini-	Hochberg)	
was	<0.05	(hypergeometric	test).	For	overenrichment	anal-
ysis	with	the	SetRank	R	package,	the	unfiltered	set	of	DE	
genes	was	tested	against	the	background	set	of	genes	and	
annotated	 using	 KEGG	 Pathways	 (Rigden	 &	 Fernández,	
2019)	and	GO	Biological	Processes	annotations.	Cytoscape	
software	 (Shannon	et	al.,	 2003)	was	used	 to	visualize	 the	
gene	set	networks	returned	by	SetRank.

2.6	 |	 Chromatin accessibility studies 
using ATAC- seq

ATAC-	seq	 was	 performed	 with	 50,000	 cells	 in	 replicate	
from	wild-	type	HEK293T-	Cas9	cells,	and	KAT6B-	mutated	
HEK293T-	Cas9	 cells,	 as	 described	 above.	 ATAC-	seq	 li-
brary	 generation	 was	 performed	 as	 described	 in	 Corces	
et	 al.	 (2017).	 Samples	 were	 run	 on	 the	 Agilent	 DNA	
TapeStation	 to	 confirm	 tagmentation	 pattern	 and	 the	
genomically	barcoded	libraries	were	multiplexed	and	run	
on	the	NextSeq550	with	paired-	end,	75 bp	libraries	for	a	
minimum	of	30 million	reads	per	sample.	The	ATACseq	
FASTQ	 files	were	 trimmed	 for	adapters	using	NGmerge	
Version	 0.3	 (Gaspar,	 2018).	 The	 NGmerge	 output	 files	
were	assessed	for	quality	using	fastqc	v0.11.8.	Reads	were	
then	aligned	to	the	hg38 human	reference	genome	using	
bowtie2	(Langmead	&	Salzberg,	2012).

The	 aligned	 BAM	 files	 were	 then	 used	 to	 call	 peaks	
using	 Genrich	 (v0.6)	 (Gaspar,	 2018)	 and	 excluding	
the	 chrM	 using	 −e	 and	 the	 blacklisted	 regions	 from	
GENCODE	 ENCFF356LFX.bed.gz	 using	 −E.	 The	 bedg-
raphish	peak	files	were	converted	to	BEDgraph	files	and	
sorted	 and	 indexed	 using	 samtools.	 These	 sorted	 BED	
files	were	then	used	to	create	genome-	wide	read	coverage	
files	with	the	bedGraphToBigWig.	The	peak	file	data	were	
further	processed	to	identify	differential	peaks	in	case	vs	
control	 using	 Diffbind	 (Stark	 et	 al.,	 2011).	The	 differen-
tial	peaks	were	analyzed	using	DeSeq2	and	(FDR	<0.05).	
Chipseeker	(Yu	et	al.,	2015)	was	used	to	further	annotate	
genomic	regions	associated	with	the	peaks.

2.7	 |	 Western blotting assay

The	cells	were	harvested	using	trypsin-	EDTA	and	centri-
fuged	at	500× g	for	5 min	and	the	cell	pellet	was	washed	

with	 PBS.	 The	 dry	 cell	 pellet	 was	 then	 processed	 for	
nuclear	 and	 cytoplasmic	 protein	 extraction	 as	 per	 the	
manufacturer's	 protocol	 (Thermo	 Scientific™NE-	PER™	
Nuclear	 and	 Cytoplasmic	 Extraction	 Reagents,	 #78833).	
For	 western	 blotting	 assay,	 10  μg	 of	 the	 nuclear	 extract	
protein	 were	 loaded	 on	 the	 4%–	15%	 Criterion™	 TGX	
Stain-	Free™	Protein	Gel	(Bio-	Rad	#5678083).	The	protein	
was	transferred	to	the	nitrocellulose	(Bio-	Rad	#	1704271)	
using	a	turbo-	transfer	system,	blocked	with	1X	TBST	with	
5%	 nonfat	 milk	 for	 an	 hour	 at	 4℃,	 and	 then	 incubated	
with	Anti-	KAT6B/MORF	antibody	(Abcam	#ab246879,	at	
0.04 μg/ml)	and	LaminB1	(Cell	Signaling	#68591	at	1:200	
dilution)	overnight.	The	blots	were	then	washed	and	de-
tected	with	IRDye®	800CW	secondary	antibodies	(LI-	COR	
#926-	32210	and	#	926-	32213).	All	experiments	were	per-
formed	in	duplicate.

3 	 | 	 RESULTS

Our	 study	 consisted	 of	 20	 individuals	 with	 pathogenic	
variants	in	the	gene	KAT6B	(Table	1).	Nineteen	cases	have	
not	been	previously	reported	in	the	medical	literature,	and	
we	have	included	a	case	previously	described	in	Clayton-	
Smith	et	al.	(2011),	Gannon	et	al.	(2015),	Szakszon	et	al.	
(2013),	and	Zhang	et	al.'s	(2020)	recent	paper	because	of	
their	continued	care	at	our	institution	(K6B_16).	Of	these	
20	cases,	50%	(10/20)	have	new	variants	not	previously	de-
scribed	in	the	literature.	Individual	age	at	the	time	of	data	
collection	ranges	from	6 months	old	to	28 years	of	age	and	
the	cohort	is	25%	male	and	75%	female.	Features	shared	
with	at	least	50%	of	individuals	in	any	of	the	three	disease	
categories	are	highlighted	in	Table	2.	Herein	we	present	
the	genotypes	and	phenotypes	of	seven	individuals	classi-
fied	as	having	Genitopatellar	syndrome,	eight	individuals	
classified	as	having	Say-	Barber-	Biesecker-	Young-	Simpson	
syndrome,	and	five	individuals	with	a	combination	of	fea-
tures	from	both	classifications.

3.1	 |	 Genotype analysis

Within	the	20	cases,	we	identified	17	different	KAT6B	var-
iants,	of	which	10	were	novel	genetic	variants.	Of	the	17	
protein-	truncating	variants	reported	in	this	case	series,	13	
were	frameshift	variants	and	four	were	nonsense	variants	
(Figure	1).	Fourteen	were	found	in	the	acidic	domain,	two	
in	the	serine-	rich	region,	and	one	in	the	methionine-	rich	
region	 of	 the	 transcriptional	 control	 domain	 (Pelletier	
et	al.,	2002;	Figure	S2).	The	mutated	variants	all	fall	into	
a	 domain	 that	 is	 intrinsically	 disordered,	 as	 defined	 by	
both	the	Espritz	(Walsh	et	al.,	2012)	and	the	IUPRED2A	
(Mészáros	et	al.,	2018)	score	and	these	mutations	do	not	
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T A B L E  2 	 Major	clinical	findings	found	in	the	20	individuals	with	KAT6B-	related	disorders	represented	in	this	case	series

Feature GPS (7) SBBYSS (8) Intermediate (3) NOS (2) Total (20)

Neurological	findings

Developmental	delay/intellectual	disability 100%	(7/7) 100%	(8/8) 100%	(3/3) 100%	(2/2) 100%	(20/20)

Profound/severe	language	impairment 100%	(7/7) 100%	(7/7) 100%	(3/3) 100%	(2/2) 100%	(19/19)

Delayed	mobility/non-	ambulatory 100%	(7/7) 75%	(6/8) 100%	(3/3) 50%	(1/2) 85%	(17/20)

Hypotonia 100%	(7/7) 88%	(7/8) 100%	(3/3) 0%	(0/2) 85%	(17/20)

Microcephaly 100%	(7/7) 63%	(5/8) 67%	(2/3) 0%	(0/2) 70%	(14/20)

Agenesis/hypoplasia	of	corpus	callosum 100%	(6/6) 14%	(1/7) 67%	(2/3) 0%	(0/2) 50%	(9/18)

Cortical	visual	impairment 80%	(4/5) 13%	(1/8) 67%	(2/3) —	 41%	(7/17)

Hearing	loss 17%	(1/6) 50%	(4/8) 33%	(1/3) 0%	(0/2) 32%	(6/19)

Seizures 43%	(3/7) 25%	(2/8) 0%	(0/3) 0%	(0/2) 25%	(5/20)

Craniofacial	features

Expressionless	or	"mask-	like"	faces —	 63%	(5/8) 33%	(1/3) 0%	(0/2) 47%	(8/17)

Ptosis 80%	(4/5) 75%	(6/8) 0%	(0/3) 50%	(1/2) 61%	(11/18)

Strabismus 17%	(1/6) 50%	(4/8) 67%	(2/3) 0%	(0/2) 37%	(7/19)

