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Mutations in Histone Acetylase Modifier
BRPF1 Cause an Autosomal-Dominant Form
of Intellectual Disability with Associated Ptosis
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Intellectual disability (ID) is a common neurodevelopmental disorder exhibiting extreme genetic heterogeneity, and more than 500
genes have been implicated in Mendelian forms of ID. We performed exome sequencing in a large family affected by an autosomal-domi-
nant form of mild syndromic ID with ptosis, growth retardation, and hypotonia, and we identified an inherited 2 bp deletion causing a
frameshift in BRPFI (c.1052_1053del) in five affected family members. BRPF1 encodes a protein modifier of two histone acetyltrans-
ferases associated with ID: KAT6A (also known as MOZ or MYST3) and KAT6B (MORF or MYST4). The mRNA transcript was not signif-
icantly reduced in affected fibroblasts and most likely produces a truncated protein (p.Val351Glyfs*8). The protein variant shows an
aberrant cellular location, loss of certain protein interactions, and decreased histone H3K23 acetylation. We identified BRPF1 deletions
or point mutations in six additional individuals with a similar phenotype. Deletions of the 3p25 region, containing BRPF1 and SETDS,
cause a defined ID syndrome where most of the clinical features are attributed to SETDS5 deficiency. We compared the clinical symptoms
of individuals carrying mutations or small deletions of BRPF1 alone or SETD5 alone with those of individuals with deletions encompass-
ing both BRPF1 and SETD5. We conclude that both genes contribute to the phenotypic severity of 3p25 deletion syndrome but that
some specific features, such as ptosis and blepharophimosis, are mostly driven by BRPF1 haploinsufficiency.

Intellectual disability (ID) characterizes a group of neuro-
developmental disorders that constitute a major public
health, social, and educational problem because of
the cumulated frequency and the heavy burden for
affected individuals and families. ID is defined by
significant limitations in both intellectual functioning
and adaptive behavior associated with an intellectual
quotient (IQ) below 70, and it affects about 2% of chil-
dren or young adults. Moderate to severe forms of ID
can be caused by chromosomal anomalies, including
pathogenic deletions or duplications or single-gene de-
fects with recessive, X-linked, or autosomal-dominant in-
heritance. More than 500 genes have been implicated in
Mendelian forms of ID. Mutations can cause non-syn-
dromic or syndromic ID with other associated clinical fea-
tures. Additionally, a number of recurrent microdeletions
also cause ID.

Terminal 3p and interstitial deletions of the 3p25-p26
region cause 3p deletion syndrome (MIM: 613792), charac-
terized by mild to severe ID, growth retardation, micro-

cephaly, and dysmorphic features, notably ptosis." The
terminal or interstitial deletions range from large deletions
of several megabases to smaller deletions of fewer than
500 kb and do not always overlap, rendering it difficult
to identify the genes associated with the phenotype. An
increasing number of individuals harboring deletions
of this region has advanced the understanding of the
critical genes for this 3p25 region. Several individuals
with a small 3p25.3 distal deletion present with a non-3p
phenotype with ID, epilepsy, poor speech, ataxia, and
stereotypic hand movements, and the two genes encod-
ing GABA transporters, SLC6A1 (MIM: 137165) and
SLC6A11 (MIM: 607952), were suspected to be involved.?
For the more proximal deletions in 3p25, the most
promising gene appears to be SETDS (MIM: 615743), en-
coding a putative histone methyltransferase. Indeed,
variations in SETDS in individuals with ID and clinical fea-
tures consistent with the 3p deletion syndrome have
recently been reported.>> However, some clinical features
recurrent in 3p25 deletion syndrome, such as ptosis and
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blepharophimosis, are not consistently observed in indi-
viduals with SETDS mutations.

