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Purpose: The SF3B splicing complex is composed of SF3B1-6 and PHF5A. We report a
developmental disorder caused by de novo variants in PHF5A.

Methods: Clinical, genomic, and functional studies using subject-derived fibroblasts and a
heterologous cellular system were performed.

Results: We studied 9 subjects with congenital malformations, including preauricular tags and
hypospadias, growth abnormalities, and developmental delay who had de novo heterozygous
PHF5A variants, including 4 loss-of-function (LOF), 3 missense, 1 splice, and 1 start-loss variant. In
subject-derived fibroblasts with PHF5A LOF variants, wild-type and variant PHF5A mRNAs had a
1:1 ratio, and PHF5A mRNA levels were normal. Transcriptome sequencing revealed alternative
promoter use and downregulated genes involved in cell-cycle regulation. Subject and control
fibroblasts had similar amounts of PHF5A with the predicted wild-type molecular weight and of
SF3B1-3 and SF3B6. SF3B complex formation was unaffected in 2 subject cell lines.
Conclusion: Our data suggest the existence of feedback mechanisms in fibroblasts with PHF5A
LOF variants to maintain normal levels of SF3B components. These compensatory mechanisms
in subject fibroblasts with PHF5A or SF3B4 LOF variants suggest disturbed autoregulation of
mutated splicing factor genes in specific cell types, that is, neural crest cells, during embryonic
development rather than haploinsufficiency as pathomechanism.
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Introduction

Splicing is an essential process in eukaryotes whereby the
spliceosome removes the intron sequences and ligates the
exon sequences together from pre-mRNAs to produce
mature and functional mRNAs. The spliceosomal complex
is a dynamic macromolecular machine comprising multiple
uridine-rich (U1, U2, U4/U6, and US5) small nuclear RNAs
and associated ribonucleoproteins (snRNPs), as well as
other proteins associated with these snRNPs.'” The pre-
mRNA contains conserved cis-splicing consensus se-
quences that include the 5’ (GT) and 3’ (AG) splice sites, a
polypyrimidine tract, and the branch point sequences, which
surround the branch point adenosine. These conserved
intronic sequences are required for the recognition and as-
sembly of the spliceosome, which undergoes conforma-
tional rearrangements to mediate the splicing process.'

One of the numerous snRNPs choreographing splicing is
the U2 snRNP complex, which assembles in an adenosine
triphosphate-dependent manner at the 3’ acceptor site of the
intron. The U2 snRNP contains stable core subunits and the
dynamically associated sub-complexes SF3A and SF3B.
The SF3B complex is mainly involved in recognition of the
branch point adenosine.” SF3B contains 7 proteins, namely,
SF3B1, SF3B2, SF3B3, SF3B4, SF3B5, SF3B6, and
PHE5A.”” PHF5A, a core component of the SF3B complex,
is a ubiquitously expressed and evolutionarily highly
conserved nuclear protein.® The protein is small and glob-
ular, has a molecular mass of about 12 kDa, and forms a
unique trefoil knot, which is stabilized by 3 zinc-finger
motifs. There are no close homologs of PHF5A in the hu-
man genome, suggesting an important biological role for
this protein. It has been confirmed that PHF5A, together
with SF3B1, forms the branch point adenosine-binding
pocket, indicating an essential role of PHF5A in splicing,
not only in humans but also in plants.*”'”

Pathogenic variants in genes encoding core components of
the spliceosome cause a spectrum of disorders, named spli-
ceosomopathies. This group of diseases can be subdivided
into craniofacial and myelodysplastic syndromes (MDS)-
related spliceosomopathies.'' Recurrent somatic pathogenic
variants in 4 genes (including SF3BI encoding 1 SF3B
complex component) were found in myelodysplastic syn-
dromes and other myeloid neoplasms (OMIM 614286)." "'
Individuals affected by craniofacial spliceosomopathies can
show microcephaly, micrognathia, malar hypoplasia, external
ear anomalies, ophthalmological anomalies, and skeletal and/
or heart defects. The 9 currently associated disease genes are
SNRPB, RNU4ATAC, SF3B2, SF3B4, PUF60, EFTUD2,
TXNLA, EIF4A3, and CWC27."'""> Heterozygous pathogenic
variants in SNRPB cause the cerebrocostomandibular syn-
drome (OMIM 117650)."* Biallelic RNU4ATAC pathogenic
variants are associated with a phenotypic spectrum called
RNU4atac-opathy, including microcephalic osteodysplastic
primordial dwarfism type I/IIl, Roifman syndrome, and
Lowry-Wood syndrome (OMIM 210710, 226960, and

616651).">'” Verheij syndrome is caused by heterozygous
de novo interstitial deletions of the 8q24.3 region or single-
nucleotide pathogenic variants in PUF60 (OMIM
615583).”"" Heterozygous EFTUD2 pathogenic variants
underlie mandibulofacial dysostosis with microcephaly
(OMIM 610536).°*?* TXNLAA and EIF4A3 are the disease
genes for autosomal recessive Burn-McKeown syndrome
(OMIM 608572) and Robin sequence with cleft mandible
and limb anomalies (OMIM 268305), respectively”*® and
biallelic CWC27 pathogenic variants cause retinitis pigmen-
tosa with or without skeletal anomalies (OMIM 250410).27
Developmental delay and intellectual disability are charac-
teristic clinical features of Verheij syndrome and man-
dibulofacial dysostosis with microcephaly,””® whereas
individuals with TXNL4A-related craniofacial disorders
generally have normal cognitive functioning.”’

SF3B2 and SF3B4 belong to the SF3B complex.”°
Heterozygous loss-of-function (LOF) variants in SF3B4
cause Nager syndrome and Rodriguez syndrome, with
Rodriguez syndrome representing the more severe end of
the clinical spectrum (OMIM 154400).”° Affected in-
dividuals show down slanted palpebral fissures, malar hy-
poplasia, external ear anomalies, and micrognathia as
craniofacial defects and preaxial and/or postaxial limb ab-
normalities. Individuals with Rodriguez syndrome often die
before or around birth from respiratory complications.””
Heterozygous LOF variants in SF3B2 have recently been
reported in 7 families with craniofacial macrosomia (OMIM
164210). Subjects have craniofacial abnormalities, such as
mandibular hypoplasia, microtia, facial and preauricular
tags, and skeletal abnormalities, such as cervical ribs.?’
Although several genes coding for components of the
SF3B complex are associated with genetic disorders, evi-
dence for a disease phenotype associated with pathogenic
variants in PHF5A is limited to a single case report. A de
novo nonsense variant ¢.162C>A / p.(Tyr54") in PHF5A
has recently been reported in a girl with left microtia and
bilateral absence of 12th ribs.*® In this study, we report on 9
subjects with de novo heterozygous PHF5A variants. We
describe functional data using fibroblasts from 5 affected
individuals, further strengthening the association of PHF5A
with a human disease.