Blepharophimosis —	 71%	(5/7) 33%	(1/3) 50%	(1/2) 50%	(8/16)

Broad/prominent	nasal	bridge 71%	(5/7) 100%	(7/7) 67%	(2/3) 0%	(0/2) 74%	(14/19)

Bulbous	nose 100%	(6/6) 88%	(7/8) 100%	(3/3) 0%	(0/2) 84%	(16/19)

Micrognathia 43%	(3/7) 75%	(6/8) 67%	(2/3) 50%	(1/2) 60%	(12/20)

Small/pointed/retracted	chin —	 75%	(6/8) —	 0%	(0/2) 73%	(11/15)

Bowed	and/or	thin	upper	lip	and/or	small	
mouth

86%	(6/7) 100%	(8/8) 33%	(1/3) 0%	(0/2) 75%	(15/20)

High-	arched/cleft	palate 60%	(3/5) 50%	(4/8) 67%	(2/3) 0%	(0/2) 50%	(9/18)

Low	set/posteriorly	rotated/dysplastic	ears 100%	(6/6) 100%	(8/8) 67%	(2/3) 50%	(1/2) 89%	(17/19)

Skeletal	features

Abnormal	patella	(agenesis/hypoplasia) 100%	(6/6) 43%	(3/7) 100%	(3/3) 0%	(0/2) 67%	(12/18)

Contractures	(knees/hips/club	foot) 100%	(6/6) 33%	(2/6) 100%	(3/3) —	 68%	(11/16)

Fractures 71%	(5/7) 33%	(2/6) 0%	(0/3) 50%	(1/2) 44%	(8/18)

Joint	hypermobility —	 50%	(3/6) 67%	(2/3) 50%	(1/2) 60%	(9/15)

Long	thumbs	and/or	long	great	toes 83%	(5/6) 100%	(8/8) 67%	(2/3) 0%	(0/2) 79%	(15/19)

Respiratory	issues

Laryngomalacia/respiratory	distress —	 63%	(5/8) 100%	(3/3) —	 69%	(11/16)

Gastrointestinal	issues

Anal	stenosis	and/or	anteriorly	placed	anus 50%	(3/6) 0%	(0/8) 0%	(0/3) 0%	(0/2) 16%	(3/19)

Feeding	difficulties 100%	(7/7) 88%	(7/8) 100%	(3/3) 100%	(2/2) 95%	(19/20)

GER/vomiting 50%	(3/6) 75%	(6/8) 100%	(3/3) 50%	(1/2) 68%	(13/19)

Constipation 43%	(3/7) 63%	(5/8) 100%	(3/3) 0%	(0/2) 55%	(11/20)

Renal	anomalies

Hydronephrosis 100%	(7/7) 17%	(1/6) —	 0%	(0/2) 47%	(8/17)

Genital	anomalies

Genital	anomalies 100%	(7/7) 38%	(3/8) 67%	(2/3) 0%	(0/2) 60%	(12/20)

Male	cryptorchidism 100%	(2/2) 100%	(2/2) 100%	(1/1) —	 100%	(5/5)

Female	hypoplasia	of	labia	minora 80%	(4/5) 0%	(0/6) 0%	(0/2) 0%	(0/2) 27%	(4/15)

Immunological	issues

Hypothyroidism 20%	(1/5) 25%	(2/8) 67%	(2/3) 50%	(1/2) 33%	(6/18)

(Continues)
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fall	into	a	region	of	the	protein	that	has	a	known	crystal	
structure.	 This	 might	 suggest	 that	 the	 mutated	 domain	
is	critical	to	complex	binding	in	order	to	achieve	its	gene	
regulatory	function.

Consistent	with	previously	reported	cases,	100%	(7/7)	
of	GPS	individuals	had	variants	between	amino	acids	1150	
and	1515	(Zhang	et	al.,	2020)	On	the	other	hand,	SBBYSS	
individuals	 had	 variants	 between	 amino	 acids	 1117	 and	
1797,	 intermediate	 individuals	 had	 variants	 between	
amino	acids	1321	and	1457,	and	NOS	individuals	had	vari-
ants	at	amino	acids	1533	and	1734.	Many	variants	found	
among	 our	 SBBYSS,	 intermediate,	 and	 NOS	 individuals	
were	clustered	in	the	aspartic	acid	and	glutamic	acid-	rich	
region	overlapping	with	previously	 reported	variants	 for	
individuals	with	GPS.

3.2	 |	 Recurrent mutations

Four	GPS	individuals	in	our	cohort	had	the	same	patho-
genic	 variant	 (K6B_2,	 K6B_3,	 K6B_4,	 K6B_5).	 Among	
these	four	individuals,	each	had	genital	anomalies,	renal	
complications,	 respiratory	 problems,	 contractures	 of	
knees/hips/elbows/fingers,	 absent	 patella,	 characteristic	
craniofacial	dysmorphology	and	brain	abnormalities,	and	
severe	intellectual	disability	and/or	developmental	delay.	
Of	note,	K6B_2	was	most	phenotypically	similar	to	K6B_5;	
both	 individuals	had	 specific	 findings	 such	as	anal	mal-
position,	recurrent	UTIs,	high	anterior	hairline,	clenched	
hands,	brachydactyly,	and	obstructive	sleep	apnea.	These	
clinical	findings	greatly	overlap	those	reported	among	the	
six	individuals	with	the	same	variant	reported	in	the	lit-
erature	 (Clayton-	Smith	et	al.,	2011;	Gannon	et	al.,	2015;	
Simpson	et	al.,	2012;	Szakszon	et	al.,	2013;	Zhang	et	al.,	
2020).	The	enrichment	for	GPS	mutations	at	this	specific	
genomic	and	protein	position	suggests	 that	 it	 is	a	muta-
tional	hotspot.

K6B_16 had	a	variant	classified	in	2013	as	a	likely	patho-
genic	 variant	 associated	 with	 SBBYSS	 but	 has	 since	 been	

twice	reported	as	GPS	and	has	an	intermediate	classification	
within	this	paper	(Gannon	et	al.,	2015;	Zhang	et	al.,	2020).	
Five	other	individuals	(K6B_6,	K6B_9,	K6B_12,	K6B_15,	and	
K6B_20)	had	variants	that	were	previously	reported	in	the	
literature	and	their	classifications	based	upon	the	(Gannon	
et	al.,	2015;	Zhang	et	al.,	2020)	criteria	were	concordant	with	
those	reports	(Bashir	et	al.,	2017;	Clayton-	Smith	et	al.,	2011;	
Gannon	 et	 al.,	 2015;	 Zhang	 et	 al.,	 2020;	 Zhu	 et	 al.,	 2020).	
These	 five	 individuals	 had	 clinical	 features	 similar	 to	 the	
individuals	reported	in	the	literature	with	the	exception	of	
K6B_20,	who	lacked	every	feature	appraised	in	three	other	
individuals	 with	 the	 same	 variant	 (Clayton-	Smith	 et	 al.,	
2011;	Gannon	et	al.,	2015;	Niida	et	al.,	2017;	Simpson	et	al.,	
2012;	Szakszon	et	al.,	2013;	Zhang	et	al.,	2020).

The	molecular	mechanisms	underlying	the	positions	of	
the	pathogenic	variants	could	support	a	genetic	distinction	
between	GPS	and	SBBYSS,	but	the	lack	of	functional	data	
limits	our	ability	to	make	that	conclusion.	The	immense	
phenotypic	 heterogeneity	 demonstrates	 the	 potential	 to	
broadly	 diagnose	 patients	 as	 having	 a	 KAT6B-	spectrum	
disorder,	but	additional	cohorts	of	patients	need	to	be	phe-
notyped	to	assert	that	there	is	no	clear	clinical	distinction	
among	individuals	with	KAT6B-	related	disorders.

3.3	 |	 Clinical features of patients

3.3.1	 |	 Neurodevelopmental	and	
neurological	findings

100%	 (20/20)	 of	 the	 cohort	 had	 an	 intellectual	 disability	
or	developmental	delay.	While	there	is	a	broad	spectrum	
from	 mild	 delay	 to	 severe	 disability	 seen	 across	 our	 co-
hort,	 developmental	 delay	 and	 intellectual	 disability	 are	
expected	 features	(Zhang	et	al.,	2020).	Two	SBBYSS	and	
one	NOS	individual	had	mild	intellectual	disability.	Four	
GPS,	 four	SBBYSS,	 three	 intermediate,	and	one	NOS	in-
dividual	had	severe	intellectual	disability.	Three	GPS	and	
two	SBBYSS	individuals	had	global	developmental	delay.	

