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Mutations in the BAF-Complex Subunit DPF2
Are Associated with Coffin-Siris Syndrome

Georgia Vasileiou,1 Silvia Vergarajauregui,2 Sabine Endele,1 Bernt Popp,1 Christian Büttner,1

Arif B. Ekici,1 Marion Gerard,3 Nuria C. Bramswig,4 Beate Albrecht,4 Jill Clayton-Smith,5

Jenny Morton,6 Susan Tomkins,7 Karen Low,7 Astrid Weber,8 Maren Wenzel,9 Janine Altmüller,10

Yun Li,11 Bernd Wollnik,11 George Hoganson,12 Maria-Renée Plona,12 Megan T. Cho,13 Deciphering
Developmental Disorders Study,14 Christian T. Thiel,1 Hermann-Josef Lüdecke,4,15 Tim M. Strom,16

Eduardo Calpena,17 Andrew O.M. Wilkie,17 Dagmar Wieczorek,4,15 Felix B. Engel,2 and André Reis1,*

Variants affecting the function of different subunits of the BAF chromatin-remodelling complex lead to various neurodevelopmental

syndromes, including Coffin-Siris syndrome. Furthermore, variants in proteins containing PHD fingers, motifs recognizing specific

histone tail modifications, have been associated with several neurological and developmental-delay disorders. Here, we report eight

heterozygous de novo variants (one frameshift, two splice site, and five missense) in the gene encoding the BAF complex subunit double

plant homeodomain finger 2 (DPF2). Affected individuals share common clinical features described in individuals with Coffin-Siris syn-

drome, including coarse facial features, global developmental delay, intellectual disability, speech impairment, and hypoplasia of

fingernails and toenails. All variants occur within the highly conserved PHD1 and PHD2motifs. Moreover, missense variants are situated

close to zinc binding sites and are predicted to disrupt these sites. Pull-down assays of recombinant proteins and histone peptides re-

vealed that a subset of the identified missense variants abolish or impaire DPF2 binding to unmodified and modified H3 histone tails.

These results suggest an impairment of PHD finger structural integrity and cohesion and most likely an aberrant recognition of histone

modifications. Furthermore, the overexpression of these variants in HEK293 and COS7 cell lines was associated with the formation of

nuclear aggregates and the recruitment of both wild-type DPF2 and BRG1 to these aggregates. Expression analysis of truncating variants

found in the affected individuals indicated that the aberrant transcripts escape nonsense-mediated decay. Altogether, we provide

compelling evidence that de novo variants in DPF2 cause Coffin-Siris syndrome and propose a dominant-negative mechanism of path-

ogenicity.
Coffin-Siris syndrome (CSS [MIM: 135900]) is a neurodeve-

lopmental disorder characterized bymild to severe intellec-

tual disability, speech impairment, growth deficiency,

feeding difficulties, coarse facial characteristics, sparse

hair, hypoplastic or absent finger- and/or toenails, and

brain anomalies, the most prominent of which is hypopla-

sia or agenesis of the corpus callosum.1,2 The rather broad

and highly variable clinical spectrum of CSS individuals

often confounds the clinical diagnosis.3 In recent years,

germline de novo mutations in several subunits of the

human BRG1-associated factor (BAF) chromatin-remodel-

ling complex (also known as the SWI/SNF-A complex)

have been associated with CSS. Heterozygous loss-of-

function variants (frameshifts, nonsense variants, and mi-

crodeletions) have been identified in ARID1A (MIM:

603024) and ARID1B (MIM: 614556), whereas variants
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with dominant-negative or gain-of-function effects

(missense and in-frame deletions) have been detected in

SMARCA4 (BRG1 [MIM: 603254]), SMARCB1 (SNF5 [MIM:

601607]), and SMARCE1 (MIM: 603111).1,4–11 Further-

more, two groups have reported haploinsufficiency of

SOX11 (MIM: 600898), a downstream transcriptional

factor of the BAF complex, in individuals with mild to se-

vere CSS.10,12 Finally, loss-of-function variants in ARID2

(MIM: 609539) have been recently associated with a

CSS-like phenotype.13

Here, we report de novo variants in DPF2 (also known as

REQ, UBID4, or BAF45d [MIM: 601671]), encoding a sub-

unit of the BAF chromatin-remodelling complex, which

has not previously been associated with neurodevelop-

mental syndromes. In total, we identified eight unrelated

individuals (four females and four males) with features of
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Figure 1. Clustering of DPF2 Variants in
PHD Fingers
(A) Schematic representationofDPF2, its do-
mains (based on GenBank: NP_006259.1),
the encoding exons (numbering based on
GenBank: NM_006268.4), and the localiza-
tion of DPF2 variants. Missense variants
are presented in red, and truncating
variants are in black. Note that the
premature termination codons of the two
truncating variants p.Asp340Glufs*12 and
p.Cys356Profs*5 reside within 50 nucleo-
tides upstream of the most 30 exon-exon
junction. The numbers in the circles indi-
cate the affected individuals. For individual
6, c.904þ1G>T is described at the genomic
level because no RT-PCR could be per-
formed. In light blue, a density blot of all
missense variants reported in ExAC Browser
version0.3.1 showsmarkedly low frequency
of variants in the PHD zinc fingers.
(B) The crystal structure of the DPF2 double
PHD finger bound to a histone peptide con-
taining acetylation at lysine 14 (H3K14ac)
(PDB: 5B7918 and 2KWJ19) shows the clus-
tering of the herein described missense
variants in the tandem PHD finger domain
(PHD finger 1 is colored in bright green,
and PHD finger 2 is colored in pale green).
The histone H3 backbone in the DPF2 bind-
ing pocket is shown in blue with an acety-
lated lysine residue at position 14 in stick
representation. Zinc ions are represented
as yellow spheres. The five affected amino
acid residues are colored in red. The electro-
static surface is represented in gray with
80% opacity. Cys276 and Asp346 reside at
the protein surface, whereas Cys330,
Arg350, and Trp369 are buried in the
PHD2 domain.20