Here, we investigated the genetic origin of an autosomal-
dominant syndromic form of mild ID associated with
other features such as growth retardation, ptosis, and rela-
tive microcephaly, present in six affected relatives over
three generations (Figure 1A). Ethical approval was ob-
tained from the local ethics committees. The proband,
III-2, was born at term with intrauterine growth restriction:
weight 2,900 g (fifth percentile), height 46 cm (third
percentile), and head circumference 32.5 cm (third percen-
tile). Bilateral clubfeet were diagnosed during the preg-
nancy, and a karyotype was performed but was negative.
At birth, edema of the back of the feet was noticed. He
was hospitalized at the age of 1 month for the association
of hypotonia and eating disorders without weight gain.
The clinical examination found dysmorphic features
with left ptosis, bilateral epicanthus, anteverted nostrils,
a round face, a long philtrum, small and round ears, and
unilateral cryptorchidism (Figure 3). Brachymetacarpia
and clinodactyly of the toes were also noticed. Echocardi-
ography, renal ultrasound, and cerebral echography found
no anomaly. The cerebral computed tomography scan and
hearing were normal. Gastroesophageal reflux was diag-
nosed. His development was significant for growth restric-
tion and development of psychomotor delay. At 4 months
old, the proband weighed 4,950 g (—1.5 SDs) and had a
length of 54 cm (-3 SDs) and a head circumference of
39.5 cm (—1.5 SDs). At 4 years old, he weighed 14 kg
(—1 SD) and had a length of 94 cm (-2 SDs) and a head
circumference of 48.5 cm (—2 SDs). The boy sat at
16 months and walked at 30 months of age. He also pre-
sented with delayed language, and toilet training was ac-
quired at 4 years of age. He had surgery for his ptosis and
for cryptorchidism. His older brother (III-1) presented
with no ID, growth disorder, or facial dysmorphism. How-
ever, his mother (II-2) presented with mild ID (permitting
professional integration), short stature (150 cm), bilateral
ptosis, facial dysmorphism similar to that of her son, and
brachymetacarpia. Familial history revealed that her
mother (deceased) and two of her sisters presented with
the same phenotype. The phenotype is more severe for sis-
ter II-5, who had surgery twice for her ptosis with limited
results and has had limited employment (Figure 3). She
also presented with hypothyroidism. The other sister
(I1-3) also had surgery twice for her ptosis with limited re-
sults (Figure 3). She was 153 cm tall. Her daughter (III-4)
presented with bilateral ptosis and mild ID with learning
difficulties and concentration problems. Secondarily, the
mother (II-2) had a new pregnancy: fetal echography
showed a suspected anomaly of foot positioning, indi-
cating possible clubfeet. At birth, the baby (III-3) had
normal growth parameters: he weighed 3,560 g and had
a length of 48 cm and a head circumference of 35 cm. He
presented with pes varus, edema of the back of the feet,
and the same facial dysmorphism as that of his brother.
Progressively, the child presented with growth retarda-

tion, relative microcephaly, and developmental delay. At
19 months old, he could not walk. He weighed 8.2 kg
(—3 SDs) and had a length of 75 cm (-2 SDs) and a head
circumference of 45 cm (—2.5 SDs). His DNA was not avail-
able for testing. The child III-4, a cousin of the index in-
dividual, was born at term with short stature (47 cm), a
normal weight (3,050 g), and a normal head circumference
(33 cm). Bilateral ptosis was rapidly diagnosed and surgi-
cally repaired. Her motor development was within accept-
able limits, given that she could sit at 8 months and walked
at 18 months. Later, she presented with delayed language,
difficulties at school, and behavioral disorders. Echocardi-
ography, electroencephalogram, cerebral MRI, and a hear-
ing test were normal. Unlike that of her cousins, her
growth was normal: at 5.5 years, she weighed 22 kg and
had a length of 114 cm and a head circumference of
50 cm. On clinical examination, the child presented with
the same familial dysmorphism. Since then, the parents
have had another child, who is in good health without
developmental delay or facial dysmorphism.

The most severely affected individual (III-2) underwent
multiple genetic tests before we decided to perform
whole-exome sequencing (WES). In addition to karyotype,
array comparative genomic hybridization, and fragile-X
testing, many tests have been conducted, including evalu-
ation of 22ql11.2 MIM: 611867) and 22q13.3 (MIM:
606232) deletion syndromes (by fluorescence in situ
hybridization), as well as Prader-Willi (MIM: 176270)
(15q11.2-q13 DNA methylation), DM1 myotonic dystro-
phy (MIM: 160900) (DMPK [MIM: 605377] expansion),
Aarskog (MIM: 305400) (FGD1 [MIM: 300546] se-
quencing), Noonan (MIM: 163950) (PTPN11 [MIM:
176876], SOS1 [MIM: 182530], RAF1 [MIM: 164760],
SHOC2 [MIM: 6027735] sequencing), and Saethre Chotzen
(MIM: 101400) (TWIST1 [MIM: 601622] and FGFR3
[MIM: 134934] sequencing) syndromes.

Given that no pathogenic genetic event could be identi-
fied by these genetic investigations, we performed WES
for individual III-2, his maternal cousin (III-4), and his
maternal aunt (II-5). Libraries and captures from genomic
blood DNA were done with the SureSelect XT Human All
Exon VS Kit (Agilent Technologies), and sequencing was
performed on a 100 bp paired-end run on the HiSeq
2500 sequencer (Illumina). Reads were aligned and vari-
ants were called and annotated as previously described.®’
To identify a variant shared by the three affected individ-
uals, we used the family barcode given by the VaRank
ranking program.® Then, we filtered out the frequent
mutations by using public databases and a large cohort
of ID-affected individuals as previously described.”
Applying these criteria, we identified four candidate
variants: one loss-of-function (LoF) and three missense var-
iants in the heterozygous state in all three affected mem-
bers. The three missense variants, c.650G>A (p.Arg217His)
(GenBank: NM_080668.3) in CDCA5 (MIM: 609374),
c.143C>T (p.Ser48Leu) (GenBank: NM_005199) in
CHRNG (MIM: 100730), and c.1279C>T (p.Pro427Ser)
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Figure 1. Identification of a Co-segregating 2 bp Deletion, c.1052_1053del, in BRPF1 in a Family with Three Generations Affected by a
Form of Mild ID Associated with Ptosis

(A) Pedigree of family A, which has three affected generations.