Feature GPS (7) SBBYSS (8) Intermediate (3) NOS (2) Total (20)

Cardiac	malformations

Atrial/ventricular	septal	defect 86%	(6/7) 50%	(4/8) 67%	(2/3) —	 60%	(12/19)

Prenatal	findings

Prenatal	anatomy	scan	findings 100%	(6/6) 63%	(5/8) 67%	(2/3) —	 78%	(14/18)

Polyhydramnios 40%	(2/5) 50%	(4/8) 33%	(1/3) —	 41%	(7/17)

The	main	findings	previously	reported	to	the	literature	were	used	to	determine	which	features	to	report	in	the	table.	Those	found	in	50%	or	greater	of	the	
cohort	or	50%	or	greater	within	one	specific	clinical	group	are	included	here,	which	only	includes	disease	categories	with	more	than	four	responses	on	
the	survey	(i.e.,	yes,	no,	unknown).	A	detailed	report	of	all	clinical	findings	for	each	individual	is	included	in	Table	S1.	(−)	indicates	a	sample	size	of	four	
individuals	or	less,	therefore	not	included	in	this	table.	If	a	feature	was	not	appraised	(i.e.	left	blank	on	the	clinical	feature	survey),	the	patient	was	excluded	for	
that	feature.

T A B L E  2 	 (Continued)
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Individuals	 3  years	 and	 older	 at	 the	 time	 of	 data	 collec-
tion	were	either	nonverbal	(9/12)	or	delayed	in	speech	or	
expression	(3/12).

All	seven	GPS	individuals,	five	of	the	eight	SBBYSS	in-
dividuals,	 and	 two	of	 the	 three	 intermediate	 individuals	
had	 microcephaly.	 Nine	 individuals	 had	 agenesis	 or	 hy-
poplasia	of	the	corpus	callosum	(see	Table	2).	Three	GPS	
and	 two	 SBBYSS	 individuals	 experienced	 seizures	 (see	
Table	 S7).	 Among	 those	 five	 individuals,	 80%	 (4/5)	 had	
appreciable	brain	abnormalities	(Table	S7).	Major	features	
involving	 musculature	 included	 hypotonia	 (18/20),	 ap-
pendicular	hypertonia	(K6B_1,	K6B_6),	dystonia	(K6B_4),	
spasticity	 (K6B_5),	 and	 dysphagia	 (K6B_6,	 K6B_11,	
K6B_18).	 Five	 individuals	 had	 behavioral	 issues,	 adding	
to	 the	 12	 individuals	 with	 behavioral	 issues	 recorded	 in	
Zhang	et	al.	(2020)	(see	Table	S7).	100%	(7/7)	of	responses	
on	disposition	reflected	a	happy	and	stable	individual.

A	 total	 of	 seven	 individuals	 were	 able	 to	 walk	 at	 the	
time	of	data	collection	(K6B_9,	K6B_10,	K6B_12,	K6B_14,	
K6B_16,	K6B_19,	and	K6B_20)	and	were	noted	 to	begin	
walking	 as	 early	 as	 13  months	 or	 as	 late	 as	 8  years	 old.	
However,	 43%	 (3/7)	 of	 the	 aforementioned	 individuals	
were	described	as	clumsy	or	had	spastic	gaits.	Two	NOS	
individuals	are	able	to	walk	(2 years	old	and	20 years	old	
at	the	time	of	data	collection),	but	only	one	of	the	three	
intermediate	individuals	was	able	to	walk	independently	
(7	yo	at	time	of	data	collection).	The	remaining	members	
of	 our	 cohort	 had	 delays	 in	 mobility	 or	 were	 unable	 to	
walk	at	the	time	of	data	collection.	Of	note,	71%	(5/7)	of	
GPS	 individuals	 were	 nonambulatory	 at	 2  years	 of	 age.	
29%	(2/7)	of	GPS	individuals	were	younger	than	2 years	
of	age	but	were	still	noted	to	have	delayed	mobility.	The	
motor	impairments	and	delays	in	mobility	found	among	
GPS	individuals	in	our	cohort	reflect	the	severity	of	motor	
impairments	found	among	other	reports	in	the	literature	
(Penttinen	et	al.,	2009).

3.3.2	 |	 Visual	and	hearing	impairments

A	total	of	75%	(15/20)	of	our	cohort	reported	findings	re-
lated	to	visual	impairment.	Of	note,	four	individuals	had	
cortical	visual	impairments	and	four	individuals	had	optic	
nerve	hypoplasia.	50%	(10/20)	of	individuals	had	strabis-
mus,	 which	 was	 further	 specified	 as	 exotropia	 in	 three	
individuals	 and	 esotropia	 in	 one	 individual.	 100%	 (3/3)	
of	 intermediate	individuals	and	25%	(2/8)	of	SBBYSS	in-
dividuals	 had	 lacrimal	 duct	 anomalies.	 The	 additional	
visual	impairments	reported	in	at	least	one	individual	are	
detailed	in	Table	S7.	All	six	individuals	with	hearing	loss	
also	had	visual	impairments,	a	finding	not	well	character-
ized	in	prior	literatures.	Of	these	six,	two	individuals	with	
SBBYSS	 (K6B_12,	 K6B_15)	 had	 sensorineural	 hearing	

loss,	 two	 individuals	 with	 SBBYSS	 (K6B_13,	 K6B_14)	
had	conductive	hearing	loss,	one	GPS	individual	(K6B_6)	
had	normal	auditory	sensitivity	to	slight	hearing	loss	bi-
laterally,	and	one	 intermediate	 individual	 (K6B_18)	had	
impaired	hearing	in	one	ear.	It	is	unclear	if	there	is	a	re-
lationship	 between	 an	 individual's	 KAT6B-	related	 disor-
der	and	the	 type	of	hearing	 loss	 that	 individual	has,	but	
identifying	hearing	 loss	 in	30%	(6/20)	of	our	cohort	was	
roughly	consistent	with	the	literature	on	individuals	with	
KAT6B-	related	disorders	(Zhang	et	al.,	2020).

3.3.3	 |	 Craniofacial	features

The	most	common	facial	features	found	among	individu-
als	with	KAT6B-	related	disorders	assist	 in	 the	classifica-
tion	 of	 KAT6B	 clinical	 subtypes	 while	 simultaneously	
demonstrating	 the	 overlap	 among	 groups	 in	 this	 re-
port.	 Findings	 such	 as	 immobile,	 mask-	like	 facies,	 and	
blepharophimosis/ptosis	are	major	features	suggestive	of	
SBBYSS	and	were	identified	in	63%	(5/8)	and	75%	(6/8)	of	
SBBYSS	individuals	in	our	cohort,	respectively.	Immobile,	
mask-	like	facies	were	reported	in	25%	(3/12)	and	blepha-
rophimosis/ptosis	 in	50%	(6/12)	of	all	other	members	of	
our	cohort,	illustrating	a	subtle,	yet	present,	overlap	(see	
Table	2).	Photographs	depicting	the	facial	features	of	some	
individuals	included	in	this	case	series	(see	Figure	2).

Features	 commonly	 seen	 across	 all	 groups	 in	 our	 co-
hort	include	low-	set	and	posteriorly	rotated	ears	(13/20),	
broad/prominent	 nasal	 bridges	 (15/20),	 bulbous	 noses	
(16/20),	 and	 micrognathia	 with	 or	 without	 retrognathia	
(16/20).	Two	GPS	and	one	SBBYSS	individuals	had	bitem-
poral	narrowing,	two	GPS	individuals	had	brachycephaly,	
and	 two	 SBBYSS	 individuals	 had	 dolichocephaly.	 One	
GPS	and	three	SBBYSS	individuals	had	a	cleft	palate	and	
one	SBBYSS	individual	had	a	bifid	uvula.	Two	GPS,	one	
SBBYSS,	 and	 one	 intermediate	 individual	 had	 a	 high-	
arched	palate.	55%	(11/20)	had	thin	and	sparse	eyebrows,	
a	minor	anomaly	that	is	likely	underreported	in	cohorts	of	
individuals	with	KAT6B-	related	disorders.	Other	features	
suggestive	of	a	slight	facial	gestalt	include	a	small	mouth	
with	a	thin	or	bowed	upper	lip	(12/20)	and	a	smooth	and	
short	 (4/20)	or	 long	and	flat	 (2/20)	philtrum.	Additional	
craniofacial	features	and	ectodermal	features	are	included	
in	Table	S7.