(C) Multiple-sequence alignment of DPF2
orthologs at the de novo missense variant
positions in the tandem PHD fingers shows
high evolutionary sequence conservation.
Residues from the conserved C4HC3

signature are marked in blue (see also Figure S5A and Data S1 sheet ‘‘DPF2_orthologs’’). Numbers I1–I5 indicate the individual with
the respective variant. Positions with de novo missense variants are indicated with a red arrow. Gray shading represents conservation.
(D) Amino acid sequence alignment of DPF2 and putative human paralog proteins with similar tandem PHD fingers shows conservation
of the C4HC3 signature (see also Figure S5B and Data S1 sheet ‘‘PHD_finger_proteins_(PHF)’’). Protein sequences were obtained from
NCBI and ClustalW,21 and the msa package22 within R was used for alignment. References for the orthologs are as follows: H. sapiens
(DPF2), GenBank: NP_006259.1; M. mulatta (LOC721967), GenBank: XP_002808108.1; M. musculus (Dpf2), GenBank: NP_035392.1;
G. gallus (DPF2), GenBank: NP_989662.1; D. rerio (dpf2), GenBank: NP_001007153.1; and X. tropicalis (dpf2), GenBank:
NP_001184101.1. References for the paralogs are as follows: DPF1, GenBank: NP_001128627.1; DPF2, GenBank: NP_006259.1; DPF3,
GenBank: NP_001267471.1; KAT6A, GenBank: NP_006757.2; KAT6B, GenBank: NP_036462.2; and PHF10, GenBank: NP_060758.2.
CSS. Written informed consent was obtained from all

participants or their legal guardians, and the study was

approved by the ethical review board of the University Er-

langen-Nürnberg and the respective institutions, as well as

the East of England-Cambrige South committee of the Na-

tional Research Ethics Service for the UK Deciphering

Developmental Disorders (DDD) Study. The study received

UK research ethics committee (REC) approval (10/H0305/

83 granted by the Cambridge South REC and GEN/284/

12 granted by the Republic of Ireland REC).

DPF2 is located in chromosomal region 11q13.1 and

shows a ubiquitous expression pattern. DPF2, together
The Ameri
with DPF1 and DPF3, belongs to the d4 protein family

and functions as a non-catalytic subunit of the BAF

chromatin-remodelling complex.14–17 The protein con-

tains three domains (Figure 1A): (1) an N-terminal

requiem domain, which has been shown to interact with

catalytic (SMARCA4 and SMARCA2), core (SMARCB1 and

SMARCC1), and other (SMARCD1) subunits of the BAF

complex; (2) a single Krüppel-type zinc finger domain

(C2H2) specific to DNA binding; and (3) a C-terminal tan-

dem plant homeodomain (PHD) finger (PHD1 and PHD2).

PHD zinc fingers mediate protein interactions, bind on

nucleosomes, and recognize post-translational histone
can Journal of Human Genetics 102, 468–479, March 1, 2018 469



modifications.16,18,23,24 They are highly conserved struc-

tures containing a zinc binding motif with a Cys4-His-

Cys3 architecture (C4HC3) that anchors two Zn2þ ions.25

DPF2 was first identified as an early-apoptosis gene in

mouse myeloid cells.26 Recently, its inhibitory role in

myeloid differentiation via interaction with RUNX1,

possibly mediated by the BAF complex, was reported.23

Furthermore, DPF2 modulates the association between

the BRM-type BAF complex and the protein dimer RelB/

p52 to activate the noncanonical NF-kB pathway support-

ing oncogenesis and promotes the ubiquitination and

degradation of OCT4, a crucial stem cell pluripotency

factor.16,27

The index subject (individual 1), a 10-year-old boy from

France, was clinically suspected to have CSS on the basis of

his coarse facial features, global developmental delay,

mild intellectual disability, speech delay (first words at

48months and whole sentences at 84months), stereotypic

behavior, feeding problems for 1–2 years starting at the age

of 6 months, andmuscular hypotonia. The boy was able to

walk after the age of 17 months. Hypoplasia of the fourth

and fifth toenails and brachydactyly of the fifth fingers

were also observed (Figure 2, Table 1, and Table S1).