Materials and Methods
Subjects

The clinical data were converted to human phenotype
ontology terms” to ensure a standardized data set and the
complete phenotype of included individuals is available in
the Supplemental Material of this paper in the Phenopacket
format.” To investigate whether subjects with a de novo
variant in PHF5A have a distinguishable phenotype, the
clinical data were analyzed using PhenoScore (https:/www.
medrxiv.org/content/10.1101/2022.10.24.22281480v1). We
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performed 2 analyses: one did not include the 3 subjects
with a PHF5A missense variant because we classified the
variants as variants of uncertain significance (see below),
whereas a second analysis included all 9 subjects described
in this study. PhenoScore is a tool that enables the quanti-
fication of phenotypic similarity between individuals. In this
case, we used PhenoScore to determine whether the clinical
features are different from those of control individuals.
These controls are individuals with other neuro-
developmental disorders seen at our outpatient clinic,
matched with the subjects with variants in PHF5A on age,
sex, and ethnicity. By training a machine-learning model on
the phenotypic data and performing a permutation test, we
can determine whether the phenotype is actually different
than that of control individuals (for the complete details of
the analysis, see https://www.medrxiv.org/content/10.
1101/2022.10.24.22281480v1).

Exome and genome sequencing

Trio exome sequencing was performed in subjects 1 to 8 and
parents and trio genome sequencing was performed in
subject 9 and parents.

Technical details and information on exome sequencing
and genome sequencing are described in the Supplemental
Methods.

Variant validation

Sequence validation of all candidate variants in leukocyte-
derived DNA from subjects 3 and 4 and parents, and
confirmation of the PHF5A variants in fibroblast-derived
DNA from subjects 1 to 4 and 9, were performed by
Sanger-sequencing (Supplemental Figure 1). Sequences of
primers designed to amplify selected coding exons of
PHF5A and exon-intron boundaries (NM_032758.4) are
described in Supplemental Table 1. Amplicons were directly
sequenced using the ABI BigDye Terminator Sequencing
kit (Applied Biosystems) and an automated capillary
sequencer (ABI 3500, Applied Biosystems). Sequence
electropherograms were analyzed using the Sequence Pilot
software (JSI Medical Systems).

Transcriptome sequencing and data analysis

Total RNA was extracted (Monarch Total RNA Miniprep
Kit, New England Biolabs) from cultured primary fibro-
blasts of subjects 1, 2, 4, and 9. RNA concentration and
purity of the samples were assessed by the Epoch Micro-
plate Spectrophotometer (BioTek). RNA sequencing was
done using polyA-enriched RNA sequencing (TruSeq
Stranded mRNA Kit, Illumina). Paired-end sequencing (2 X
100 bp) was performed with an Illumina NovaSeq 6000
instrument at a sequencing depth of 60 to 100 million paired
reads per sample and a minimum output of 12 Gb per

sample. Output bcl files were converted to fastq files and
demultiplexed using bcl2fastq (v2.20, Illumina). Adapter
trimming was performed with fastp (v0.23.2)."" Sequence
reads were aligned to the human reference genome assembly
(GRCh38.106) using STAR (v2.7.10b)"? in 2-pass mode. Of
note, RNA from subject 2 was sequenced on another
sequencing run compared with RNA of subjects 1, 4, and 9.
For all subsequent analyses, data from 42 previously
sequenced fibroblast-derived RNA samples were used as
controls.

Global splicing events were counted for each sample
based on the proportion-spliced-in values (PSI) determined
by SUPPA2.* Read trimming was performed with fastp™’
and transcripts were quantified using Salmon® based on
human genome assembly GRCh38, GENCODE version 40.
Different splice event types were generated by running the
SUPPA2 method generateEvents on the GENCODE tran-
script annotation file. The SUPPA2 method psiPerEvent
was applied to quantify the PSI for each event type and
sample. Events with a PSI > 20% were considered to be
spliced in and were counted.

For detection and quantification of individual alternative
splicing events, LeafCutter v0.2.9 was used with default
parameters on the splice junctions generated in the STAR 2-
pass alignment.”® For differential intron excision analysis,
the minimum number of samples supporting an intron and
the minimum number of samples per group were reduced to
2. Differentially spliced clusters with a false discovery rate
of <£0.05 and a maximal absolute delta PSI > 0.3 were
visualized as Sashimi plots.

Detection of aberrantly expressed genes was performed
with OUTRIDER (v1.4.2).*” Lowly expressed genes (frag-
ments per kilobase per millions of reads < 1 observed in at
least 95% of all samples) were removed prior analysis. After
filtering, 12,326 genes remained. OUTRIDER’s heuristic to
automatically determine the autoencoder’s optimal encoding
dimension suggested a value of 6 for our data. Accordingly,
this value was applied. Significance was determined by
adjusted P value of .1.

Differential expression was assessed using DESeq2
(v1.34.0)."® A gene was considered significantly differen-
tially expressed if the corresponding absolute log2-
transformed fold change (10g2FC) was not less than 1 and
a false discovery rate cutoff of 0.1.

Cell culture and transfection of HEK293T cells

Primary dermal fibroblasts were obtained from a skin biopsy
of subjects 1 to 4 and 9 and 3 female (4 years old) and 7
male healthy control individuals (male control [mCtrl.] 1 [3
years], mCtrl. 2 [7 years], mCtrl. 3 [9 years], mCul. 4 [16
years], mCtrl. 5 [5 years], mCtrl. 6 [34 years], and mCtrl. 7
[52 years]). All skin biopsies were taken from unaffected
skin in the 5 subjects: from the upper arm in subjects 1 and
3, from the forearm in subject 2, from the buttock area in
subject 4, and from the back in subject 9. Fibroblasts and


https://www.medrxiv.org/content/10.1101/2022.10.24.22281480v1
https://www.medrxiv.org/content/10.1101/2022.10.24.22281480v1

4

F.L. Harms et al.

HEK?293T cells were cultured in Dulbecco’s modified Eagle
medium (Thermo Fisher Scientific) supplemented with 10%
fetal bovine serum (GE Healthcare) and penicillin-
streptomycin (100 U/mL and 100 mg/mL, respectively;
Thermo Fisher Scientific). For all experiments, the same
passage number of subject and control fibroblasts was used.
Primary fibroblasts were regularly tested for mycoplasma
contamination and confirmed to be mycoplasma free.
HEK?293T cells were transiently transfected with Jet-
Optimus (Polyplus Transfection) according to the manu-
facturer’s protocol and subsequently cultured in 10%
Dulbecco’s modified Eagle medium overnight.