A	number	of	dental	anomalies	were	identified	among	
seven	individuals.	Three	of	the	four	GPS	individuals	with	
the	 same	 p.Lys1258Glyfs*13	 variant	 had	 delayed	 tooth	
eruption;	 K6B_2  had	 hypoplastic	 teeth,	 K6B_4  had	 hy-
poplastic	 teeth	 and	 mildly	 discolored,	 small	 teeth,	 and	
K6_5  had	 an	 underbite.	 Additional	 dental	 findings	 in-
clude	dental	overcrowding	(K6B_12),	widely	spaced,	peg-	
shaped,	hypoplastic	 teeth	 (K6B_14),	 a	pointed	mandible	
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at	the	symphysis	(K6B_15),	and	mildly	hypoplastic	teeth	
(K6B_16).

3.3.4	 |	 Skeletal	features

All	 individuals	 reported	 here	 had	 one	 or	 more	 skeletal	
abnormality,	 with	 high	 variability	 in	 this	 category.	 The	
abnormal	patella,	one	of	 the	characteristic	 skeletal	 find-
ings	 among	 KAT6B-	related	 disorders,	 was	 identified	 in	
60%	 (12/20)	 of	 our	 cohort.	 86%	 (6/7)	 of	 GPS	 individuals	
had	agenesis	of	 their	patellae.	Hypoplastic	patellae	were	
reported	 in	 50%	 (3/6)	 of	 SBBYSS	 individuals	 and	 100%	
(3/3)	 of	 intermediate	 individuals.	 Contractures	 of	 the	
knees	and/or	hips	and/or	club	feet,	a	characteristic	find-
ing	 among	 GPS	 individuals,	 were	 identified	 in	 six	 GPS	
individuals,	 three	 SBBYSS	 individuals,	 and	 three	 inter-
mediate	individuals.	Skeletal	features	more	characteristic	
of	 SBBYSS	 include	 long	 thumbs	 and/or	 long	 great	 toes,	
which	was	 found	 in	100%	(8/8)	of	SBBYS	 individuals	 in	
our	 cohort.	 Thorax	 anomalies	 across	 one	 intermediate,	
two	SBBYSS,	and	three	GPS	individuals	include	mild	pec-
tus	 excavatum,	 pectus	 carinatum,	 wide-	set	 nipples,	 in-
verted	 nipples,	 low-	set	 nipples,	 short	 sternum,	 and	 long	
neck.	Less	commonly	identified	skeletal	features	found	in	
one	or	more	individuals	are	included	in	Table	S7.

Joint	 hypermobility,	 dislocations,	 and	 fractures	 were	
all	skeletal	 findings	reported	at	a	higher	 frequency	 in	our	
cohort	 compared	 with	 previously	 described	 cases	 (Zhang	
et	al.,	2020).	45%	(9/20)	had	joint	hypermobility	(see	Table	
2),	though	the	location	of	the	joint	hypermobility	was	only	
specified	in	three	individuals	(see	Table	S7).	Two	GPS	indi-
viduals	had	bilateral	hip	dislocations,	and	one	GPS	and	one	
intermediate	individual	had	bilateral	patellar	subluxations.	
Five	GPS	individuals	had	fractures,	with	60%	(3/5)	report-
ing	fractures	in	either	the	femur	or	tibia.	Three	of	these	five	
GPS	individuals	had	more	than	one	fracture,	though	their	
ages	at	 the	 time	of	 these	 fractures	are	unknown.	SBBYSS	
individual	K6B_10 had	a	right	tibia	and	fibula	fracture	after	
a	fall	at	3 years	old,	SBBYSS	individual	K6B_15 had	a	right	
femur	and	tibia	fracture,	and	NOS	individual	K6B_19 had	a	
tibia	and	fibula	fracture	at	7 years	old	and	a	femur	fracture	
at	8 years	old.	The	photographs	provided	in	Figure	2c	depict	
the	major	skeletal	features	surveyed	by	clinicians.

3.3.5	 |	 Gastrointestinal	problems

Feeding	 difficulties	 were	 reported	 in	 all	 but	 one	 member	
of	the	cohort	(19/20).	These	included	gastrostomy	tube	de-
pendence	(11/20),	gastro-	jejunal	tube	feeding	(2/20),	Nissen	
fundoplication	 (1/20),	 nasogastric	 intubation	 neonatally	
(1/20),	 failure	 to	 thrive	 (2/20),	 and	 feeding	 issues	 present	

only	at	birth	(1/20).	Gastroesophageal	reflux	and/or	disease	
was	found	in	13	individuals	but	was	resolved	in	23%	(3/13)	
of	those	individuals.	Constipation	was	also	a	commonly	re-
ported	finding	identified	in	half	of	our	cohort	(10/20).	Four	
GPS	 individuals	 had	 small	 bowel	 malrotation,	 including	
two	with	malrotation	status	post-	Ladd's	procedure	(K6B_1,	
K6B_6).	 Anal	 anomalies,	 a	 more	 severe	 finding	 typically	
found	in	GPS	individuals	(Zhang	et	al.,	2020),	were	reported	
in	three	GPS	individuals	and	include	anteriorly	placed	anus	
and	anal	stenosis	or	proximally	placed	anus.	Other	gastro-
intestinal	problems	are	listed	on	Table	S7.

3.3.6	 |	 Cardiac	malformations

Seventy-	five	percentage	(15/20)	of	individuals	included	in	
this	cohort	were	reported	to	have	a	congenital	heart	defect.	
The	most	common	congenital	heart	defects	found	within	
our	cohort	include	atrial	septal	defects	(9/20),	ventricular	
septal	defects	(4/20),	patent	ductus	arteriosus	(6/20),	and	
small	patent	foramen	ovale	(1/20),	which	are	all	consist-
ent	with	the	data	from	previous	reports	on	patients	with	
KAT6B-	related	disorders	provided	by	(Zhang	et	al.,	2020).	
Additional	cardiac	malformations	found	in	at	least	one	in-
dividual	in	our	cohort	are	detailed	in	Table	S7.

3.3.7	 |	 Renal,	immunological,	and	
urogenital	anomalies

Kidney	 abnormalities	 that	 persist	 beyond	 the	 prenatal	
period	 were	 predominantly	 identified	 in	 GPS	 individu-
als	 within	 our	 cohort.	 All	 seven	 GPS	 individuals	 had	
hydronephrosis.	 Although	 three	 other	 individuals	 were	
reported	 to	 have	 hydronephrosis,	 theirs	 was	 resolved	
postnatally.	Five	GPS	individuals	were	reported	to	have	
kidney	 abnormalities	 including	 bilateral	 ureteropelvic	
junction	obstruction	(1/5)	and	a	malrotated	right	kidney	
(1/5).	 Two	 individuals	 had	 multicystic	 kidneys	 (K6B_6	
and	K6B_18)	and	one	individual	had	dysplastic	kidneys	
(K6B_7).

GPS	 individuals	 K6B_2,	 K6B_4,	 and	 K6B_5  had	 re-
current	urinary	 tract	 infections,	 requiring	 surgical	 inter-
ventions	 such	 as	 ureter	 surgery	 with	 input	 and	 output	
catheterization	in	K6B_4	and	pyeloplasty	and	stent	inser-
tion	in	K6B_5.	Recurrent	ear	infections	were	identified	in	
SBBYSS	individuals	K6B_9	and	K6B_14	and	intermediate	
individual	K6B_16.	Though	one	GPS	and	one	NOS	indi-
vidual	had	hypothyroidism	that	was	resolved	shortly	after	
birth	 (2/6),	hypothyroidism	was	more	commonly	 identi-
fied	in	SBBYSS	(2/6)	and	intermediate	(2/6)	individuals.

All	five	males	within	the	cohort	(two	GPS,	two	SBBYSS,	
and	one	intermediate)	had	genital	anomalies.	Cryptorchidism	
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was	seen	in	all	five	males,	requiring	one	to	undergo	a	right	or-
chiopexy	at	a	young	age.	Additionally,	scrotal	hypoplasia	was	
reported	in	one	and	hypospadias	was	reported	in	two	males.	
Four	GPS	females	had	hypoplasia	of	the	labia	minora,	a	find-
ing	not	seen	across	any	other	individuals	with	KAT6B-	related	
disorders	 in	 our	 cohort.	 Other	 genital	 anomalies	 identified	
among	the	cohort	are	detailed	in	Table	S7.