Chromosomal microarray analysis did not reveal any

pathogenic copy-number variants (CNVs), and Sanger

sequencing of six genes (SMARCA4, SMARCB1, SMARCE1,

ARID1B, ARID1A, and SMARCA2 [MIM: 600014]) associ-

ated with CSS and Nicolaides-Baraitser syndrome (MIM:

601358) showed no variant explaining the observed

phenotype (Supplemental Note and Table S2). Subsequent

trio exome sequencing on an Illumina HiSeq 2500 system

after enrichment with SureSelect Target Enrichment

V5 technology (Agilent Technologies) revealed the

previously unreported heterozygous de novo missense

variant c.827G>T (p.Cys276Phe) in exon 8 of DPF2. The

nucleotide change affects a highly conserved amino acid

in the PHD1 finger (Figure 1). The variant has not been

described in the Genome Aggregation Database (gnomAD)

and is computationally predicted to be deleterious

(Table S3).

Additional evidence for the correlation between the

identified DPF2 variant and the clinical phenotype was

provided by a large exome-wide trio study on 4,293 chil-

dren with severe, undiagnosed developmental disorders

(DDD Study).28 From the de novo variants reported, we

extracted two additional heterozygous DPF2 missense

variants in female individuals originating from

England: c.990C>G (p.Cys330Trp) in exon 9 (individual 2

[DDD4K.02108]) and c.1049G>A (p.Arg350His) in exon

10 (individual 3 [DDD4K.03804]). Further interrogation

of the DDD resource at a later stage for subjects with cra-

niosynostosis (Datafreeze 3: 7,833 trios and 1,792 single-

tons) revealed DPF2 missense mutations in two further

individuals, tested by trio exome sequencing: c.1037A>G

(p.Asp346Gly) in exon 10 (individual 4 [DDDP126054])

and c.1105T>C (p.Trp369Arg) in exon 11 (individual 5

[DDDP100312]). All four variants are located in the
470 The American Journal of Human Genetics 102, 468–479, March
PHD2 finger and affect highly conserved amino acids

(Figure 1). They are likewise not present in gnomAD, and

the computer-based prediction programmes classified

them as deleterious (Table S3).

On the basis of further collaborations and by employing

the web-based matching platform GeneMatcher,29 we

identified another three individuals with de novo DPF2

likely gene-disrupting (LGD) variants, all located in one

of the PHD domains. These individuals underwent trio

exome sequencing at their respective institutions.30–32

Premature termination codons occurring at least 50 bp up-

stream of the last exon-exon junction have been described

to escape nonsense-mediated decay (NMD).33,34 Two of

the variants fell under this category. mRNA sequencing

for c.1099þ1G>A (individual 7), which affects the

consensus GT splice-donor site in intron 10, showed a

heterozygous aberrant transcript with skipping of exon

10 (r.1018_1099del). This resulted in a frameshift

and a premature stop codon after 12 amino acids

(p.Asp340Glufs*12) (Figure 1A and Figures S1A und S1B).

RNA expression analysis also confirmed the 8 bp, exon

10 heterozygous deletion c.1066_1073del (individual 8),

predicted to cause a frameshift with a premature termina-

tion codon after five residues (p.Cys356Profs*5), virtually

excluding NMD (Figure 1A and Figures S1C and S1D).

The third possible LGD variant was the de novo splice-

donor mutation c.904þ1G>T in individual 6 (Figure 1A).

An RNA sample from this individual was not available.

This variant is located >50 bp upstream of the last exon-

exon junction. However, it is predicted to disrupt the

affected canonical splice-donor site of intron 8 (Table S3)

and most likely lead to the skipping of exon 8

(r.776_904del). The predicted skipping is likely to

result in a stable, in-frame insertion or deletion (p.Ser259_

Gly302delinsTrp) affecting several highly conserved

amino acids of PHD1. Apart from the DPF2 variants, the

broad genetic evaluation revealed additional rare single-

nucleotide variants or CNVs in all individuals except

individuals 4 and 8. However, these could not explain

the clinical phenotype because of either their functional

and spatial properties or the fact that they were inherited

from an unaffected parent. Additional information about

these variants is presented in the Supplemental Note

(also see Table S2).

According to the pLI (probability of loss-of-function

intolerance) value in the ExAC Browser (version 0.3.1;

accessed on September 10, 2017), DPF2 seems to be

highly intolerant to heterozygous loss-of-function variants

(pLI ¼ 1.00) and missense variants (Z score ¼ 3.30).35,36

Moreover, missense variants reported in the ExAC Browser

are located mainly in the N-terminal domain of DPF2,

whereas their frequency in PHD fingers is markedly lower

(Figure 1A). Microdeletions encompassing DPF2 have not

been associated with a clinical phenotype to date.37 In

the Database of Genomic Variants (DGV),38 two 149.5

and 242.1 kb deletions including DPF2 have been

described.
1, 2018



Figure 2. Facial Phenotype and Images from the Hands and Feet of Individuals with Variants in DPF2
(I1) Individual 1 at 9 years.
(I2) Individual 2 at 5 years, 5 months (image 1) and 16 years (images 2–5).
(I4) Individual 4 at 2 years (images 1, 4, and 5) and 12 years (images 2 and 3).
(I5) Individual 5 at 10 years, 5 months.
(I8) Individual 8 at 3 years, 9 months.
Note the hypoplasia of the fifth toenails (all individuals), hypoplasia of further toenails (I1, I4, and I8), hypoplasia of fingernails
(I4 and I8), generalized brachydactyly (I4 and I8) or fifth-finger brachydactyly (I1 and I5), and clinodactyly (I2, I5, and I8).
Facial dysmorphisms include sparse hair (I1, I4, and I8), a prominent forehead (I1, I4, and I8), hypertelorismus (I4),
macrotia (I1, I2), prominent or low-set ears (I2, I4, and I8), a broad nose (I4 and I8), thick alae nasi (I1, I4, and I8), a thin
upper lip (I2, I4, I5, and I8), a thick lower vermillion (I1 and I8), cleft lip palate (I8), and a broad and short philtrum (I1, I2, I4,
and I8).
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Table 1. Summary of the Clinical and Genetic Findings in Individuals with De Novo DPF2 Variants