(B) The mutation partially escapes NMD. Quantitative real-time PCR was performed on RNA extracted (three extractions per individual)
from fibroblasts of individual II-5 and three unrelated control individuals. The expression of BRPF1 in relation to the average of two refer-
ence genes, GAPDH and 18S, was calculated by the 222" method. A t test was performed and showed no significant difference in the
BRPF1 mRNA level (error bars indicate the SD of three independent experiments). Sequences of blood DNA and fibroblast cDNA (treated
or not with the NMD-blocker emetine) from individual II.5 are shown on the right.

(C) Expression of BRPF1 in HeLa cells. HeLa cells transfected with HA-tagged wild-type or p.Val351Glyfs*8 BRPF1 cDNA. Cells were har-
vested 36 hr after transfection. BRPF1 expression was analyzed by SDS-PAGE, and immunoblotting was performed with anti-HA
antibody.

(D) HeLa cells were transfected with HA-tagged wild-type or p.Val351Glyfs*8 BRPF1 cDNA. BRPF1 localization was visualized by immu-
nofluorescence with an anti-HA antibody. Nuclei were colored in blue by Hoechst staining.

(E) HA-tagged wild-type or mutant BRPF1 was transfected along with expression plasmids for FLAG-tagged KAT6A, HA-tagged INGS, and
HA-tagged MEAF6 into HEK293 cells. HAT complexes were immunoprecipitated from protein extracts with anti-FLAG antibody to pull
down KAT6A, and products of the complex were revealed by western blot using anti-HA antibody.

(GenBank: NM_198517) in TBCID10C (MIM: 610831), identified was a 2 nt deletion, c.1052_1053del (GenBank:
were unlikely to be considered pathogenic for the syn- NM_001003694.1) in BRPF1 (MIM: 602410), which en-
dromic ID phenotype (Table S1). The unique LoF variant codes bromodomain and PHD finger-containing protein 1.
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Figure 2. Mutations in BRPF1 and Deletions in the 3p25 Region

(A) Overview of 3p25 deletions reported in the literature and in DECIPHER (from the UCSC Genome Browser). Black lines indicate a
deletion encompassing both SETD5 and BRPF1; orange lines represent the deletion containing SETD5 but not BRPF1; and red lines indi-
cate the two deletions including BRPF1 but not SETDS reported in DECIPHER.

(B) Pedigree of the two additional families affected by 3p25 deletions encompassing BRPF1 but not SETDS.

(C) Pedigree of four additional families with the BRPF1 pathogenic variants shown in (D).

(legend continued on next page)
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This deletion occurred in a well-conserved region, accord-
ing to PhastCons and USCS Multiz alignment of 100 verte-
brates and orthologs (from Ensembl), and was predicted to
cause a frameshift leading to a premature stop codon eight
amino acids downstream. Sanger sequencing in available
family members confirmed that affected individuals car-
ried deletion ¢.1052_1053del (Figure 1A), which has been
added to ClinVar.

To evaluate whether BRPF1 is tolerant of protein-trun-
cating variants, we looked in the Exome Aggregation Con-
sortium (ExAC) Browser, which contains 60,706 exomes
from individuals unaffected by severe pediatric diseases.
Here, we found five variants potentially leading to LoF
in BRPFI: one nonsense and four splice variants. The
nonsense variant is reported in one individual but present
in only 21% of reads, suggesting a mosaic status (Table S2).
The four splice variants are present in the heterozygous
state. One of them is present in several (six) individuals
but affects a known processed non-coding transcript
(Ensembl: ENST00000469066.1). The three remaining
variants are present in one individual each and affect
canonical splice sites of exon 8 (324 nucleotides; might
create an in-frame deletion of 108 amino acids), exon 9
(285 nucleotides; might create an in-frame deletion of 95
amino acids), or exon 11 (137 nucleotides; might create a
frameshift). On the basis of gene length, 36 LoF variants
in the BRPF1 coding region could be expected for this
gene; however, only five have been reported.® These data
suggest that BRPF1 is an extremely LoF-intolerant gene
(probability of LoF intolerance = 1).