3.3.8	 |	 Respiratory	problems

In	 this	 cohort,	 55%	 (11/20)	 of	 individuals	 were	 reported	
to	 have	 laryngomalacia	 and/or	 respiratory	 distress.	 Of	
these	11	 individuals,	 five	had	obstructive	sleep	apnea	or	
severe	sleep-	disordered	breathing	(two	GPS,	two	SBBYSS,	
and	 one	 intermediate).	 Four	 young	 individuals	 ranging	
from	6 months	old	to	almost	3 years	old	at	the	time	of	data	

collection	had	chronic	lung	disease;	75%	(3/4)	were	born	
prematurely.	Individual	K6B_4	was	born	at	32 weeks	ges-
tation	and	experienced	chronic	respiratory	insufficiency,	
remaining	 tracheostomy	 dependent	 and	 vent	 dependent	
at	night	with	a	BiPAP	machine	at	13 years	old.	To	aid	in	
the	management	of	respiratory	problems,	three	individu-
als	were	placed	on	oxygen	(K6B_5,	K6B_11,	and	K6B_18)	
and	four	individuals	had	a	tracheostomy	(K6B_3,	K6B_4,	
K6B_13,	 and	 K6B_17).	 Additional	 problems	 reported	 in	
one	or	more	individuals	are	included	on	Table	S7.

3.3.9	 |	 Prenatal	findings

Prenatal	 anomalies	 are	 frequently	 identified	 before	 the	
individual	 is	born	 (Zhang	et	al.,	 2020).	Prenatal	anatomy	
scans	in	our	cohort	included	increased	nuchal	translucency	

F I G U R E  2  KAT6B-	related	facial	features	and	skeletal	anomalies	in	our	cohort.	(a)	Facial	features	within	three	KAT6B-	related	clinical	
groups	(Genitopatellar	Syndrome—	GPS,	Say-	Barber-	Biesecker-	Young-	Simpson	Syndrome—	SBBYSS,	intermediate,	and	not	otherwise	
specified—	NOS).	Note	the	microcephaly,	bitemporal	narrowing,	bowed	and/or	thin	lips,	ptosis,	bulbous	nasal	tip,	and	dysplastic	ears	in	
GPS	individual	K6B_2	and	SBBYSS	individual	K6B_15.	Note	the	“mask-	like”	facies,	blepharophimosis,	ptosis,	and	bulbous	nose	in	SBBYSS	
individuals	K6B_8,	K6B_13,	and	K6B_14.	Note	the	variable	and	milder	dysmorphic	features	including	blepharophimosis	and	bulbous	nasal	
tip	in	SBBYSS	individual	K6B_10	and	intermediate	individual	K6B_17.	(b)	Comparison	of	facial	features	evolving	with	age	in	each	clinical	
group	in	our	cohort.	K6B_4	(GPS)	persisted	in	having	retromicrognathia	with	age.	Note	milder	ocular	features	in	K6B_9	(SBBYSS)	whose	
bulbous	nasal	tip	becomes	the	predominant	dysmorphic	feature	with	age.	Note	how	blepharophimosis	and	ptosis	persist	with	age	in	K6B_19	
(NOS)	and	how	the	bulbous	and	bifid	nasal	tip	became	more	evident	with	age.	Note	that	K6B_9	(SBBYSS)	and	K6B_19	(NOS)	presented	
with	retromicrognathia	at	an	earlier	age,	developing	more	prognathism	with	mild	underbite	with	age.	(c)	Skeletal	survey	of	major	features.	
Top	Row	(from	left	to	right):	K6B_2	with	mild	brachydactyly	with	partial	proximal	syndactyly	of	all	digits,	long	great	toe,	and	absent	patella;	
K6B_4	with	finger	contractures,	long	feet	and	great	toes,	elbow	contracture,	and	absent	patella;	K6B_15	with	long	thumbs	and	absent	
patella.	Bottom	Row	(from	left	to	right):	Long	digits	and	thumbs,	long	great	toes,	and	hypoplastic	patellae	(K6B_9,	K6B_10,	K6B_16)
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(K6B_5	and	K6B_14)	and	polyhydramnios	(two	GPS,	four	
SBBYSS,	 and	 one	 intermediate).	 The	 other	 common	 pre-
natal	finding	was	hydronephrosis,	which	was	identified	in	
35%	(7/20)	of	our	cohort.	Only	two	cases	of	hydronephrosis	
were	resolved	prenatally	(K6B_12	and	K6B_16),	while	hy-
dronephrosis	persisted	postnatally	in	the	other	five	individ-
uals.	Additional	congenital	anomalies	identified	prenatally	
included	club	 foot	 (5/20),	congenital	heart	defects	 (4/20),	
and	agenesis	of	the	corpus	callosum	(3/20).	Other	anoma-
lies	noted	prenatally	are	detailed	in	Table	S7.

3.4	 |	 Additional clinical features

A	summary	of	all	clinical	features	described	is	shown	in	
Table	S1	and	includes	unique	features	seen	in	a	 few	pa-
tients.	 Some	 of	 these	 clinical	 findings	 may	 not	 alter	 the	
overall	 treatment	 and	 management	 of	 individuals	 with	
KAT6B-	related	disorders,	but	detailing	these	findings	may	
prove	 to	 be	 beneficial	 when	 identifying	 additional	 find-
ings	 in	 larger	cohorts.	For	example,	 low	bone	density	 in	
K6B_4,	osteopenia	in	K6B_6,	subluxation	and	ossification	
delay	of	proximal	femoral	epiphyses	in	K6B_15,	and	high	
pain	tolerance	 in	K6B_16 might	help	explain	 the	higher	
incidence	 of	 fractures	 seen	 in	 our	 cohort	 and	 should	 be	
carefully	 examined	 for	 in	 other	 patients	 with	 KAT6B-	
related	disorders.	Additionally,	the	interesting	findings	of	
photophobia	 in	K6B_4	and	sneezing	 in	 the	sun	and	sig-
nificant	hypersensitivity	to	noise	in	K6B_16 might	be	un-
derappreciated	 in	our	cohort	and	should	be	 investigated	
to	provide	individuals	more	comfort	in	daily	living.	K6B_3	
was	 identified	 to	 have	 adrenal	 insufficiency,	 though	 no	
additional	 details	 were	 provided.	 Other	 findings	 found	
in	only	one	individual	within	our	cohort	are	included	in	
Table	S7.

3.5	 |	 Role of genetic counseling offered 
to patients with KAT6B- related disorders

To	 assess	 the	 role	 of	 genetic	 counselors	 in	 the	 care	 and	
management	of	individuals	diagnosed	with	KAT6B-	related	
disorders,	we	appended	a	list	of	genetic	counseling-	related	
questions	 to	 the	 comprehensive	 clinical	 phenotypic	 sur-
vey.	 We	 anticipated	 that	 the	 immense	 heterogeneity	
among	 KAT6B-	related	 disorder	 phenotypes	 would	 pose	
unique	challenges	in	the	way	providers	manage	the	vast	
uncertainties	that	arise.

We	received	18/20	responses	to	our	genetic	counselor	
involvement	 survey	 (Table	 S2).	 Ninety-	four	 percentage	
(17/18)	of	individuals	and	their	families	met	with	a	genetic	
counselor	for	one	to	four	sessions	(Figure	3a).	Individuals	
received	a	diagnosis	of	a	KAT6B-	related	disorder	between	

6 weeks	old	and	22 years	old	with	the	majority,	56%	(10/18),	
having	 their	 first	 visit	 before	 3  years	 of	 age	 (Figure	 3b).		
Overall,	 individuals	and/or	their	 families	benefited	from	
the	 genetic	 counselor's	 role	 in	 coordinating	 testing,	 ob-
taining	 consent	 for	 testing,	 delivering	 the	 results	 from	
testing,	counseling	leading	up	to	and	following	diagnosis,	
and	coordinating	follow-	up	care	(Figure	3c).	The	majority	
of	individuals	and/or	their	families	were	receptive	to	the	
information	given	at	diagnosis	and	were	grateful	 to	 find	
an	 answer	 they	 have	 been	 looking	 for,	 a	 consistent	 out-
come	despite	the	range	of	ages	and	phenotypes	among	the	
cohort	(Figure	3d).