Individual 1 Individual 2 Individual 3 Individual 4 Individual 5 Individual 6 Individual 7 Individual 8

De novo DPF2
variant (GenBank:
NM_006268.4)

c.827G>T
(p.Cys276Phe)

c.990C>G
(p.Cys330Trp)

c.1049G>A
(p.Arg350His)

c.1037A>G
(p.Asp346Gly)

c.1105T>C
(p.Trp369Arg)

c.904þ1G>T
(p.?)

c.1099þ1G>A
(p.Asp340Glufs*12)

c.1066_1073del
(p.Cys356Profs*5)

Exon or intron exon 8 exon 9 exon 10 exon 10 exon 11 intron 8 intron 10 exon 10

Localization PHD1 PHD2 PHD2 PHD2 PHD2 PHD1 PHD2 PHD2

Sex male female female male male female female male

Age at last clinical
assessment

10 years 16 years 18 years, 6 months NA 15 years 3 years, 2 months 7 years, 5 months 3 years, 9 months

Height <3rd % 50th % (<3rd %
until puberty)

20th–50th % <3rd % <0.4th % 11th % 15th % <3rd %

Weight <3rd % <3rd % 50th–75th % <3rd % <0.4th % 52th % 39th % NA

OFC 50th % 50th % � >97th % 50th % >97th % 96th % 50th %

Brain anomalies NA þ NA NA NA þ þ NA

Development

Developmental
delay

global moderate global moderate global mild global mild to moderate mild global global

Cognition status mild ID moderate ID moderate ID borderline ID moderate ID precise estimation
not possible (the
individual is too
young)

borderline ID mild ID

Speech delay þ þ þ þ þ þ þ þ

Motor delay � þ þ þ � � þ þ

Behavioral
anomalies

þ � þ � þ � � �

Feeding problems þ þ þ � þ � � þ

Muscular hypotonia þ � � NA � þ þ þ

Hearing loss � þ þ þ � � � þ

CSS-like facial
features

þ � þ þ � coarse coarse þ

Skeletal Anomalies

Craniosynostosis � � � sagittal sagittal � trigonocephaly
(radiographic
imaging was not
performed)

�

(Continued on next page)

4
7
2

T
h
e
A
m
e
rica

n
Jo
u
rn
a
l
o
f
H
u
m
a
n
G
e
n
e
tics

1
0
2
,
4
6
8
–
4
7
9
,
M
a
rch

1
,
2
0
1
8



T
a
b
le

1
.