To investigate whether the mutant BRPF1 transcript un-
dergoes nonsense-mediated decay (NMD), we obtained
dermal fibroblasts from skin biopsy of individual II-5 and
three unrelated control individuals. They were expanded
as previously described.” Fibroblast RNA was extracted
according to the TRI Reagent protocol (Molecular Research
Center), treated with DNasel (Roche Diagnostic), and
reverse transcribed into ¢cDNA with random hexamers
and SuperScript II Reverse Transcriptase according to
the manufacturer’s recommendation. PCR was performed
with specific primers (BRPF1 5'-tgccagaacagcaatgtcatcctc-3/
[forward] and 5’-cgcacaggctccatcttcatgtaa-3’' [reverse]).
qPCR were performed in triplicate, and the BRPF1 mRNA
level was quantified by the 222" method with an average
of two reference genes, GAPDH and 18S. A parametric Stu-
dent’s t test was performed to compare the relative BRPF1
expression and revealed a slight but not significant decrease
in BRPF1 mRNA levels in individual II-5, suggesting that
the mutated transcript partially escapes NMD. cDNA
sequencing (GATC) from II-5 revealed the presence of
both the wild-type and the mutant transcripts (Figure 1B),

but peak heights were lower for the latter. A similar peak
height could be restored when fibroblasts from individual
1.5 were treated with emetine (100 pg/mlL) to block
NMD, confirming that the ¢.1052_1053del BRPFI tran-
script undergoes partial NMD.

The deletion leads to a frameshift with the appearance of
a premature stop codon: p.Val351Glyfs*8. The truncated
protein is predicted to contain 358 amino acids instead
of 1,220 and lacks several essential functional domains,
including the second PHD finger domain, the bromodo-
main, and the PWWP domains, which are involved in his-
tone recognition and binding (Figure 2D). We were not
able to detect wild-type BRPF1 by western blot in fibro-
blasts from control individuals with the anti-BRPF1
antibody (Peregrin N-16, sc-103110, Santa Cruz Biotech-
nology; PCRB-BRPF1-2A12, DSHB, University of Iowa).
To evaluate the protein, we generated N-terminal HA-
tagged wild-type and mutant BRPF1. HeLa cells were trans-
fected (Lipofectamine 2000, Invitrogen), and total proteins
were extracted after 36 hr. Western blot using anti-HA anti-
body revealed an ~50 kDA truncated BRPF1 that accumu-
lated at a lower level than the wild-type, suggesting
reduced stability (Figure 1C). Using fluorescence micro-
scopy, we observed that wild-type BRPF1 localized to the
cytoplasm with the formation of cytoplasmic puncta, as
previously reported (Figure 1D).'” By contrast, the mutant
BRPF1 signal was weaker, and the truncated protein ap-
peared to be more uniformly distributed in both the cyto-
plasm and nucleus.

BRPF1 is a chromatin regulator that promotes histone
acetylation by bringing different histone acetyltrans-
ferases (HATs) of the MYST protein family (HBO1, KAT6A
[also known as MOZ], and KAT6B [MORF]) into a com-
plex with other regulator proteins, such as INGS and
MEAF6.'>'* The truncated protein, p.Val351Glyfs*8, still
contains the KAT6B and KAT6A interaction domains be-
tween amino acids 59 and 222.'” A similarly truncated
form of BRPF1 (AN-terml, truncated after amino acid
354) was still able to bind KAT6A."®> However, the ING5-
MEAF6 interaction is mediated by amino acids 540-
640,'” suggesting that p.Val351Glyfs*8 BRPF1 would
not be able to bring these two proteins into the HAT com-
plex. To test this, we transfected HA-tagged wild-type
and p.Val351Glyfs*8 BRPF1, along with expression plas-
mids for FLAG-tagged KAT6A, HA-tagged INGS, and HA-
tagged MEAF6, into HEK293 cells. The HAT complexes
were immunoprecipitated from protein extracts with
anti-FLAG antibody to pull down KAT6A, and products
were analyzed by western blot using anti-HA antibody
(Figure 1E). We observed that both wild-type and
p-Val351Glyfs*8 BRPF1 were able to bind KAT6A. Whereas

(D) Top: schematic representation of BRPF1 and localization of the five different LoF and missense mutations. Bottom: the four de novo

LoF variants described by the DDD project in individuals with neurodevelopmental conditions

19 (in dark blue) and the LoF variant iden-

tified in one boy with schizophrenia and mild ID."' Domains are colored as follows: yellow, PHD finger (°PHD) domains; green, bromo-
domain (Bromo), involved in the recognition of acetylated lysine residues; blue, PWWP nucleosome-binding domain. Regions involved

in binding with MOZ, MORE, INGS5, and EAF6 are underlined.'?
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the wild-type was able to bind INGS5 and MEAF6, the
p-Val351Glyfs*8 variant failed to do so.