Many	families	sought	additional	information	about	the	
prognosis,	recurrence	risk,	and	concerns	for	other	medical	
complications,	 which	 are	 all	 interconnected	 and	 further	
complicated	 by	 the	 limited	 information	 about	 prognosis	
and	 resources	 available	 (Figure	 3e,f).	 The	 biggest	 chal-
lenge	genetic	counselors	faced	when	relaying	information	
about	the	condition	to	the	family	resulted	from	the	vary-
ing	 phenotypes	 and	 complexity	 of	 KAT6B-	related	 disor-
ders	(Figure	3f).	This	overarching	challenge	encompasses	
the	desire	to	have	a	clear	genotype–	phenotype	correlation,	
frustration	 surrounding	 individuals	 with	 milder	 pheno-
types	than	what	is	found	in	the	literature,	and	questions	
about	the	different	phenotypes.	For	example,	the	genetic	
counselor	in	K6B_14’s	case	was	hesitant	to	give	the	family	
information	on	support/Facebook	groups	because	of	 the	
frustration	expressed	about	the	individual's	lack	of	major	
features	found	within	the	literature.	The	eldest	individu-
als	were	glad	to	have	a	specific	genetic	diagnosis	after	so	
many	years,	but	 the	genetic	counselors	 involved	in	their	
care	noted	that	there	were	no	condition-	specific	family	or-
ganizations	and	limited	family	friendly	information	avail-
able.	The	wide	array	of	educational	and	external	resources	
offered	to	the	families	of	individuals	depict	the	variegated	
needs	of	KAT6B-	related	disorder	patients	with	heteroge-
neous	phenotypes	(Table	S2).

3.6	 |	 Truncating KAT6B mutations alter 
gene expression for transcripts controlling 
RNA biogenesis and metabolism

To	 explore	 the	 role	 of	 KAT6B	 truncating	 mutations	
on	 RNA	 expression,	 we	 transfected	 HEK293T-	Cas9	
AAVS1	 (GeneCopoeia)	 cell	 lines	 with	 CRISPR	 guide	
RNAs	 targeted	 to	 KAT6B	 gene	 (Table	 S4,	 Integrated	
DNA	 Technology).	 Single-	cell	 clones	 were	 then	 selected	
and	 grown-	up	 to	 identify	 multiple	 clonal	 lines	 harbor-
ing	 KAT6B	 mutations.	 HEK	 cells	 are	 pseudotriploid	
(Bylund	et	al.,	2004)	and	we	introduced	indel	mutations	
within	exon	3	of	 the	KAT6B	 gene	 (Figure	4a,	Table	S5).	
These	mutations	are	all	predicted	to	result	in	a	frameshift	
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F I G U R E  3  Genetic	Counseling	support	related	to	the	care	and	management	of	patients.	(a)	Of	the	18	respondents,	a	genetic	counselor	
was	present	for	0–	4 sessions	involving	the	team	involved	in	the	care	of	the	patient.	(b)	Individuals	received	a	diagnosis	of	a	KAT6B-	related	
disorder	as	early	as	6 weeks	old	to	as	late	as	23 years	old.	(c)	Typical	roles	and	responsibilities	that	genetic	counselors	hold	demonstrate	
consistency	despite	the	heterogeneous	nature	of	patients	with	mutations	in	KAT6B.	(d)	Overall,	patients	and	their	families	were	receptive	
to	the	information	given	at	diagnosis	and	relieved	to	have	a	diagnosis.	(e)	Many	families	sought	additional	information	about	the	likely	or	
expected	development	of	disease	with	extra	concern	for	future	medical	complications.	(f)	Due	to	the	phenotypic	heterogeneity	found	among	
patients	with	pathogenic	variants	in	KAT6B,	a	wide	variety	of	challenges	arose	when	relaying	information	about	the	condition	to	the	family
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protein	and	truncation.	DNA	extracted	from	each	clonal	
line	was	amplified,	TOPO-	cloned,	and	10	colonies	under-
went	Sanger	sequencing	to	identify	the	KAT6B	mutations	
present.	 These	 mutations	 introduced	 frameshift	 muta-
tions	into	the	coding	DNA	and	were	predicted	to	result	in	
protein	truncation.

We	sought	to	first	determine	whether	the	primary	ef-
fect	 of	 the	 KAT6B	 mutations	 altered	 chromatin	 accessi-
bility,	gene	expression,	or	both.	Therefore,	we	performed	
ATAC-	seq	 and	 RNA-	sequencing	 on	 each	 of	 the	 clonal	
lines	and	compared	them	to	that	of	the	control	HEK293T-	
Cas9	cells.	For	both	analyses,	we	tested	2	biological	repli-
cates	of	each	cell	line.

We	 first	 explored	 the	 effect	 of	 the	 introduced	 KAT6B	
mutations	 on	 chromatin	 accessibility	 using	 ATAC-	seq	
(Figure	S4a).	Surprisingly,	our	analysis	identified	only	16	
differential	peaks	between	KAT6B	cases	and	controls	at	an	
FDR	of	0.05.	 (Figures	S4b,c,	Table	S6).	Our	data	suggest	
that	there	are	very	limited	changes	to	the	chromatin	acces-
sibility	between	the	mutated	and	control	cell	lines.

Using	 the	 RNA	 sequencing	 data,	 we	 confirmed	 our	
Sanger	 sequencing	 results	 of	 the	 KAT6B	 mutations	 and	
demonstrated	 the	 presence	 of	 the	 truncating	 mutations	
into	exon	3	and	are	predicted	to	fall	5’	to	the	histone	acetyl-
transferase	domain.	We	next	sought	to	determine	whether	
the	 mutations	 resulted	 in	 decreased	 gene	 or	 protein	 ex-
pression.	 Our	 data	 showed	 that	 the	 cell	 lines	 showed	 a	
2.43-	fold	 decrease	 in	 KAT6B	 expression	 in	 both	 mutant	
cell	 lines	 evaluated	 (Figure	 S3a).	 No	 significant	 differ-
ences	in	KAT6B	transcript	levels	were	observed	between	
Mut1	and	Mut2,	which	had	one	or	two	KAT6B	mutations,	
respectively.	However,	western	blot	analysis	did	not	show	
a	measurable	change	in	KAT6B	protein	expression	in	our	
mutant	lines	(Figure	S3b).

We	 next	 explored	 whether	 there	 were	 significant	
changes	to	gene	expression.	Differential	gene	expression	
analysis	 identified	 954  genes	 that	 were	 differentially	 ex-
pressed	after	correction	for	multiple	testing	(Table	S8).	Of	
these,	434	of	the	significant	genes	showed	a	fold	change	
of	1.5	or	greater	and	we	observe	clustering	of	 the	signal	
between	 replicates	 and	 concordant	 differences	 between	
samples	that	were	controlled	versus	mutant	lines	(Figure	
4b	 and	 Figure	 S5).	 Of	 the	 significantly	 differentially	 ex-
pressed	 genes	 with	 an	 absolute	 fold	 change	 of	 1.5	 or	
greater,	the	two	largest	groups	consisted	of	protein-	coding	
mRNAs	which	represented	92.4%	(n = 401/434)	of	 tran-
scripts	 and	 long-	noncoding	 RNAs	 representing	 4.14%	
(n = 18/434).

Our	 experimental	 studies	 have	 shown	 a	 decrease	 in	
mRNA	levels	but	no	concomitant	decrease	in	protein	ex-
pression.	Therefore,	we	cannot	conclude	that	haploinsuf-
ficiency	is	the	mechanism	of	action.	However,	we	cannot	
rule	out	the	possibility	that	our	western	blot	analysis	may	

not	be	sensitive	enough	to	mild-	to-	moderate	decreases	of	
protein	expression.	We	observe	very	minor	differences	in	
chromatin	accessibility	in	our	studies	suggesting	that	the	
introduced	mutations	do	not	significantly	affect	chroma-
tin	accessibility.	This	is	surprising	given	the	known	role	in	
KAT6B	histone	acetylation,	but	suggests	that	the	mecha-
nisms	of	effect	of	 the	KAT6B	mutations	are	not	 through	
alteration	of	chromatin	accessibility.