C
o
n
ti
n
u
e
d

In
d
iv
id
u
a
l
1

In
d
iv
id
u
a
l
2

In
d
iv
id
u
a
l
3

In
d
iv
id
u
a
l
4

In
d
iv
id
u
a
l
5

In
d
iv
id
u
a
l
6

In
d
iv
id
u
a
l
7

In
d
iv
id
u
a
l
8

B
ra
ch

y
d
ac
ty
ly

o
n
ly

fi
ft
h
fi
n
g
er

�
�

g
en

er
al

o
n
ly

fi
ft
h
fi
n
g
er

o
n
ly

fi
ft
h
fi
n
g
er

�
g
en

er
al

C
li
n
o
d
ac
ty
ly

�
o
n
ly

fi
ft
h
fi
n
g
er

�
�

o
n
ly

fi
ft
h
fi
n
g
er

�
�

o
n
ly

fi
ft
h
fi
n
g
er

E
c
to

d
e
r
m

a
l
A
n
o
m

a
li
e
s

Sp
ar
se

sc
al
p
h
ai
r

þ
in

ch
il
d
h
o
o
d

þ
þ

�
N
A

þ
þ

N
ai
l
h
y
p
o
p
la
si
a
o
r

ap
la
si
a

fo
rt
h
an

d
fi
ft
h

to
en

ai
ls

ri
g
h
t
fi
ft
h
to
en

ai
l,

sm
al
l
le
ft

fi
ft
h

to
en

ai
l

ri
g
h
t
fi
ft
h
to
en

ai
l,

fo
u
rt
h
an

d
fi
ft
h

fi
n
g
er
n
ai
ls
,

d
y
sp

la
si
a
o
f
al
l
n
ai
ls

al
l
to
en

ai
ls
,
fi
ft
h
an

d
in
d
ex

fi
n
g
er
n
ai
ls

fi
ft
h
to
en

ai
ls
,
sm

al
l

th
ic
k
en

ed
to
en

ai
ls

al
l
to
en

ai
ls
,
fi
ft
h

fi
n
g
er
n
ai
ls

fi
ft
h
to
en

ai
ls

al
l
to
en

ai
ls
,
fi
ft
h

fi
n
g
er
n
ai
ls

C
ar
d
ia
c
an

o
m
al
ie
s

�
þ

�
þ

�
þ

þ
�

C
o
n
st
ip
at
io
n

�
þ

þ
�

þ
þ

þ
þ

R
ec
u
rr
en

t
o
ti
ti
s

þ
�

þ
N
A

�
N
A

þ
þ

A
cc
o
rd
a
n
ce

w
it
h
H
G
V
S
va
ri
a
n
t
n
o
m
e
n
cl
a
tu
re

w
a
s
ch

e
ck
e
d
w
it
h
M
u
ta
ly
ze
r
o
n
S
e
p
te
m
b
e
r
1
0
,
2
0
1
7
.
T
h
e
fo
llo

w
in
g
a
b
b
re
vi
a
ti
o
n
s
a
n
d
sy
m
b
o
ls
a
re

u
se
d
:
þ,

p
re
se
n
t;
�,

a
b
se
n
t;
%
,
p
e
rc
e
n
ti
le
;
N
A
,
n
o
t
a
n
a
ly
ze
d
;
O
FC

,
o
cc
ip
it
o
-

fr
o
n
ta
l
ci
rc
u
m
fe
re
n
ce
;
a
n
d
P
H
D
1
a
n
d
P
H
D
2
,
p
la
n
t
h
o
m
e
o
d
o
m
a
in
s.

The Americ
The clinical phenotype of individuals 2–8 was similar to

that of individual 1 and consistent with the phenotypic

spectrum of CSS (Table 1 and Table S1). Global

developmental delay was present in all individuals. Three

(individuals 2, 3, and 5), one (individual 8), and two (in-

dividuals 4 and 7) individuals exhibited moderate, mild,

and borderline intellectually disability, respectively.

Individual 6 was 3 years and 2 months old at the last clin-

ical evaluation, so a precise estimation of intellectual

development was not possible. Speech delay was promi-

nent among all affected children. In five (individuals

2–4, 7, and 8), motor milestones were delayed. Notably,

hypoplasia of the fifth toenails, a central feature of CSS

diagnosis, was observed in all individuals. Some individ-

uals displayed additional skeletal and ectodermal CSS

features, including hypoplasia of further toenails (indi-

viduals 4, 6, and 8) and/or fingernails (individuals 3,

4, 6, and 8), generalized or fifth-finger brachydactyly

(individuals 4 and 8 or 5 and 6, respectively), and fifth-

finger clinodactyly (individuals 2, 5, and 8) (see also

Figure 2).

As is known about individuals with ARID1B variants,

the CSS facial phenotype can be highly variable.39 In

our study, most individuals bearing DPF2 variants pre-

sented with coarse facies. The most consistent facial fea-

tures were sparse scalp hair (6/8), down-slanting palpebral

fissures (6/8), thick or small alae nasi (6/8), a short or

broad philtrum (6/8), large, prominent, low-set and/or

posteriorly rotated ears (6/8), a prominent forehead

(5/8), a broad nose (4/8), a wide mouth (4/8), a thin upper

lip (4/8), a thick lower vermillion (4/8), and thick eye-

brows (3/8) (Figure 2). Evaluation of growth parameters

revealed that five of eight children presented with short

stature, although height normalized during puberty in

individual 2. In total, four individuals showed evidence

of muscular hypotonia, and five manifested feeding

problems. Behavioral anomalies—including stereotypic

movements (individual 1); temper tantrums, obsessive-

compulsive behavior, hyperactivity, poor sleep pattern,

and stereotypic hand movements (individual 3); and fix-

ations, temper tantrums, competitivity, and clinically

suspected autism (individual 5)—varied across individ-

uals. Furthermore, hearing impairment was described in

four affected children. Notably, two individuals were

diagnosed with sagittal craniosynostosis (individuals 4

and 5). Individual 7 was clinically diagnosed with trigo-

nocephaly, but no radiographic imaging was performed

to confirm ametopic craniosynostosis. To our knowledge,

craniosynostosis is extremely rare in CSS, given that it was

previously described in only two individuals with an

ARID1B variant or a 2p25 deletion encompassing

SOX11.12,40 However, it is unclear whether it is a consis-

tent manifestation in individuals bearing DPF2 variants,

given that both individuals 4 and 5 were selected from

the DDD Study on the basis of this anomaly. Other com-

mon features included broad thumbs (3/8) and promi-

nent fetal fingertip pads (3/8). Finally, mild to severe
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constipation and recurrent otitis media were diagnosed in

six and four of eight affected children, respectively. Three

individuals underwent cerebral magnetic resonance imag-

ing (MRI), which showed atrophy in the right cerebellar

hemisphere (individual 2), a small pituitary gland (individ-

ual 6), and Arnold-Chiari malformation I (individual 7).

No corpus callosum anomalies were noted (Table 1 and

Table S1). Altogether, the clinical presentation of these in-

dividuals significantly overlaps that seen in CSS individ-

uals. However, CSS was either clinically suspected or

considered as a differential diagnosis only for individuals

1, 3, 7, and 8. The remaining individuals 2 and 4–6 were

not clinical diagnosed with CSS, highlighting the value

of trio exome sequencing as a clinical tool. Further pheno-

type-genotype correlation is not possible at the moment

given the relatively small number of individuals.