To investigate the effect of the BRPF1 mutation on the
global acetylation level of histone H3, we extracted his-
tones from the fibroblasts of individual II-5 and three
unrelated healthy control individuals. We used 2 pg of
histone proteins to detect global histone H3 acetylation
with the EpiQuik Global Histone H3 Acetylation Assay
Kits (Epigentek) (Figure S1A). No significant difference in
H3 acetylation levels was detected. To dissect more specif-
ically the acetylation occurring at the different lysines
known to be acetylated by the KAT6A-KAT6B HAT
complex,'*"> we performed western blot analysis on his-
tone extractions with specific anti-H3K9 (ab4441, Abcam),
anti-H3K14 (in house), and anti-H3K23 (9674, Cell
Signaling) antibodies, and we normalized the intensities
obtained to the intensity of global histone H3 (catalog
no. 06755, lot 31949, Upstate). No change in acetylation
levels was observed for H3K9 or K14 (Figure S1B); however,
compared with control individuals, individual II-5 showed
a slight but non-significant decrease in the acetylation
level of H3K23. Histone H3 acetylation levels were also
analyzed in histone extracts obtained from HeLa cells co-
transfected with constructs encoding KAT6A, INGS, and
MEAF6 with or without wild-type or p.Val351Glyfs*8
BRPF1. No difference was observed in the ability to stimu-
late K9 and K14 acetylation between wild-type and mutant
BRPF1. However, unlike wild-type BRPF1, the p.Val351-
Glyfs*8 variant failed to stimulate K23 acetylation of his-
tone H3 (Figure S1C).

BRPF1-KAT6A-KAT6B complexes are involved in the
development of the forebrain and other organs in mice,
and complete knockout causes embryonic lethality with
vascular defects and abnormal neural tube closure.'® Inac-
tivation in mice and other animal models, including
medaka fish, has demonstrated that BRPF1 acts through
the regulation of Hox genes to effect skeletal develop-
ment."”"” To determine whether BRPF1 also alters HOX
expression in humans, we investigated the expression of
human homologs of some Hox genes described as regu-
lated by the murine BRPF1-KAT6A-KAT6B complex in indi-
vidual II-5 fibroblasts. Results obtained for HOXA7 (MIM:
142950) and HOXC10 (MIM: 605560) were not interpret-
able as a result of variability in expression among control
individuals (data not shown). However, low variability
was observed in control individuals for the HOXDS
(MIM: 142985) mRNA level, and we observed that the level
of HOXD8 mRNA was significantly higher in individual
I1-5 than in control individuals (Figure S2).

In order to confirm the association between BRPFI and
ID, we performed data exchange to retrieve additional
individuals carrying BRPF1 mutations. We first queried
DECIPHER to identify copy-number variants affecting
BRPF1 and identified two individuals with 3p25 deletions
including BRPF1 but not SETDS (a gene previously associ-
ated with ID) (Figure 2A). Clinical details of these two indi-
viduals are compared to the clinical symptoms of the first

family (Tables 1 and 2; Table S3). The first individual has
a de novo 172 kb deletion encompassing BRPF1 and four
other genes (family B individual 6; Figure 2B). The second
has a 181 kb deletion including BRPF1 and eight other
genes (family C individual 7; Figure 2B; Figure 3); this
was inherited from her mildly affected mother (individual
8). Both individuals have mild ID, ptosis or blepharophi-
mosis, and a roundish face, clinical features that overlap
those of members of the large family. Next, we used the
GeneMatcher exchange database to search for ID-affected
individuals with BRPF1 mutations identified by WES anal-
ysis (where no other obvious candidate gene was present).
We found three nonsense or frameshift variations—
€.2982C>G (p. Tyr994*), c.567delT (p.Asp190Metfs*24),
and c.104dupA (p.Tyr35*)—and one de novo missense
variant, c.1165T>C (p.Cys389Arg) (Figure 2C). Two of
the nonsense mutations occurred de novo, and one was
from unknown inheritance (in an adopted boy with a fam-
ily history in his biological family; no DNA was available
for testing). The missense variant affects a well-conserved
amino acid located in the second PHD domain and is pre-
dicted to be pathogenic (by SIFT and PolyPhen-2). These
four individuals presented with mild to moderate ID,
hand and feet anomalies, and similar facial appearances
with the presence of ptosis (Tables 1 and 2; Table S3;
Figure 3). In total, all individuals with BRPF1 mutations
or deletions have mild or moderate ID. Of the three indi-
viduals with moderate ID, two (individuals 10 and 11)
carry the earliest truncating mutations, whose protein
products would lack at least part of the interaction domain
with KAT6A and KAT6B. This truncated protein product
might increase the severity of the phenotype, but we
cannot exclude other genetic or environmental modifiers
in the variable expressivity of this disorder.

De novo truncating variants in BRPFI have also been
recently reported in large studies: the Deciphering
Developmental Disorders (DDD) study has reported
four de novo LoF variations in BRPF1—c.1883_1886dup
(p-GIn629Hisfs*34), c.2117dup (p-Val707 Argfs*8),
€.2497C>T (p.Arg833*), and ¢.2915dup (p.Met973Asnfs*
24), identified in 4,293 UK individuals with neurodevelop-
mental disorders.'” A de novo LoF variant was also
reported in BRPF1 in one male individual from a schizo-
phrenia cohort.'!