RNA isolation, cDNA synthesis, and quantitative
reverse transcription PCR (RT-qPCR)

Total RNA was extracted from cultured primary fibroblasts
of subjects and controls (Monarch Total RNA Miniprep kit,
New England BioLabs). Leukocyte-derived RNA from
PAXgene blood RNA tube of subject 4 was isolated using
the PAXgene Blood RNA Kit IVD (Qiagen). RNA con-
centration and purity of the samples were assessed by use of
the Microplate Spectrophotometer Epoch (BioTek). 1
microgram of total RNA were reverse transcribed (Luna-
Script RT Super Mix kit, New England BioLabs). Technical
triplicates of quantitative reverse transcription polymerase
chain reaction (RT-qPCR) samples were prepared as a 10
pL approach with the SYBR Green I-based Luna Universal
gPCR Master Mix (New England BioLabs), 500 nM of each
primer, and 1 pL of the reverse transcription reaction.
Primer sequences for RT-qPCR are described in
Supplemental Table 1. RT-qPCR was performed using the
QuantStudio 3 Real-Time PCR System (Thermo Fisher
Scientific) equipped with QuantStudio Design&Analysis
Software v1.4.3 (Thermo Fisher Scientific). The PCR con-
ditions included a pre-run at 95 °C for 5 minutes, followed
by 40 cycles of 30 seconds at 95 °C, 30 seconds at 58 °C,
and 45 seconds at 72 °C. PCR amplification specificity was
determined by melting curve analysis with a range from 60
°C to 95 °C. The values of the cycle threshold of the target
mRNAs were normalized to the housekeeping mRNA of
GAPDH. For relative gene expression the comparative cycle
threshold (AACT) values were calculated with the Quant-
Studio Design&Analysis Software (Thermo Fisher Scienti-
fic) with GAPDH as housekeeping gene and expressed as
x-fold change to control 2.

Plasmid information and cloning procedures

The coding region of human wild-type PHF5A
(NM_032758.4) was amplified by using PHF5A-specific
primers including the FLAG tag sequence either in the
forward primer sequence (N-terminal FLAG tag) or in the
reverse primer sequence (C-terminal FLAG tag) using hu-
man fibroblast-derived complementary DNA (cDNA) as
template. Purified PCR products were cloned between BglII

and EcoRI restriction sites of pIRES2-EGFP vector using
In-Fusion HD cloning kit (Takara) according to the manu-
facturer’s protocol. PHF5A  variants c.44C>T /
p.(Alal5Val) (AI5V) and c.185G>A / p.(Gly62Glu)
(G62E) were introduced into PHF5A cDNA using the
QuikChange II Site-Directed Mutagenesis kit (Agilent). All
constructs were regularly sequenced for integrity, and
primer sequences for In-Fusion cloning and site-directed
mutagenesis are described in Supplemental Table 1.

Antibodies

Primary antibodies: normal mouse IgG (#12-371; Upstate),
mouse monoclonal anti-Flag (Sigma-Aldrich; #F3165; clone
M2; 1:1,000), hFAB Rhodamine anti-GAPDH (#12004167,
Bio-Rad; 1:10,000), mouse monoclonal anti-GFP (Bio-
Legend; #902601; clone B34; 1:5,000), polyclonal rabbit
anti-PHF5A  (#15554-1-AP; Proteintech; 1:500), mono-
clonal mouse anti-SF3B1/Sap155 (#D221-3; MBL Interna-
tional; 1:1,000), polyclonal rabbit anti-SF3B2 (#NB100-
79848; Novus Biologicals; 1:1,000), polyclonal rabbit anti-
SF3B3 (#14577-1-AP; Proteintech; 1:1,000), and polyclonal
rabbit anti-SF3B6/SF3B13 (#12379-1-AP; Proteintech;
1:500).

Secondary antibodies: StarBright Blue 700 goat anti-mouse
IgG (#12004158; BioRad; 1:10,000); StarBright Blue 700
goat anti-rabbit IgG (#12004161; BioRad; 1:10,000).

Immunoblotting

Next day after transfection of HEK293T cells, whole-cell
lysates were prepared in ice-cold lysis buffer (50 mM Tris-
HCI, 120 mM NaCl, 1 mM EDTA, 0.5% NP-40) supple-
mented with Mini Protease Inhibitor and PhosSTOP (Roche)
and lysed for 10 minutes on ice. Fibroblasts were harvested in
ice-cold RIPA buffer (50 mM Tris-HCI, pH 8.0; 150 mM
NaCl; 1% NP-40; 0.5% sodium deoxycholate; 0.1% sodium
dodecyl sulfate [SDS]) supplemented with Mini Protease
Inhibitor and PhosSTOP and lysed for 10 minutes on ice. Cell
debris was removed by centrifugation for 10 minutes. Protein
extracts were separated on sodium dodecyl-sulfate poly-
acrylamide gel electrophoresis under denaturing conditions
and transferred to polyvinylidene fluoride membranes.
Membranes were blocked followed by incubation with the
indicated primary antibody overnight at 4 °C and by fluo-
rescence dye-linked secondary antibodies at room tempera-
ture for 1 hour. Immunoblots were digitally imaged using a
ChemiDoc MP (Bio-Rad). Exposure time was optimized to
avoid saturation. Bands were automatically defined and in-
tensities were determined using the built-in band detection
tool of the Image Lab v6.0 software (Bio-Rad).

Immunoprecipitation

Subject and control fibroblasts were harvested in ice-cold
lysis buffer (50 mM HEPES, pH 7.5; 150 mM NaCl; 1%
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NP-40; 0.5% sodium deoxycholate; 0.05% SDS; 1 mM
EDTA) supplemented with Mini Protease Inhibitor and
PhosSTOP (Roche) and lysed for 10 minutes on ice. Cell
debris was removed by centrifugation for 10 minutes.
Mouse anti-SF3B1 or normal mouse IgG was coupled to
Dynabeads Protein G (ThermoFisher Scientific) in PBST for
10 minutes at room temperature under rotating conditions.
Cleared lysates were added to the beads and incubated over
night at 4 °C on a rotator. Beads were washed 5 times with
ice-cold lysis buffer. After final washing, beads were
resuspended in sample buffer and subjected to sodium
dodecyl-sulfate polyacrylamide gel electrophoresis and
immunoblotting.

Data analysis and statistics

Quantitative data are presented by GraphPad Prism 8 soft-
ware (Instat, GraphPad Software) as the mean + standard
deviation (SD). For quantification one-way analysis of
variance followed by a Dunnett post hoc test for multiple
comparisons was performed for all experiments. A P value
< .05 was considered statistically significant (*P < .05; **P
< .01; ***p < .001; ****P < .0001).

Results

De novo PHF5A variants in individuals with
congenital malformations and developmental delay

Through international collaborations, the Deciphering
Developmental Disorders Study,49’50 and GeneMatcher,51
we recruited 9 subjects with variable congenital malforma-
tions and developmental delay who all carried a de novo
heterozygous variant in PHF5A (Table 1 and Figure 1A).
Detailed clinical descriptions can be found in the
Supplemental Material. In summary, the 9 subjects had
variable phenotypes. Prenatally, 6 subjects had intrauterine
growth retardation. All subjects had motor and speech delay
and developmental delay. Five subjects developed intellec-
tual disability later in life, with subjects 3, 5, 6, and 7
developing mild intellectual disability and subject 9 devel-
oping severe intellectual disability and microcephaly.
Congenital abnormalities comprised hypospadias in 3 of 4
male subjects and heart defects, inguinal hernia, and sacral
dimple in 3 subjects each. Six of the 9 subjects had short
stature (Table 1). Craniofacial dysmorphism is variable in
the 9 subjects. The most consistent features are a high
forehead and preauricular skin tag(s) in 5 subjects each
(Table 1 and Figure 1B). Quantitative phenotypic analysis
with PhenoScore detected a distinct phenotypic entity when
investigating all 9 subjects included in this study (area under
the curve 0.89, P < .001), whereas the analysis did not
reveal significant results (area under the curve 0.62, P = .17)
when excluding the 3 subjects with a PHF5A missense
variant, indicating a possible power issue there.