To	identify	pathways	that	are	significantly	enriched,	
we	used	genes	with	a	fold	change	of	1.5	or	greater	and	
performed	 a	 gene	 ontology	 enrichment	 analysis	 to	 de-
termine	 if	 these	 genes	 identified	 common	 pathways.	
We	observed	significant	enrichment	in	gene	sets	associ-
ated	with	osteoblast	differentiation,	axon	development,	
and	 urogenital	 development	 (Figure	 4c).	 These,	 and	
other	 processes,	 are	 consistent	 with	 the	 common	 clin-
ical	 phenotypes	 of	 KAT6B-	related	 syndromes	 such	 as	
higher	incidence	of	fractures,	skeletal	anomalies,	intel-
lectual	disability,	and	kidney	(metanephros)	anomalies.	
Analysis	for	the	enrichment	of	biological	processes	has	
identified	 common	 metabolism	 pathways	 highlighting	
Coenzyme	A	biosynthetic	processes	and	the	regulation	
of	 developmental	 processes	 (Figure	 S6).	 The	 utility	 of	
in	vitro	cell	models	to	unravel	gene	regulatory	pathways	
underlying	 these	 rare	 diseases	 can	 be	 used	 as	 a	 step	
toward	 linking	 our	 understanding	 of	 gene	 regulatory	
mechanisms	 and	 clinical	 phenotypes	 for	 these	 exceed-
ingly	rare	disorders.

4 	 | 	 DISCUSSION

As	 the	 number	 of	 rare	 genetic	 syndromes	 continues	 to	
expand,	 and	 the	 simple	 classical	 model	 associated	 with	
rare	pathogenic	variants	continues	to	expand,	we	find	that	
the	phenotypic	spectrum	within	a	gene	(Arboleda	et	al.,	
2012;	Borges	et	al.,	2015),	the	oligogenic	genetic	variation	
that	results	in	the	same	clinical	phenotypes	(Badano	et	al.,	
2006;	 Shaw	 et	 al.,	 2017),	 or	 that	 the	 presence	 of	 multi-
ple	 independent	and	distinct	 syndromes	 in	 the	same	 in-
dividual	 lead	 to	 an	 “atypical”	 presentation	 (Posey	 et	 al.,	
2017).	Both	the	expansion	of	the	spectrum	of	pathogenic	
variants	and	the	syndromic	changes	with	age	allows	areas	
that	are	experiencing	explosive	growth	in	our	knowledge	
to	promote	greater	understanding	within	clinical	genetics.	
The	cases	presented	here	span	a	relatively	wide	age	range	
and	 allowed	 us	 to	 perform	 a	 comprehensive	 phenotype	
assessment	to	elucidate	the	clinical	phenotypes	in	child-
hood,	adolescence,	and	early	adulthood.	These	aspects	are	
essential	 for	 young	 and	 newly	 diagnosed	 individuals	 to	
understand	 and	 potentially	 predict	 what	 the	 phenotypic	
spectrum	 is	 throughout	 the	 phases	 of	 life,	 an	 aspect	 of	
medical	genetics	that	is	not	as	well	characterized.
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The	 broad	 expanse	 of	 phenotypic	 findings	 presented	
in	this	report	demonstrates	the	importance	of	the	multi-
system	approach	to	the	physical	exam.	The	prognosis	for	
genetic	conditions	that	are	highly	variable	in	presentation	
can	 be	 difficult	 to	 determine	 without	 a	 broader	 under-
standing	of	the	evolution	of	symptomatology	over	time	in	
a	larger	and	well-	phenotyped	cohort.	The	identification	of	
both	novel	and	well-	characterized	clinical	features	within	
our	cohort	demonstrates	that	a	holistic	evaluation	is	crit-
ical	 to	 the	 establishment	 of	 long-	term	 care.	 Uncovering	
findings,	 such	 as	 concern	 for	 keratoconus,	 sensitivity	 to	

light	or	noise,	recurrent	infections,	and	a	higher	incidence	
of	fractures	point	to	additional	complications	that	might	
otherwise	 be	 attributed	 to	 common	 childhood	 accidents	
or	anecdotes.	Aside	from	these	findings,	joint	hypermobil-
ity,	 hypothyroidism,	 polyhydramnios,	 and	 seizures	 were	
reported	 in	greater	numbers	 than	previously	reported	 in	
GPS,	SBBYSS,	intermediate,	and	NOS	presentations.

The	clinical	findings	identified	within	this	study	require	
follow-	up	 screenings	 for	 management	 and,	 potentially,	
treatment.	Regular	visual	assessments	are	recommended,	
especially	 referrals	 to	 ophthalmology	 when	 strabismus,	

F I G U R E  4  KAT6B	mutations	in	HEK293T	cells	result	in	dysregulation	of	relevant	gene	regulatory	pathways.	(a)	For	each	of	the	
KAT6B-	mutant	cell	lines	generated	by	Cas9-	CRISPR,	we	sequenced	genomic	DNA	and	cDNA	to	identify	allelic	mutations	in	each	line.	The	
mutations	are	predicted	to	result	in	frameshift	mutations	resulting	in	protein	truncation.	Mut1	cell	line	has	a	single	mutation,	whereas	
Mut2 has	two	independent	mutations	on	three	alleles.	(b)	Heat	map	comparing	counts	for	all	differentially	expressed	genes	with	fold-	
change	>1.5	and	FDR	<0.5	(n	=	434 genes).	We	compared	our	HEK293	control	cells	(C1	and	C2)	and	the	cells	with	KAT6B	mutation	(Mut1	
and	Mut2).	(c)	Differentially	expressed	genes	were	found	to	be	significantly	enriched	in	core	features	related	to	KAT6B	clinical	syndrome	
including	skeletal	ossification,	urogenital	development,	axonal	development.	The	X-	axis	demonstrates	the	number	of	differentially	expressed	
genes	that	are	within	each	category	on	the	Y-	axis.	The	color	of	the	bar	represents	the	adjusted	p-	value	for	the	enrichment
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ptosis,	and	cortical	visual	impairments	are	identified.	Due	
to	the	higher	incidence	of	fractures	among	our	cohort,	it	
may	be	necessary	to	perform	bone	densitometry	testing	to	
monitor	bone	health	in	childhood.	This	is	especially	neces-
sary	for	children	who	have	already	fractured	a	bone.	100%	
(20/20)	 of	 individuals	 had	 feeding	 difficulties	 and	 other	
gastrointestinal	issues,	pointing	to	the	critical	importance	
of	monitoring	feeding	and	bowel	movements	throughout	
infancy.	In	our	cohort,	75%	(15/20)	of	individuals	had	con-
genital	heart	defects.	For	this	reason,	we	recommend	all	
individuals	with	a	diagnosis	of	a	KAT6B-	related	disorder	
have	 an	 electrocardiogram	 and	 an	 echocardiogram.	 The	
incidence	of	hypothyroidism	points	to	the	implementation	
of	 thyroid-	stimulating	 hormone	 blood	 tests	 shortly	 after	
diagnosis.	And,	finally,	a	sleep	study	would	be	helpful	to	
investigate	abnormal	breathing	patterns	and	whether	ad-
ditional	breathing	support	while	sleeping	is	necessary.

While	 there	 is	 support	 for	 eliminating	 the	 strict	 GPS	
and	 SBBYSS	 classifications	 in	 favor	 of	 KAT6B-	spectrum	
disorders,	there	are	still	patterns	of	features	that	serve	to	
differentiate	the	two	conditions	(renal,	anal,	genital,	skel-
etal	 (absent	 patella)	 features	 [GPS];	 characteristic	 facies	
[SBBYSS]).	Highlighting	these	findings	help	provide	antic-
ipatory	guidance	for	families	seeking	more	information	on	
what	to	expect.	Thus,	recognizing	the	clinical	heterogene-
ity	found	among	cohorts	receiving	KAT6B-	related	diagno-
ses	is	critical	for	supporting	individuals	throughout	their	
diagnostic	odyssey.	At	the	start	of	this	study,	we	aimed	to	
have	all	 families	revisit	 their	physician	 for	updated	phe-
notyping	and	examination.	However,	some	patients	could	
not	 be	 assessed	 in	 person	 due	 to	 pandemic	 restrictions	
limiting	the	identification	of	additional	features	that	were	
more	recently	described	in	Zhang	et	al.	(2020)	such	as	cys-
tic	hygroma	and	increased	nuchal	translucency	prenatally	
as	well	as	optic	nerve	hypoplasia.

The	field	of	genetic	counseling	has,	with	increased	ge-
nomic	testing,	continued	to	expand.	Our	goal	was	to	quan-
tify	 our	 awareness	 of	 difficulties	 faced	 when	 addressing	
common	 patient	 inquiries	 to	 improve	 genetic	 counselor	
support.	The	 rapid	 pace	 of	 genetics	 research,	 novel	 rare	
disease	 gene	 discovery,	 and	 the	 increasing	 interconnect-
edness	of	the	patient	families	through	social	media	have	
largely	improved	our	understanding	of	these	exceedingly	
rare	disorders.	The	diagnostic	journey	is	often	led	by	ge-
netic	counseling	professionals	and	understanding	how	the	
clinical	needs	for	these	rare	disease	patient	families	evolve	
over	time	is	critical	as	we	encounter	more	and	more	dis-
orders	that	are	defined	by	their	phenotypic	variability	and	
linked	by	a	genetic	diagnosis.