In order to assess the effects of the DPF2 missense vari-

ants on protein function and structure, we used a model

based on the crystal structure of DPF2 and DPF3 bound

to a histone peptide (Figure 1B) as a reference.18,19 All

five identified variants affect highly conserved residues

within the C-terminal PHD1 and PHD2 motifs (PHD1:

amino acids 272–327; PHD2: amino acids 329–374), which

are responsible for the recognition of histone modifica-

tions. Strikingly, all affected amino acids are in very close

proximity to a zinc binding site, most likely disrupting

these sites and consequently the protein structure. This is

especially evident for the affected tryptophan (Trp369)

and both cysteine residues (Cys276 and Cys330), given

that they directly disrupt a highly conserved residue of

the C4HC3 motif, which anchors the two zinc atoms of

the PHD fingers in a cross-brace topology (see also Figures

1C and 1D).20,25 Interestingly, the affected Asp346 lies on

the negatively charged PHD2 surface in the H3 peptide

binding site and directly interacts with the H3 acetylated

at lysine 14 (H3K14ac).23 The remaining affected residues

showed no direct interaction, but given the possible loss

of the zinc binding sites and the altered conformation of

PHD fingers, it can be speculated that the binding to H3

is weakened or even abolished (Figure 1B).

PHD fingers differentially recognize unmodified or

methylated and acetylated lysine, as well as unmodified

arginine residues in histone tails.18,19,25,41 Proteins con-

taining these motifs are implicated in the recruitment of

chromatin remodellers and transcription factors.25 The

tandem PHD finger domain of DPF3, a DPF2 paralog, was

shown to recruit the BAF chromatin-remodelling complex

to regulate transcription by targeting N-terminal tails of

both unmodified and modified acetylated and methylated

lysines of histones H3 and H4. Variants disrupting the

structure of one of the PHD fingers lead to the abolition

of binding to unmodified H3 and H3 modifications. Yet,

a single integral PHD is still able to recognize unmodified

H4 or acetylated lysines of H4.19,41 Similarly, intact DPF2

binds to unmodified and acetylated H4 and to unmodified,

acetylated, and methylated H3, such that H3 acetylated at

lysine 14 (H3K14ac) increases the affinity, whereas H3
474 The American Journal of Human Genetics 102, 468–479, March
methylated at lysine 4 (H3K4me3) reduces or inhibits the

interaction.19,23 It was recently reported that the tandem

PHD finger of DPF2 is also responsible for the epigenetic

regulation of transcription through the identification of

rare histone modifications such as propionylation, butyry-

lation, and especially crotonylation, the last of which leads

to a higher interaction with DPF2 than acetylation.18 In a

recent study, binding of an experimental construct bearing

variants in both PHD fingers of DPF2 to H3 and H4 histone

tails was abolished, whereas interaction with members of

the BAF complex was not, suggesting that the major

impact of these variants is the loss of histone binding.23

In order to experimentally investigate the impact of

DPF2 missense variants on histone interactions, we first

generated a GST-tagged wild-type DPF2 fusion protein

(GST-DPF2) and expression plasmids harboring three

missense substitutions found in DPF2 individuals:

p.Cys276Phe (GST-DPF2 C276F) in PHD1 and

p.Cys330Trp (GST-DPF2 C330W) and p.Arg350His (GST-

DPF2 R350H) in PHD2. The two remaining missense

variants, p.Asp346Gly and p.Trp369Arg, were added at

the latest stage of our study after completion of the

functional analyses. To perform histone binding assays,

we produced recombinant GST proteins by using a gluta-

thione-S-transferase pull-down system. We assessed the

interaction with the histones by using H3 and H4 bio-

tinylated histone peptides, either unmodified or harboring

specific modifications. We observed strong binding of the

wild-type DPF2 to both unmodified and acetylated or

methylated H3 (unmodified H3, H3K14ac, H3K9ac,

H3K9/14ac, H3K9me2, and H3K9me3). Both H3 trimethy-

lated at lysine 4 (H3K4me3) and H3 di- or trimethylated at

lysine 27 (H3K27me2 or H3K27me3, respectively) showed

either no or very weak interaction with DPF2. Unmodified

and acetylated H4 at lysine 12 also showed binding,

albeit weaker, to DPF2. Reciprocally, all three mutants

abolished (H3K14ac and H3K9/14ac) or strongly attenu-

ated (unmodified H3, H3K9ac, H3K9me2, and H3K9me3)