Subject 1 carried a start-loss variant ¢.2T>C / p.(Met1?).
Five individuals had a likely LOF variant, including a 2-bp
deletion ¢.69_70del / p.(Cys23*) in the unrelated subjects 2
and 3, a nonsense variant ¢.70G>T / p.(Glu24*) in subject
4, a splice site variant ¢.2434+1G>A in subject 5, and a 1-bp
duplication c.276dup / p.(Ser93Glufs*3) in subject 6. The
remaining 3 subjects carried a missense variant, with
c.11A>G / p.(His4Arg) in subject 7, c44C>T /
p-(Alal5Val) in subject 8, and c.185G>A / p.(Gly62Glu) in
subject 9 (Table 1). The variants ¢.243+1G>A in subject 5
and c.44C>T / p.(Alal5Val) in subject 8 have been previ-
ously reported in the Deciphering Developmental Disorders
Study (https://www.deciphergenomics.org/ddd/research-
variant/883d75e620de3e6570b2d3 1adecd795f/overview).”
The PHF5A variants in subjects 1 to 4 and 9 were validated
in fibroblast-derived DNA by Sanger sequencing
(Supplemental Figure 1). All PHF5A variants were absent in
the gnomAD database (v2.1.1 and 3.1.2). The variant
¢.2T>C affects the translation initiation codon of PHF5A.
By analyzing published ribosome sequencing data of
PHF5A (ENST00000216252.4/NM_032758.4) from human
fibroblasts, no other translational initiation sites downstream
of the first ATG are used for protein biosynthesis
(Supplemental Figure 2).”*”7 The variant ¢.243+1G>A
affects the highly conserved splice donor site of intron 3. In
silico splice site predictions using the algorithms
SpliceSiteFinder-like, MaxEntScan, NNSPLICE, and Gen-
eSplicer predicted disruption of the canonical splice site by
the intronic variant.”®®” Because we included subject 5 with
the non-coding PHF5A variant during the revision of the
manuscript, we could not analyze the effect of the intronic
variant on pre-mRNA splicing experimentally. The meta
pathogenicity predictor Combined Annotation-Dependent
Depletion predicted a possible deleterious effect for the
PHF5A missense variants p.(His4Arg), p.(Alal5Val), and
p-(Gly62Glu) (Supplemental Table 2). The 3 changes affect
codons that are highly intolerant to genetic variation as
predicted by MetaDome®' (Supplemental Table 2).
Although the 2 residues histidine 4 and glycine 62 are
highly evolutionary conserved, alanine 15 shows only par-
tial conservation (Supplemental Figure 3).”

We explored the structural impact of the 3 missense
variants by using a three-dimensional crystallographic
structure of PHF5A (Figure IC and Supplemental
Figure 4).'"” p.(Alal5Val) and p.(Gly62Glu) were pre-
dicted to affect adjacent zinc finger motifs (Figure 1C).
Replacement of Alal5 (Figure 1C, panel i) by valine is
predicted to cause steric clashes among side chains of valine
15 and arginine 44 (Figure 1C, panel ii). Arg44, in turn, is
next to Cys46, which is 1 of 4 cysteines of zinc finger motif
1 (Cysll, Cys46, Cys49, and Cys85). Changed positioning
of Arg44 might have an effect on the zinc finger motif 1
(Figure 1C, panel ii). Gly62 is in close proximity to zinc
finger motif 2 (Cys23, Cys26, Cys58, and Cys61)
(Figure 1C, panel iii). Change of Gly62 by glutamate was
predicted to lead to steric clashes with side chains of tyro-
sine 54, possibly altering the positioning of zinc finger motif
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Table 1  Clinical features of subjects with heterozygous PHF5A variants

Subject
Characteristics Total
1D 1 5 6 7 9
Sex Female Female Female Female Female
Age at last 5 years 11 years 19 years 17 years 6 years
examination 10 months 6 months

PHF5A variant

Genomic DNA
(GRCh38;
NC_000022.11)

Coding DNA c.2T>C

(NM_032758.4)

Protein p.(Met1?)

(NP_116147.1)
Inheritance

de novo

C.243+1G>A
p.?

de novo

c.276dup

p.(Ser93Glu
fs*3)
de novo

c.11A>G
p.(His4Arg)

de novo

9.41468652A>G q.41468134_ q.41468134_ g.41468130C>A .41467447C>T q.41460458dup g.41468643T>C g.41468610G>A g.41467506C>T
41468135del 41468135del

€.185G>A
p.(Gly62Glu)

de novo

Prenatal and
neonatal history

Intrauterine —
growth

retardation

(HP:0001511)

Caesarian section +
(HP:0011410)

Premature birth +
(HP:0001622)

Respiratory —
failure requiring

assisted

ventilation

(HP:0004887)

6/9 (67%)

6/9 (67%)
5/9 (56%)

3/9 (33%)

Congenital
anomalies

Hypospadias NA
(HP:0000047)

Abnormal aortic —
arch morphology
(HP:0012303)

Atrial septal —
defect

(HP:0001631)

Ventricular septal —
defect

(HP:0001629)

NA

NA

NA

NA

3/4 (75%)

1/9 (11%)

2/9 (22%)

1/9 (11%)

(continued)
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Table 1 Continued

Subject
Characteristics

Total

Inguinal hernia
(HP:0000023)
Sacral dimple
(HP:0000960)

3/9 (33%)

3/9 (33%)

Growth
abnormalities

Small for
gestational age
(HP:0001518)
Microcephaly
(HP:0000252)
Macrocephaly
(HP:0000256)
Short stature
(HP:0004322)

ND

ND

4/7 (57%)

2/9 (22%)
1/9 (11%)

6/9 (67%)

Development

Motor delay
(HP:0001270)
Speech delay
(HP:0000750)
Intellectual
disability
(HP:0001249)
Intellectual
disability, mild
(HP:0001256)

9/9 (100%)
9/9 (100%)

5/9 (56%)

4/9 (44%)

Neurological
abnormalities

Hypotonia
(HP:0001252)
Seizure
(HP:0001250)

4/9 (44%)

1/9 (11%)

Behavioral
abnormalities

Autistic behavior
(HP:0000729)
Sleep
disturbance
(HP:0002360)

1/9 (11%)