3p25 deletion syndrome is characterized by ID, growth
retardation, microcephaly, hypotonia, and specific facial
dysmorphism. The critical region contains BRPF1 and
SETDS, among other genes. Previous work has established
that disruption of SETDS is involved in the cognitive
phenotype of this 3p25 syndrome.* The identification
of LoF mutations and deletions of BRPF1 in individuals
with ID led us to investigate the contribution of BRPFI
in the 3p25 syndrome. We performed a genotype-pheno-
type comparison by using those individuals with muta-
tions affecting either BRPF1 (group 1) or SETDS5 (group 2)
only as well as those with a 3p25 deletion including
both SETDS5 and BRPF1 (group 3) (Table 3; Table S3). For
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Table 1. Clinical Features of Individuals Carrying BRPF1 Mutations in Families A and B

Family A

Individual 1 (111.2)

Individual 2 (11.2)

Individual 3 (I1.3)

Individual 4 (111.4)

Individual 5 (I1.5)

Family B

Individual 6

Mutation (GenBank:
NM_001003694.1)"

Mutation type

Sex

Age of examination
Uneventful pregnancy
Birth weight

Birth length

Birth OFC

Neonatal hypotonia
Hypotonia

Small stature

Low weight

ID

Microcephaly

Brain anomalies (MRI)
Seizures

Delay in walking
Speech delay
Behavioral anomalies
Vision or eye problems

Ptosis and/or
blepharophimosis

Hand anomalies

Feet anomalies

¢.1052_1053del
(p.Val351Glyfs*8)

intragenic

male

5 years, 9 months
diagnosis of club feet
<5™ 9%

<3"%

<3"%

yes

yes

yes (104.5 cm; <3™ 9%)
yes (16 kg; <3 %)
mild

mild (50 cm; <10 %)
ACC (rostrum)

no

yes

yes

no

strabismus, amblyopia

yes

BM, BD

clinodactyly, club feet

¢.1052_1053del
(p.Val351Glyfs*8)

intragenic
female

32 years

NA

NA

NA

NA

NA

NA

yes (150 cm; <3™ %)
no (62 kg)
mild

no (54.5 cm)
NA

no

NA

NA

no

refraction problems

yes

BM, BD

no

¢.1052_1053del
(p.Val351Glyfs*8)

intragenic

female

34 years

NA

NA

NA

NA

NA

NA

yes (153 cm; <3™ %)
no (67 kg)

mild

yes (53 cm; <3™ %)
NA

no

NA

NA

no

refraction problems

yes

BM, BD

NA

¢.1052_1053del
(p.Val351Glyfs*8)

intragenic

female

6 years, 10 months
yes

normal

<5™ %

<5™M %

no

yes

no (122 cm)

no (25 kg; >90'" %)
mild

no (50 cm)

no

no

yes

yes

hyperactivity
refraction problems

yes

BM, BD

no

¢.1052_1053del
(p.Val351Glyfs*8)

intragenic

female

30 years

NA

NA

NA

NA

NA

NA

yes (152 cm; <3™ %)
NA

mild

mild (54 cm; <10™ %)
NA

no

NA

NA

no

strabismus, amblyopia

yes

BM, BD

no

deletion of chr3:
9,724,693-9,896,683

NA, de novo

male

6 years, 6 months

no (36.5 WoG)

3" %

NA

NA

no

no

no (113 cm)

no (21 kg)

mild

mild (50.3 cm; <10 %)
NA

no

no

mild

hyperactivity, shy, quiet
NA

yes (bilateral)

bilateral CD of fifth finger

syndactyly of the second
and third toes

Abbreviations are as follows: %, percentile; ACC, agenesis of corpus callosum; BD, brachydactyly; BM, brachymetacarpia; CD, camptodactyly; MRI, magnetic resonance imaging; NA, information not available; OFC, occipital

frontal circumference; and WoG, weeks of gestation.
*The mutation was absent from all of the available unaffected individuals in family A.




£10Z ‘S Aenue[ ‘9| |-GO1 ‘00 $PRBUSD UBWINY JO [eUINOf UBDLBWY 3yl ZLL

Table 2. Clinical Features of Individuals Carrying BRPFT Mutations or Deletions in Families C-G

Family C

Family D

Family E

Family F

Family G

Individual 7

Individual 8

Individual 9

Individual 10

Individual 11

Individual 12

Mutation (GenBank:
NM_001003694.1)

Mutation type

Sex

Age of examination
Uneventful pregnancy
Birth weight

Birth length

Birth OFC

Neonatal hypotonia
Hypotonia

Small stature

Low weight

1D

Microcephaly

Brain anomalies (MRI)
Seizures

Delay in walking
Speech delay

Behavioral anomalies

Vision or eye problems

Ptosis and/or blepharophimosis

Hand anomalies

Feet anomalies

deletion of chr3: 9,632,462-9,813,339

NA, inherited from affected mother

female

3 years, 8 months
no (30 WoG)
2,070 g

43 cm

30 cm

yes

yes

no

no

yes

mild (<10 %)
NA

no

yes

yes

impaired social
interactions

strabismus

yes
no

no

female
37 years
NA
NA
NA
NA
NA
NA
NA
NA
mild
NA
NA
NA
yes
NA

shyness

NA

NA
NA

NA

€.2982 C>G (p. Tyr994*)

intragenic, de novo
male

10 years

caesarean (37 WoG)
normal

NA

NA

yes

yes

141.5 cm

no (56.3 kg; >97" %)
moderate

NA

yes®

yes

yes

yes

NA

strabismus, refraction
problems

yes (bilateral)