the binding to H3, but not to unmodified or acetylated

H4 (Figure 3A). These data suggest that the three missense

variants examined indeed impair the structural integrity of

either PHD1 or PHD2 and result in the aberrant reading of

H3 histone modifications. Additionally, they confirm that

the tandem PHD1-PHD2 finger works as an integral unit

for the identification of H3 and H3 modifications by

DPF2, as previously described for DPF3.41 Considering

that DPF2, like DPF3, is a subunit of the BAF chromatin-

remodelling complex, we suggest that the identified

missense substitutions in nucleosome-targeting modules

disrupt the tandem PHD finger’s functional cohesion and

capacity to recognize H3 histone modifications and thus

lead to misreading from the BAF complex and epigenetic

deregulation of gene transcription, as shown for DPF3.41

Next, we determined whether the identified missense

variants impair the sub-cellular localization of DPF2. To

this end, we employed immunofluorescence confocal

microscopy in HEK293 cells overexpressing GFP-tagged
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Figure 3. Functional Consequences of the DPF2 Missense Variants on Histone Binding and Sub-nuclear Localization
(A) Western blot analysis of histone peptide pull-downs shows the absence or residual binding of the GST-DPF2 recombinant proteins
harboring the three missense variants to unmodified, acetylated, or methylated H3 peptides (wild-type GST-DPF2 is shown for compar-
ison). Note that the interaction with unmodified and acetylated H4 peptides was not affected. Purified GST-fusion proteins and histone
peptides are indicated. Input represents 5% of the purifiedGST proteins used in the pull-downs. As a control, no peptide was added in the
pull-down assay. GST-tagged wild-type DPF2 and mutants were generated by N-terminal subcloning from the pEGFP-C3 into a
pGEX4T1(GST) vector via BglII and SalI restriction sites (Table S4). Expression of GST-DPF2 fusion proteins in BL21 bacteria was induced
with 0.1 mM IPTG. Collected cells were resuspended in 25 mM HEPES (pH 7.5), 500 mM KCl, 0.2 mM DTT, 1 mM EDTA, 10% glycerol,
and proteinase inhibitor (Roche) and lysed with a French pressure cell press and then sonicated. Proteins were purified with Glutathione
Sepharose 4B (GE Healthcare) according to the manufacturer’s instructions and eluted with 10mM glutathione (pH 8.5). The eluted pro-
tein was dialysed with the Slide-A-Lyzer MINI Dialysis Device (ThermoFisher Scientific) against 25 mM HEPES (pH 7.5), 500 mM KCl,
0.2 mM DTT, 1 mM EDTA, and 10% glycerol for 2 hr and the same buffer with 60% glycerol overnight. Histone-peptide binding assays
were performed as described in Lange et al.41 Biotinylated histone peptides were purchased from Millipore (unmodified H3, 12-403;

(legend continued on next page)
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DPF2 (GFP-DPF2) or the PHDmutants. All transfected pro-

teins were present in similar amounts (Figure 3D). Both

wild-type and mutant proteins showed exclusively nuclear

localization. This was diffuse for wild-type DPF2, whereas

approximately 30% of cells expressing the missense

variant in PHD1 (GFP-DPF2 C276F) and 50% of those

with the missense variant in the second amino acid of

PHD2 (EGFP-DPF2 C330W) formed distinct aggregate-

like nuclear structures, which were negative for DAPI stain-

ing (Figures 3B and 3C). The percentage of cells exhibiting

these abnormal nuclear accumulations peaked 72 hr after

transfection (Figure 3C). The mutant harboring the alter-

ation in the middle of the PHD2 finger (GFP-DPF2

R350H) had only a marginal effect on the formation of ag-

gregates (Figures 3B and 3C). In order to exclude that the

formed aggregates were technical artifacts relating to the

GFP-tagged protein, we complementarily used a FLAG

expression vector. The results were highly comparable (Fig-

ures S2A and S2B). The formation of aggregates was further

validated in a second, COS7 cell line (Figure S2C). The

observation of nuclear aggregates of DPF2 with a disrupted

PHD finger structure is in accordance with a previous study

that used HeLa cells to investigate the regulation of OCT4

by DPF2.27 Protein misfolding can lead to protein aggrega-

tion, a major characteristic of several disorders, including

neurodegenerative conditions.43 We therefore speculate

that the formation of nuclear aggregates in the two DPF2

mutants correlates with aberrant protein conformation,

which could lead to protein dysfunction. Strikingly, in

HEK293 cells, co-transfection experiments showed that

the wild-type GFP-DPF2 was recruited to the aggregates

formed by C276F and C330W FLAG-DPF2 mutants. This

recruitement was accompanied by fewer cells showing ag-

gregates than those co-expressing the FLAG-DPF2 mutants

with control empty GFP (Figures S3A and S3B). Further-

more, co-expressed FLAG-BRG1 co-localized with the two

GFP-DPF2 mutants within the aggregate-like structures

(Figure S3C). The recruitment of wild-type DPF2 to the

nuclear aggregates formed by mutant DPF2 proteins and

the concomitant reduction of aggregate-exhibiting cells

suggest an interaction between wild-type and mutant

DPF2. This would be in line with a dominant-negative
H3K9ac, 12-431; H3K14ac, 12-425; H3K9/14ac, 12-402; H3K9me2, 1
H3K27me3, 12-565; unmodified H4, 12-372) and Tebu-bio (H4K12a
(B) Representative confocal immunofluorescence microscopy images
wild-type DPF2 (column 2) and mutant (columns 3–5) GFP-tagged co
whereas wild-type DPF2 and mutants exhibited exclusively nuclear
mation of nuclear protein aggregates, whereas R350H had a minor ef
pictures with DAPI. Scale bar, 10 mm. Wild-type DPF2 cDNA was am
pEGFP-C3 vector with the In-Fusion HD Cloning Plus Kit (Clontech,
in DPF2 were generated by mutagenesis PCR. Primers used for cloni
grown as described in Vasileiou et al.42 3 3 105 HEK293 cells were cu
plasmids with the use of polyethylenimine. After 48 hr, cells were fix
cence images were acquired on an LSM 800 confocal laser scanning
(C) HEK293 cells were examined 48 and 72 hr after transfection, an
gates. Error bars represent the mean 5 SEM, and significant values
t test). 100 random cells were used per experiment (n ¼ 3).
(D) Western blot analysis from lysates of HEK293 cells transfected wi
panActin (bottom). Molecular weight (kDa) is indicated on the left o
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pathomechanism. In addition, the sequestration of the