1/9 (11%)

(continued)
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Table 1 Continued

Subject
Characteristics

Total

Skeletal
abnormalities

Talipes
equinovarus
(HP:0001762)
Postaxial
polydactyly
(HP:0100259)
Long fingers
(HP:0100807)
Broad toes
(HP:0001837)
Short distal
phalanx of hallux
(HP:0010103)

1/9 (11%)

1/9 (11%)

3/9 (33%)
3/9 (33%)

1/9 (11%)

Other abnormalities

Small nails
(HP:0001792)
and/or nail
dysplasia
(HP:0002164)

2/9 (22%)

Dysmorphic
features

High forehead
(HP:0000348)
Preauricular skin
tag
(HP:0000384)
Periorbital
fullness
(HP:0000629)
Deeply set eyes
(HP:0000490)
Hypertelorism
(HP:0000316)
Downslanted
palpebral fissures
(HP:0000494)
Low-set ears
(HP:0000369)
Retrognathia
(HP:0000278)

5/9 (55%)

5/9 (55%)

4/9 (44%)

3/9 (33%)
3/9 (33%)

2/9 (22%)

4/9 (44%)

2/9 (22%)

+, present; —, absent; NA, not applicable; ND, not documented.
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Figure 1 PHF5A variants, photographs of 8 affected individuals, and molecular modelling of PHF5A. A. Location of the de novo
PHF5A variants in the exon-intron-structure (NM_032758.4) and the amino acid sequence of PHF5A (NP_116147.1). Numbering of exons is
given. Untranslated region in exons is indicated in white and coding region in gray. The c.69_70del variant was identified in 2 unrelated
subjects. Cysteine residues are highlighted in yellow in the amino acid sequence and residues affected by missense variants in red. PHFSA
contains 3 zinc-finger motifs, each consisting of 4 cysteine residues ((1) Cys'!, Cys*®, Cys*, and Cys®’; (2) Cys?, Cys*®, Cys®®, and Cys®';
(3) Cys*®, Cys®®, Cys’?, and Cys’). B. Photographs of 8 subjects with a de novo PHF5A variant. From left to right: Upper row, subject 1
with ¢.2T>C / p.(Met1?) at age 6 years and 6 months, subject 2 with ¢.69_70del / p.(Cys23*) at age 10 years, subject 3 with c.69_70del /
p-(Cys23*) at age 11 years and subject 4 with c.70G>T / p.(Glu24*) at age 6 years and 9 months; middle row, subject 4 with ¢.70G>T /
p.(Glu24*) at 5 months and photographs of face, ear, and toes of subject 5 with ¢.2434+1G>A / p.? at 11 years. Subject 5 has dry flaky skin
over her eyelids and nose and nail dysplasia; lower row: subject 6 with ¢.276dup / p.(Ser93Glufs*3) at age 19 years, subject 8 with c.44C>T /
p-(Alal5Val) at age 10 years, and subject 9 with c.185G>A / p.(Gly62Glu) at age 4 years and 6 months. Dysmorphic features include a high
forehead, down slanted palpebral fissures, and low-set ears. Preauricular skin tags are shown in subjects 4 to 6. C. Structural impact of
PHF5A missense variants. Model of PHF5A (PDB ID: 5SYB) published by Teng et al. (2017).'° Molecular graphics were developed using
UCSF Chimera.”” PHF5A backbone is shown as beige ribbon and His*, Ala'®, Gly®?, and cysteines coordinating zinc in the zinc finger motifs
as sticks. Zinc atoms are depicted as gray spheres. Close-ups for Ala'® (i) and Gly®? (iii) and surrounding amino acids and adjacent zinc finger
motif are shown on the right. Amino acid substitutions with Val at position 15 (red) (ii) and Glu at position 62 (red) (iv) was simulated using
Chimera’s rotamers tool.”” Steric clashes among amino acid side chains with a distance < 0.6 A are represented by red lines. C, C terminus;
N, N terminus; S, subject.

2 (Figure 1C, panel iv). No steric effect could be predicted
for the p.(His4Arg) substitution through structural model-
ling (Supplemental Figure 4). PHF5A is intolerant to LOF
variants as the loss of function observed/expected upper
bound fraction (LOEUF) is 0.46 (gnomAD v2.1.1). This
constraint metric correlates with the mean LOEUF of 0.488
for 389 orthologous genes that causes embryonic lethality
after heterozygous deletion in mouse and the mean LOEUF
of 0.636 for 678 genes required for human cell viability.**
The Z score of 2.65 for missense variants is slightly
increased and there are only 5 observed versus 65.4 ex-
pected missense variants in PHF5A (~8%) in gnomAD
v2.1.1.%° Together, based on the absence of the identified

PHF5A variants in population databases, 3 LOF and 2 po-
tential LOF variants, all de novo, in 6 subjects with over-
lapping clinical features, we were convinced that these
heterozygous PHF5A variants underlie the phenotype in the
affected individuals.

PHF5A transcripts expressed from the LOF allele are
stable, and PHF5A mRNA levels are similar in
subject- and control-derived fibroblasts

To test the possibility that some of the PHF5A LOF variants
lead to nonsense-mediated mRNA decay (NMD) of PHF5A
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variant transcripts, we applied the in silico program in fibroblasts of subject 3 carrying the PHF5A variant
NMDEscPredictor.”* This tool predicted the PHFSA variant ¢.69_70del compared with control cells (Figure 2D). We also
c.69_70del to be subject to degradation by NMD, whereas performed transcriptome sequencing in fibroblasts of subjects
the variant c.276dup was predicted to escape NMD. To 1, 2, 4, and 9 and obtained similar normalized PHF5A RNA
experimentally test the predictions, we first performed read counts in the 4 affected individuals compared with the
qualitative RT-PCR followed by Sanger sequencing using control cohort (42 fibroblast cell lines) (Figure 2E and F).
fibroblast-derived cDNA of subjects 1 to 4 and 9 and Together, these data indicate the presence and stability of

identified both wild-type and variant PHF5A transcripts in PHF5A variant transcripts in fibroblasts of subjects carrying a
cells with a heterozygous PHF5A LOF or start-loss variant, heterozygous PHF5A LOF allele that likely contributed to
as well as in cells with the ¢.185G>A / p.(Gly62Glu) variant normal PHF5A mRNA levels. In fibroblasts of subject 3 with
(Figure 2A). The ratio of wild-type to variant PHF5A the PHF5A ¢.69_70del variant, an increased PHF5A mRNA

transcripts was about 1:1 in cells of subjects 1, 2, 4, and 9, amount was identified that was not detected in fibroblasts of
whereas the sequence traces of variant PHF5A mRNAs in subject 2 carrying the same PHF5A variant. Although these
subject 3 cells were approximately twice that of wild-type data could be explained by an interindividual variability of
mRNAs (Figure 2A). The data suggest that PHF5A tran- PHF5A expression in fibroblast cells, an individual
scripts bearing a premature stop codon are stable in subject- compensatory effect at the transcriptional level in subject 3-
derived fibroblasts and not subject to NMD. derived cells may also be a possible explanation.