CD (left second finger)

long first toe

c.567delT (p.Asp190Metfs*24)

intragenic, de novo
male

3 years

33 WoG

normal

43.2 cm (normal)
28cm (<3™ %)

no

no

mild (91.4 cm; <10 %)
no (17.7 kg; >90™ %)
moderate

mild (48 cm; <10 %)
NA

no

yes

no

yes
NA

yes (bilateral)
bilateral CD of fifth finger

no

c.104dupA (p.Tyr35%)

intragenic, unknown
male

12 years

NA

NA

NA

NA

NA

NA

yes (<3™ %)

NA

moderate

yes (<3™ %)

NA

yes

yes (mild)

yes (no words at 3 years)

hyperactivity, autism
near sighted

yes
bilateral CD of fifth finger

no

¢.1165T>C (p.Cys389Arg)

intragenic, de novo
male

3 years, 9 months
yes

normal

NA

NA

yes

yes

no

no

mild

mild (<10™" %)

no

no

yes

yes (only few words)

very shy
strabismus

yes
no

CD

Abbreviations are as follows: %, percentile; CD, camptodactyly; MRI, magnetic resonance imaging; NA, information not available; OFC, occipital frontal circumference; and WoG, weeks of gestation.
?Enlarged perivascular Virchow-Robin spaces.
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Facial Characteristics of the Individuals with BRPF1 Mutations

Pictures of individuals with BRPF1 point mutations and deletions. Common features include a roundish face, blepharophimosis and
ptosis, downslanted palpebral fissures, temporal narrowing, and a downturned mouth. Ethical approval was obtained from the local
ethics committees. For all individuals included in this figure, families also gave consent for publication of the images.

individuals with BRPF1 disruptions, only one index indi-
vidual per family was taken into account. Clinical infor-
mation for individuals with SETDS disruptions or 3p25
deletions of both BRPF1 and SETDS5 was retrieved from
the literature.*”'®'? We observed that disruption of
SETDS5 or BRPF1 tends to lead to mild or moderate ID,
whereas all of individuals with severe ID have disruptions
of both SETDS5 and BRPF1. However, the degree of severity
was evaluated by different clinical geneticists and lacked
IQ testing for the individuals available, which could be
biased. We performed a Fischer’s exact test to compare
clinical features between these groups. Although the ma-
jority of the individuals presented with delay in the acqui-
sition of walking (86%, 83%, and 100% for groups 1, 2,
and 3, respectively) and language (86%, 92%, and 100%
for groups 1, 2, and 3, respectively), the severity is signifi-
cantly increased in group 3. All individuals from group 3
acquired walking after 3 years of age (5/5 for group 3 versus
2/19 for groups 1 and 2, p value = 0.0005) and presently
have no language (5/5 for group 3 versus 1/19 for groups
1 and 2, p value = 0.0001) (Table 3), suggesting that
disruption of both BRPFI and SETDS5 contributes to the
phenotype of 3p25 deletion syndrome. Interestingly,
both genes encode proteins involved in histone modifica-
tion and gene regulation, and they might have common
targets. SETDS encodes a methyltransferase involved in
the methylation of histones H3 and H4, whereas BRPF1
binds methylated histone H3 and promotes its
acetylation.

To investigate the contribution of BRPF1 disruption to
particular clinical features of the 3p25 microdeletion syn-
drome, we compared all individuals with disruptions in
BRPF1, with or without SETDS5 disruptions (group 1 + 3),
with those individuals with only SETDS5 disruptions
(group 2). A significant difference was observed between

the two groups for the presence of microcephaly or border-
line small head size (10/10 in group 1 + 3 versus 1/13 in
group 2, p value < 0.0001) and unilateral or bilateral ptosis
and/or blepharophimosis (12/12 in group 1 + 3 versus
1/14 in group 2, p value < 0.0001). These eye and/or eyelid
anomalies were present in all individuals carrying a disrup-
tion of BRPF1. Other clinical features (small stature and
strabismus) were enriched in individuals with BRPF1 dis-
ruptions; however, these differences were not significant
after Bonferroni correction for multiple testing (threshold
p value < 0.0017). Better delineating other clinical features
driven by BRPF1 haploinsufficiency will require a larger
cohort.