As	these	rare	disease	cohorts	continue	to	grow	and	new	
therapies	start	being	tested,	the	role	of	the	genetic	coun-
selor	 continues	 to	 evolve.	 Continually	 evaluating	 where	
families	 need	 support,	 particularly	 beyond	 the	 patient's	

diagnostic	 odyssey,	 remains	 a	 critical	 component	 to	 the	
improvement	of	this	nascent	field's	role	in	guiding	the	pa-
tient	through	difficult	conversations	about	prognosis	and	
ultimately,	we	hope,	therapies.	Developing	qualitative	and	
quantitative	metrics	to	track	patient	needs	remains	chal-
lenging	 as	 there	 are	 thousands	 of	 clinical	 disorders	 and	
our	knowledge	about	each	disorder	and	its	progression	in	
patients	 is	 dependent	 on	 the	 clinical	 research	 literature.	
Reporting	 of	 cases	 in	 older	 patients	 with	 longer	 clinical	
history	remains	a	critical	need	as	the	field	of	medical	ge-
netics	 continues	 to	expand	 its	 role	 from	diagnosis	 to	 in-
clude	prognosis	and	treatment.

A	 limitation	 of	 our	 study	 on	 genetic	 counselor	 in-
volvement	is	that	we	did	not	directly	survey	the	families	
and	relied	on	the	assessment	of	the	clinicians	involved	to	
quantify	 the	genetic	counselor	 role.	 In	 future	 surveys,	 it	
would	be	more	informative	to	assess	a	large	cohort	of	fam-
ilies	directly	who	had	recently	interfaced	with	their	clini-
cal	team	and	genetic	counselor.	These	studies	can	be	more	
easily	 facilitated	 by	 the	 presence	 of	 social	 media	 groups	
that	can	rapidly	disseminate	these	surveys.	Larger	sample	
size	would	enable	a	more	quantitative	assessment	of	the	
evolving	needs	of	rare	disease	patients	and	their	families,	
particularly	 with	 the	 increasing	 availability	 of	 genetic-	
based	treatments	(Mendell	et	al.,	2016;	Miller	&	Humer,	
2019;	Wainwright	et	al.,	2015).

Since	the	first	identification	of	de novo	truncating	vari-
ants	 in	 KAT6B	 as	 the	 cause	 for	 GPS	 and	 SBBYSS,	 there	
have	 been	 many	 additional	 reports	 of	 cases	 and	 clini-
cal	 phenotypes	 expanding	 the	 clinical	 spectrum	 around	
KAT6B-	related	disorders.	Given	the	short	time	frame	here,	
we	recognize	that	these	patients	have	received	a	diagnosis	
while	our	understanding	of	the	gene	and	its	clinical	phe-
notypes	 have	 simultaneously	 expanded.	 Thus,	 assessing	
the	efficacy	of	 the	diagnostic	process	and	the	role	of	ge-
netic	counselors	is	particularly	challenging	in	the	constant	
evolution	of	the	KAT6B-	spectrum.	For	genetic	counselors,	
deciding	what	resources	are	appropriate	for	a	patient	re-
flects	both	the	challenges	a	family	faces	in	providing	care	
and	the	severity	of	the	clinical	features	found	within	the	
KAT6B-	related	disorder	spectrum.

As	we	associate	pathogenic	variants	with	clinical	phe-
notypes,	there	is	a	need	to	link	the	analysis	of	the	effect	
of	the	variant	on	molecular	and	cellular	phenotypes	and	
how	that	contributes	to	the	ultimate	clinical	phenotypes	
we	 observe.	This	 is	 particularly	 important	 in	 genes	 that	
can	have	different	effects	depending	on	the	location	and	
type	 of	 variant	 observed.	 This	 is	 seen	 in	 several	 genes	
including	 CDKN1C	 (Arboleda	 et	 al.,	 2012;	 Borges	 et	 al.,	
2015)	 associated	 with	 IMAGe	 Syndrome	 and	 Beckwith	
Wiedemann	Syndrome,	and	TGFBR1	(Goudie	et	al.,	2011)	
associated	 with	 both	 Ferguson-	Smith	 disease	 (FSD)	 and	
Marfan	 syndrome-	related	 disorders.	 The	 phenotypic	
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spectrum	 associated	 with	 pathogenic	 variants	 in	 KAT6B	
reflects	 the	complex	 interactions	of	genetic	variants	 in	a	
single	gene	with	cellular	complexes.

There	are	several	key	limitations	to	our	cell-	based	stud-
ies.	First,	the	CRISPR-	Cas9	editing	introduces	random	in-
dels	which	are	predicted	to	result	in	frameshift	mutations	
and	protein	truncation	before	the	histone	acetyltransferase	
domain.	Therefore,	the	mutations	are	located	5’	to	the	ma-
jority	of	mutations	that	are	identified	in	KAT6B-	spectrum	
disorder.	Another	limitation	is	the	use	of	the	HEK293	cell	
line,	which	is	a	triploid,	and	transformed	cell	line	that	is	
derived	 from	 the	 human	 embryonic	 kidney.	The	 embry-
onic	kidney	is	affected	in	the	KAT6B-	spectrum	disorders	
and	has	moderate	mRNA	and	protein	expression	(Figures	
S3a,b)	 suggesting	 that	decreased	expression	should	have	
an	 effect	 on	 molecular	 phenotypes.	 We	 chose	 to	 use	
HEK293	cell	line	in	order	to	isolate	the	KAT6B	mutation	
on	isogenic	lines	rather	than	obtaining	cell	lines	from	af-
fected	 individuals,	 where	 the	 genetic	 background	 could	
have	an	undue	influence	on	transcriptomic	and	chromatin	
accessibility	 profiling.	 Future	 studies	 with	 prime-	edited	
lines	representing	specific	patient	mutations,	in	both	stem	
cell	 lines	and	animal	models,	would	 further	expand	our	
knowledge	of	how	truncating	KAT6B-	spectrum	mutations	
can	give	rise	to	distinct	clinical	features.

We	 make	 the	 intriguing	 observation	 that	 there	 are	
few	significant	changes	to	chromatin	accessibility	in	our	
HEK293	cells	but	significant	changes	to	gene	expression	
in	our	model	 system.	This	 suggests	 that	 the	effect	of	 in-
troduced	KAT6B	mutations	acts	to	change	the	transcrip-
tional	activation	domains	of	 the	KAT6B	and/or	 to	effect	
posttranslational	 modifications	 of	 transcription	 factors.	
However,	 the	 origin	 of	 the	 observed	 transcriptional	
changes	 is	 confounded	by	 the	 triploid	nature	of	 the	cell	
model	 system.	 Gene	 ontology	 enrichment	 analyses	 can	
identify	 presence	 of	 genes	 associated	 with	 known	 path-
ways	and	can	provide	some	data	on	processes	that	are	al-
tered	by	the	dysregulated	gene	set.	Early	experiments	like	
the	ones	included	here	may	help	in	identification	of	key	
relevant	pathways	that	may	be	activated	or	dysregulated	in	
the	presence	of	a	KAT6B	mutation.	These	mechanisms	are	
worthy	of	additional	exploration	using	expanded	CRISPR-	
based	screening.

As	we	continue	 to	 identify	novel	pathogenic	variants	
across	genes	and	expand	the	phenotypic	spectrums	asso-
ciated	with	these	variants,	we	must	consider	that	we	are	
shifting	from	ending	the	diagnostic	odyssey	to	preparing	
individuals	for	their	child's	evolving	needs	and	toward	an	
understanding	of	the	trajectory	of	diseases.	Understanding	
the	natural	progression	of	a	genetic	disorder	is	a	key	as-
pect	 when	 developing	 therapies—	as	 one	 needs	 to	 have	
a	 metric	 by	 which	 to	 measure	 phenotypic	 improvement	
in	the	disease	state.	Thus,	continual	identification	of	the	

clinical	spectrum	but	also	the	evolution	of	medical	needs	
over	 time	 remains	 critical	 to	 developing	 a	 complete	 un-
derstanding	of	the	disease	progression	to	enable	safe	and	
effective	therapies.
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