We next determined relative PHF5A mRNA levels in fi- We evaluated transcriptome sequencing data from fi-
broblasts of subjects 1 to 4 and 9 by RT-qPCR. The PHF5A broblasts of subjects with a PHF5A LOF variant (subjects 2
mRNA amount was similar in fibroblasts of subjects 1, 2, 4, and 4) and the start-loss variant (subject 1) for global
and 9 and controls (Figure 2B and C). In contrast, the PHF5A changes in the number of alternative splicing events, such as
transcript level was significantly increased by 1.5- to 1.7-fold alternative 5" and 3’ splice site selection, alternative first or
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Figure 2 Qualitative and quantitative PHF5A transcript analysis in subject-derived fibroblasts and/or leukocytes. A. Partial
sequence electropherograms show the presence of PHF5A variant-bearing transcripts in fibroblast-derived cDNA of subjects 1-4 and 9
(middle column) and in leukocyte-derived cDNA of subject 4. The ratio of wild-type versus variant PHF5A transcripts was about 1:1 in
subjects 1, 2, 4, and 9. In fibroblast-derived cDNA of subject 3, the Sanger sequence profile showed a reduced signal for the aberrant
transcripts with the 2-bp deletion superimposed on the wild-type sequence with an estimated ratio of wild-type versus variant PHF5A
transcripts of ~2:1. Arrows point to the position/start of the variant. B-D. Relative quantification of PHF5A mRNA levels by real-time
quantitative PCR using fibroblast-derived cDNA of subjects 1-4 and 9 and indicated controls normalized to GAPDH mRNA levels. Bars
represent the mean + SD of 4 (B), 2 (C), or 3 (D) independent experiments, each performed in triplicate. One-way ANOVA followed by
Dunnett post hoc test was performed separately between individual subjects and controls. **P < .01; ***P < .001. E and F. Relative PHF5A
mRNA expression in fibroblasts of subjects 1, 4, and 9 (E) and of subject 2 (F) by transcriptome sequencing. The plots show normalized
PHF5A RNA read counts in the transcriptome data set of 42 fibroblast control and 3 (E) or 1 (F) subject cell line(s). RNA of subject 2
fibroblasts was sequenced on another sequencing run as RNA of subject 1, 4, and 9 fibroblasts. Therefore, subject-2-derived RNA read counts
were normalized separately to controls. The mean + SD normalized read counts of 45 (E) or 43 (F) samples is shown. cDNA, complementary
DNA; fCtrl. 1 and 2, female control fibroblasts; GAPDH, glyceraldehyde 3-phosphate dehydrogenase; mCtrl. 1-4, male control fibroblasts;
mRNA, messenger RNA; ns, not significant; PCR, polymerase chain reaction.
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last exons, mutually exclusive exons, retained introns, and
skipping of exons. When comparing the group of subjects
with clear LOF variants (subjects 2 and 4) against the group
of controls (42 fibroblast cell lines), we did not find
significantly disturbed alternative splicing integrity in fi-
broblasts of the 2 individuals with PHF5A LOF variants
compared with control fibroblasts (Figure 3A). When add-
ing data of subject 1 with the PHF5A start-loss variant, a
potential LOF variant, to the subject cohort, the number of
retained introns was slightly but significantly increased in
the subject group compared with the control group
(Figure 3A). Nevertheless, the number of retained introns in
subjects 1, 2, and 4 was comparable to the number of
retained introns in outliers of the control group (Figure 3A).
We next looked into alternative splicing events of individual
genes in subjects compared with controls. When we
compared data from subjects 2 and 4 with PHF5A LOF
variants with the control group, we identified 15 signifi-
cantly different splicing events in subjects (Supplemental
Figure 5 and Supplemental Table 3). None of them was a

used in 12 events, a cryptic cassette exon in 2, and an
alternative 5’ splice site in 1 event (Supplemental Table 3).
Inclusion of subject 1 in the subject group resulted in the
detection of 14 significantly different splicing events
compared with the control group, of which 12 were alter-
native first exon usage, 1 alternative last exon usage, and 1
usage of an alternative 5’ splice (Supplemental Figure 6 and
Supplemental Table 4). Ten significantly different splicing
events representing alternative first exon and alternative 5’
splice site usages were shared in the analyses of 2 (subjects
2 and 4) or 3 individuals (subjects 1, 2, and 4) in the subject
group compared with the control group (Supplemental
Table 4). Using the online tool Enrichr,”> we investigated
whether gene products of the identified genes with signifi-
cant alternative splicing events share biological pathways.
Significantly enriched Reactome pathways of genes identi-
fied in subjects 2 and 4 were RHO GTPase-, tRNA pro-
cessing-, and cell-cycle-related pathways (Supplemental
Figure 7A). For genes with significant alternative splicing
events identified in subjects 1, 2, and 4, we found tRNA

retained intron event. Instead, an alternative first exon was processing- and cell-cycle-related pathways enriched
cocas
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Figure 3 Number of splice events and differentially expressed genes in transcriptome sequencing data of subject fibroblasts.

A. Splice events in transcriptome data were retrieved from human genome assembly GRCh38, GENCODE version 39. The proportion-
spliced-in (PSI) was determined using SUPPA2. Events with a PSI > 20% were counted. The number of splice events is shown by
groups comparing either the group of subjects with PHF5A LOF variants (subjects 2 and 4; dark blue box plots) alone or together with
subject 1 carrying a start-loss variant (subjects 1, 2, and 4; light blue boxplots) against the group of 42 controls (grey box plots). Differences
between subject groups and the control group were tested using Wilcoxon rank-sum tests separately for each event type: *P < .05.
B. Volcano plot of differentially expressed genes. Differentially expressed genes between subjects 2 and 4 with PHF5A LOF variants and the
set of 42 controls were determined using DESeq2. A total of 2622 genes showed significant differential expression between subject and
control group (green dots), including 1248 upregulated and 1374 downregulated genes. CDCA2, TK1, CCNA2, UBE2C, and AURKB are the
top 5 downregulated genes in the subject group. Data point for MCM?7 is indicated as this gene was among the 10 genes with alternative
promoter usage and was downregulated in subject cells (Supplemental Tables 3 and 4). C. Gene ontology (GO) term analysis of genes
significantly differentially expressed between subject and control group. Top 10 most significantly enriched GO terms are listed by false
discovery rate. Alt, alternative; DEG, differentially expressed gene; excl., exclusive; FDR, false discovery rate; GO, gene ontology; ns, not
significant; S, subject.
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(Supplemental Figure 7B). Shared genes in the 2 analyses
(subjects 2 and 4 or subjects 1, 2, and 4 versus control
group) were TRMU und CPSF4 involved in tRNA pro-
cessing and FBXO5 and MCM?7 implicated in cell-cycle
regulation (Supplemental Figure 7).