Recently, mutations in KAT6B (MIM: 605880) have been
associated with syndromic ID, including Ohdo syndrome
(MIM: 603736), genitopatellar syndrome (MIM: 606170),
blepharophimosis-ptosis-epicanthus inversus syndrome,
and even a Noonan-syndrome-like phenotype.”’** Muta-
tions in KAT6A (MIM: 601408) are associated with ID
with craniofacial dysmorphism, microcephaly or craniosy-
nostosis, feeding difficulties, cardiac defects, and ocular
anomalies (MIM: 616268).242°

Zebrafish and mouse models of Brpf1 and BRPF1 disrup-
tion, respectively, are reported in the literature.'**® Zebra-
fish mutants show craniofacial defects, with shifts in
segmental identities of craniofacial arches, as a result of a
progressive loss of anterior Hox gene expression, indi-
cating that Brpfl plays a role in patterning the vertebrate
head by mediating the expression of Hox genes. Mice
with homozygous Brpfl deletion show embryonic
lethality with different embryonic defects, including
abnormal neural tube closure.'®?°The forebrain-specific
deletion of Brpfl results in early postnatal lethality and
growth retardation. Viable mice show neocortical abnor-
malities, partial agenesis of the corpus callosum, and
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Table 3. Dissection of SETD5 and BRPF1 Contributions to Clinical Features of 3p25 Deletion Syndrome

Group 1 (BRPF1 Only) Group 2 (SETDS Only) Group 3 (Both SETDS and BRPF1)

Percentage Number Percentage Number Percentage Number
ID 100% 717 100% 14/14 100% 5/5
Mild or moderate ID 100% 6/6 100% 6/6 40% 2/5
Severe ID 0% 0/6 0% 0/6 60% 3/5°
General Characteristics
Uneventful pregnancy (born at term) 33% 2/6 64% 9/14 40% 2/5
Low birth parameters 33% 2/6 8% 1/13 0% 0/4
Small stature 43% 3/7° 15% 2/13 100% 4/4°
Microcephaly or borderline small 100% 6/6"¢ 8% 1/13 100% 4/4
head size
Development
Walking delay 86% 6/7 83% 10/12 100% 5/5
Severe walking delay (>3 years) 0% 0/7 17% 2/12 100% 5/5%¢
Speech delay 86% 6/7 92% 12/13 100% 5/5
No speech 0% 0/7 8% 1/12 100% 5/5%¢
Neurological Features
Seizures 29% 2/7 21% 3/14 80% 4/5°
Hypotonia 67% 4/6 67% 4/6 100% 4/4
Brain anomalies (MRI) 67% 2/3 0% 0/4 25% 1/4
Behavioral anomalies 71% 5/7 77% 10/13 25% 1/4
Others Features
Strabismus 80% 4/5° 36% 5/14 100% 4/4
Ptosis and/or blepharophimosis 100% 7/7"¢ 7% 1/14 100% 5/5%
Hand anomalies 71% 5/7 50% 7/14 80% 4/5
Feet anomalies 57% 4/7 15% 2/13 40% 2/5
Congenital heart defect 0% 0/7 15% 2/13 40% 2/5

Clinical information for individuals with SETD5 point mutations or deletions (group 2) and individuals with large 3p25 deletions encompassing SETDS5 and BRPF1
was retrieved from the literature.**"'®'? Clinical information for individuals with BRPF1 point mutations or small 3p25 deletions reported in this publication
(group 1) was retrieved from physicians attending the families. For the sake of avoiding artifacts, one member per family was considered. A 2 X 2 contingency
table was made for analyzing the presence of each clinical sign, and because of the small sample size, a two-tailed Fisher’s exact test was used to calculate the
p value to highlight a statistically significant difference between groups.

?Clinical feature more prevalent when both genes are deleted (group 3) than when only one gene is deleted (groups 1 and 2) (p value < 0.05).

PClinical feature significantly more associated with BRPF1 disruption, with or without SETD3 (group 1 and 3), than with SETD3 disruption only (group 2)
(p value < 0.05).

“Significant after Bonferroni correction for multiple testing (p value < 0.0017).

behavioral anomalies.”” Interestingly, the investigators
observed an alteration in the expression of several tran-
scription factors involved in developmental processes
and upregulation of Hox gene expression. These data indi-
cate that Brpf1 is involved in forebrain development and
acts as both an activator and a repressor of gene
expression.

Certain chromatin modifiers that are associated with ID
when mutated in the germline are also associated with
childhood cancer when mutated at the somatic level, for
example, SETBP1 (MIM: 611060) and KMT2A (MIM:
159555). Several somatic mutations affecting different re-

gions of BRPF1 have been reported in childhood leuke-
mia”® and adult medulloblastoma.””

In conclusion, we report here that LoF point mutations
and small deletions affecting BRPF1 are responsible for a
syndromic form of ID associated with eye and/or eyelid
phenotype, i.e., ptosis and/or blepharophimosis. BRPF1 en-
codes the third member of the HAT KAT6A-KAT6B complex,
which is involved in ID when functionally impaired.

We have therefore shown that BRPFI1, together with
SETDS, contributes to the severity of the 3p25 deletion
syndrome phenotype and is responsible for some specific
clinical features, such as ptosis and blepharophimosis.
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