catalytic BRG1 subunit of the BAF complex in the aggre-

gates suggests that these DPF2 variants could lead to the

disruption of the physiological interactome of the BAF

complex. Further experiments are necessary to elucidate

whether the nuclear-aggregation phenotype is associated

with the alterations that directly affect amino acids of

the C4HC3 motif, given that the p.Arg350His variant,

which has a minor effect, is the only one of the three stud-

ied substitutions to be located outside of it.

Variants in the two paralog BAF subunits of DPF2 (DPF1

and DPF3) have not been associated with disease in

humans to date. Yet, alterations in genes encoding chro-

matin-related PHD-containing proteins, some of which

even directly target the evolutionary conserved PHD mo-

tifs, have been implicated in many neurodevelopmental

disorders. More specifically, mutations disrupting the

PHD fingers encoded by BRPF1 (MIM: 602410), NSD1

(MIM: 606681), ATRX (MIM: 300032), CREBBP (MIM:

600140), PHF6 (MIM: 300414), KDM5C (MIM: 314690),

KMT2A (MIM: 159555), and KMT2D (MIM: 602113) cause

syndromic intellectual disability (MIM: 617333), Sotos

syndrome (MIM: 117550), alpha-thalassemia and mental

retardation X-linked syndrome (MIM: 301040), Ruben-

stein-Taybi syndrome (MIM: 180849), Börjeson-For-

ssman-Lehmann syndrome (MIM: 301900), mental retar-

dation, X-linked, syndromic, Claes-Jensen type (MIM:

300534), Wiedemann-Steiner syndrome (MIM: 605130),

and Kabuki syndrome 1 (MIM: 147920), respectively.44–49

Interestingly, some of the pathogenic variants found in

other PHD-containing proteins affect homologous protein

residues that overlap those altered in individuals with

DPF2 variants (Figure S6 and Data S1). Dysregulated PHD

proteins are also involved in additional human diseases

(Figure 1D, Figures S4 and S5B, and Data S1).

In summary, the following lines of evidence support the

pathogenicity of the identified DPF2 variants: (1) their de

novo occurrence, (2) the PHD finger mutational hotspot,

(3) the intolerance of DPF2 and especially its encoded tan-

dem PHD finger domain to variation, and (4) the fact that

functional analyses of the missense alterations showed

abolished or attenuated H3 binding and the formation of
2-430; H3k9me3, 12-568; H3K4me3, 12-460, H3K27me2, 12-566;
c, 12-0032; H4K16ac, 12-0033).
of HEK293 cells overexpressing empty GFP vector (column 1) and
nstructs. GFP was homogeneously distributed throughout the cell,
localization. Note that C276F and C330W mutants led to the for-
fect. The top panel shows GFP, and the lower panel shows merged
plified by PCR. The product was N-terminally inserted into the

Takara) according to the manufacturer’s instructions. The variants
ng and mutagenesis are described in Table S4. HEK293 cells were
ltured on coverslips and transfected with 1 mg GFP and GFP-fusion
ed with 100% methanol at �20�C and stained with DAPI. Fluores-
microscope (Carl Zeiss) with a 633 lens.
d graphs indicate the percentage of cells exhibiting nuclear aggre-
are indicated with *p < 0.05 or **p < 0.01 (unpaired Student’s

th the indicated plasmids with the use of anti-GPF (top) and anti-
f the western blotting panels.
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nuclear DPF2 aggregates. Despite the intolerance to loss-of-

function variants (as evidenced by the high pLI value),

haploinsufficiency seems unlikely given that the annota-

tion of deletions encomprassing DPF2 in normal popula-

tions indicates that a complete loss of one allele could be

neutral. On the contrary, the clustering of all variants

within an evolutionarily highly concerved region, as

previously described for other BAF subunits (SMARCA4,

SMARCA2, SMARCB1, and SMARCE1), the nuclear-

aggregation phenotype, and the recruitment of wild-type

DPF2 and BRG1 to the aggregates indicate a dominant-

negative effect. The results of the expression analysis of

the splice-site and frameshift DPF2 variants found in

affected individuals, suggesting that the truncated tran-

scripts escape NMD, further support the dominant-nega-

tive hypothesis. Nevertheless, without protein analysis,

we cannot completely exclude the possibility that a trun-

cated RNA or protein instability leads to a specific loss of

function of PHD fingers, at least for the truncating

variants.

In conclusion, we have identified eight individuals who

display a CSS phenotype and bear de novo variants in the

DPF2 PHD finger domains. Our study further confirms

the crucial role of PHD-finger-containing proteins in hu-

man neurodevelopmental disorders and strengthens the

association between the etiology of CSS and variants

affecting the function of subunits of the BAF chromatin-

remodelling complex.
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