We next investigated differentially expressed genes
(DEGs) in the transcriptome sequencing data of subjects 1,
2, and 4. Comparison of transcriptome data of subjects 2 and
4 with PHF5A LOF variants with the set of 42 controls
resulted in 2622 DEGs (1248 upregulated and 1374 down-
regulated genes) (Figure 3B). Comparison of transcriptome
data from fibroblasts of the 3 subjects 1, 2, and 4 with the set
of 42 controls led to 3374 DEGs (1846 upregulated and
1528 downregulated genes) (Supplemental Figure 8A). In
the 2 analyses (subjects 2 and 4 or subjects 1, 2, and 4 vs
control group), CCNA2, CDCA2, and UBE2C were shared
genes among the top 5 downregulated genes (Figure 3B and
Supplemental Figure 8A). Of the genes for which signifi-
cantly different splicing events were identified, MCM7 and
FBXO5 were additionally significantly downregulated to
approximately 27% and 20%, respectively, in fibroblast
cells of subjects 1, 2, and 4 compared with controls
(Supplemental Tables 3 and 4). We analyzed the biological
role of all detected DEGs. Significantly enriched gene
ontology (GO) terms, independent of inclusion of subject 1
in the subject group or not, were found to be associated with
mitosis and cell cycle (Figure 3C and Supplemental
Figure 8B).

Formation of the U2 SF3B splicing complex is not
altered in fibroblasts of subjects with a PHF5A
pathogenic variant

In fibroblasts of subjects with heterozygous PHF5A LOF
variants, both wild-type and variant PHF5A transcripts
likely gave rise to normal PHF5A mRNA levels. However,
we expect that PHF5A mRNAs bearing an early premature
stop codon or start codon loss do not lead to production of
the full-length PHF5A protein. Instead, the 4 heterozygous
PHF5A LOF variants are expected to be associated with
haploinsufficiency resulting in a 50% reduction of PHFSA
protein levels. To study this, we determined PHF5A levels
in whole-cell lysates of fibroblasts of subjects and controls
in immunoblotting by applying an anti-PHF5A antibody
which has been generated using the full-length human
PHF5A protein. We detected PHFSA with a molecular mass
of approximately 15 kDa in cells of subjects 1 to 4 and 9 and
6 controls (Figure 4A and Supplemental Figure 9A). In the 6
control cell lines, we observed interindividual variability of
PHFS levels (Figure 4A and Supplemental Figure 9A). No
C-terminally truncated versions of PHFSA were detected in
subject 2 to 4 cells with a heterozygous LOF variant upon
longer exposure of immunoblots (Supplemental Figure 10).
Quantification of PHF5A values revealed similar PHF5A
levels in fibroblasts of subjects 1, 3, 4, and 9 and controls,
whereas the PHF5A level in fibroblasts of subject 2 with the

p-(Cys23*) variant was significantly reduced to 43% to 54%
compared with controls (Figure 4B and Supplemental
Figure 9B). These data demonstrate that wild-type PHFSA
(molecular mass of ~15 kDa) levels were variable but almost
normal (between 60% and 104%) in fibroblasts of subjects
with a heterozygous PHF5A variant, including LOF vari-
ants, except of subject 2. Similar PHF5A levels in control
and subject 9 cells with the heterozygous missense variant
p-(Gly62Glu) could be expected. However, these results
were unexpected in cells with (1) the heterozygous PHF5A
start-loss variant (subject 1) because there is no second
methionine in the PHFSA amino acid sequence (Figure 1A)
and (2) the heterozygous LOF variants c.69_70del /
p-(Cys23*) (subject 3) and c¢.70G>T / p.(Glu24*) (subject
4) because PHF5A mRNAs with a premature stop codon
cannot lead to the production of full-length PHF5SA. Only
subject 2 fibroblasts with the stop-gain p.(Cys23*) variant
had the expected about 50% reduced PHF5A level that is
suggestive of normal PHF5A protein production from wild-
type PHF5A mRNAs expressed from the single intact gene
copy. In subject 3 and 4 cells with a heterozygous PHF5A
LOF allele, the absence of a 50% reduction of wild-type
PHFS5A levels is suggestive of an upregulated translation
or decreased degradation of wild-type PHF5A transcripts.
This could represent a compensatory mechanism to bring
the PHF5A protein level to an almost normal cellular
amount. Although this cellular response could be present in
fibroblasts of subject 3 with the p.(Cys23*) variant, it was
not observed in fibroblasts of subject 2 carrying the same
PHF5A variant.

To analyze the possibility of an intrinsic instability of
PHF5A p.(Alal5Val) and p.(Gly62Glu) variant proteins, we
used pIRES2-EGFP-PHF5A constructs enabling simulta-
neous translation of GFP and N- or C-terminally FLAG-
tagged PHF5A wild type and variants from a single tran-
script in transiently transfected HEK293T cells. The
p-(His4Arg) variant was not included in this analysis
because subject 6 with this PHF5A variant was included
during the revision process. The GFP amount was similar in
HEK293T cells expressing FLAG-tagged wild-type and
PHF5A variants (Supplemental Figure 11A), indicating the
same transfection efficiency for all PHF5A expression
constructs. We did not detect any significant difference in
the amount of ectopically expressed PHF5A wild type and
both variants, independent of the location of the FLAG-tag
(Supplemental Figure 11B).

PHF5A is part of the SF3B splicing complex consisting
of SF3B1, SF3B2, SF3B3, SF3B4, SF3B5, and SF3B6.””’
In a first step to analyze the integrity of the SF3B com-
plex in subject-derived fibroblasts, we determined levels of
SF3B1, SF3B2, SF3B3, and SF3B6 in fibroblasts of sub-
jects 1 to 4 and 9. Immunoblotting followed by quantitative
analysis revealed that the levels of all 4 SF3B components
in fibroblasts of subjects 1, 3, 4, and 9 were comparable to
those of control cells (Figure 4C-F and Supplemental
Figure 9C-F). In cells of subject 2 with the p.(Cys23*)
variant, which showed reduced PHF5A protein levels as
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Figure 4 Protein levels of PHF5A, SF3B1-3, and SF3B6 in fibroblasts of subjects 1, 4, and 9. A. Representative immunoblots of
whole-cell lysates obtained from subject and control fibroblast cultures from 3 to 4 different passages. Levels of PHF5A, SF3B1, SF3B2,
SF3B3, and SF3B6 were monitored with the indicated antibodies. An anti-GAPDH antibody was used to demonstrate equal loading.
B-F. Band intensities of fluorescence signals were quantified using the ChemiDoc imaging system. PHF5A, SF3B1-3, and SF3B6 protein
levels were normalized to GAPDH. B, E. The mean + SD of 4 independent experiments is shown. C, D, and F. The mean + SD of 3
independent experiments is shown. One-way ANOVA followed by Dunnett post hoc test was performed separately between individual
subjects and controls. *P < .05; ***P < .001. fCtrl. 1-3, female control fibroblasts; GAPDH, glyceraldehyde 3-phosphate dehydrogenase;

mCtrl. 2-4, male control fibroblasts; ns, not significant.

discussed above (Supplemental Figure 9B), varying levels
of SF3B complex proteins were identified. Subject 2 fibro-
blasts had significantly reduced levels of SF3B2, SF3B3,
and SF3B6 compared with 2 or all 3 control cell lines,
whereas the SF3B1 level was unaffected (Supplemental
Figure 9C-F). These data show the different capabilities of
subject-derived fibroblasts to maintain normal levels of
SF3B complex proteins. In subject-derived fibroblasts with
normal PHF5A levels, amounts of other SF3B complex
components were similar to control cells. Remarkably, low
levels of PHF5A were accompanied by diminished levels of
SF3B2, SF3B3, and SF3B6 in subject 2-derived fibroblasts.

We next analyzed formation of the SF3B complex in 2
selected subject-derived fibroblast cell lines. We used fi-
broblasts of subject 4 with the PHF5A variant p.(Glu24*)
and of subject 9 with the missense change p.(Gly62Glu).
p-(Gly62Glu) may have a negative impact on complex
formation because of decreased interaction with SF3B1 or
any of the other SF3B complex proteins. We immunopre-
cipitated endogenous SF3B1 and detected co-
immunoprecipitated endogenous SF3B2, SF3B3, SF3B6,
and PHF5A in the immunoprecipitates. All 4 SF3B complex
components efficiently co-immunoprecipitated with SF3B1
in fibroblasts of subjects 4 and 9 and controls (Supplemental

Figures 12A and 13A). Quantitative analysis revealed
similar amounts of co-immunoprecipitated SF3B2, SF3B3,
SF3B6, and PHF5A with SF3B1 in subject- and control-
derived fibroblasts (Supplemental Figures 12B-E and 13B-
E). Our data demonstrate that formation of the SF3B sub-
complex of the U2 snRNP is not altered in fibroblasts of
subjects with heterozygous PHF5A variants. Moreover, the
PHF5A p.(Gly62Glu) variant does not affect assembly of
the SF3B complex in subject 9 cells.

Discussion

Here, we describe 9 subjects with de novo heterozygous
variants in PHF5A, including 4 with LOF variants, 3 with a
missense variant, 1 with a splice variant, and 1 with a start-
loss variant. Although there is no other available ATG
codon in the PHF5A coding region,”” usage of alternate
translation initiation sites for PHF5A protein biosynthesis
from mRNAs harboring the ¢.2T>C variant in cells from
subject 1 cannot be ruled out. The splice variant likely leads
to aberrantly spliced PHF5A mRNAs. The associated
phenotype included craniofacial dysmorphism, particularly
preauricular skin tag(s), developmental delay, hypospadias,
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and pre- and post-natal growth abnormalities. Using quan-
titative next-generation phenomics, we show the phenotype
is distinguishable from individuals with other neuro-
developmental disorders. After the recent report of a de
novo PHF5A nonsense variant c.162C>A / p.(Tyr54*) in a
girl with left microtia and bilateral absence of 12th ribs,*
the association of craniofacial and/or skeletal anomalies
with heterozygous PHF5A LOF variants is confirmed.

The effect of the 3 missense variants p.(His4Arg),
p-(Alal5Val), and p.(Gly62Glu) on PHF5A function is as
yet unclear. In fibroblasts with the heterozygous p.(Gly62-
Glu) variant, complex formation between PHF5A and other
SF3B components was unaffected. The 2 missense variants
p-(Alal5Val) and p.(Gly62Glu) did not seem to affect
intrinsic stability of respective PHF5A variant proteins
when expressed in a heterologous cell system. Thus, the
PHF5A missense variants p.(His4Arg), p.(Alal5Val), and
p-(Gly62Glu) are classified as variants of uncertain clinical
significance with further evidence needed to demonstrate
pathogenicity.

Analysis of transcriptome sequencing data in fibroblasts
of subjects 1, 2, and 4 for global changes in splice events
identified a slight increase in the number of retained introns;
however, we did not observe intron retention in specific/
shared genes nor a severely disturbed splicing integrity in
the 3 subject cell lines. More detailed analysis, including
alternative splice events for individual genes, identified
alternative promoter usage in 10 genes but no other signif-
icantly different splicing events in subject 1, 2, and 4 fi-
broblasts compared with the control group. FBXO5 and
MCM?7 were among the 10 genes with alternative promoter
use. Interestingly, both genes were also significantly
downregulated in fibroblasts of subjects 1, 2, and 4, in
addition to CCNA2, CDCA2, and UBE2C, which belong to
the top 5 downregulated genes in the 3 subject fibroblasts.
FBXO5, MCM7, CCNA2, CDCA2, and UBE2C encode
proteins with a direct or indirect role (via chromatin orga-
nization or DNA replication) in cell-cycle regulation.’®”"
This is consistent with a general enrichment of DEGs with
a function in the cell cycle or cell division in subject cells. It
is as yet unclear whether the enrichment of genes involved
in mitosis and the cell cycle that showed an alternative
promoter usage and/or downregulated expression in the 3
subject cell lines was caused by a direct effect, that is,
because of the PHF5A variant, or an indirect effect, that is, a
compensatory mechanism (see below). This needs further
investigation.

Subjects with heterozygous PHF5A, SF3B2, or SF3B4
pathogenic variants share some craniofacial anomalies, such
as down slanted palpebral fissures and preauricular skin
tag(s); however, the phenotype in individuals with PHF5A
variants seems to be significantly milder than in Nager
syndrome and craniofacial microsomia. Limb malforma-
tions are consistently found in Nager syndrome, whereas
they are rare in individuals with SF3B2 and PHF5A vari-
ants.'>*” Taken together, the PHF5A-related disorder can be
added to the group of craniofacial spliceosomopathies and in

particular to the subgroup related to defects in the SF3B
spliceosome complex.

Haploinsufficiency has been proposed to be the underly-
ing mechanism of SF3B2- and SF3B4-related diseases
because most of the affected individuals carry heterozygous
LOF variants.””~>**"7 The presence of heterozygous null
alleles in the patients suggested nonsense-mediated mRNA
decay of variant transcripts and/or production of non-
functional C-terminally altered proteins. Thus, in most of
the cases, about 50% of wild-type protein is expected to be
produced in patient-derived cells. Qualitative and/or quanti-
tative transcript and protein analyses in patient cells with
heterozygous SF3B2 or SF3B4 LOF variants have not, or
rarely, been performed.”””" In subjects with the heterozygous
SF3B4 variants ¢.614_615insG / p.(Asp205Glufs*281) (in
exon 3 of 6 exons in total) and c¢.1060dup /
p-(Arg354Profs*132) (in exon 5) SF3B4 transcripts and
proteins have been studied in fibroblasts and chondrocytes,
respectively. In fibroblasts of the patient with the
c.614_615insG variant, wild-type and variant SF3B4
mRNAs with a ratio of about 2:1 were detected
(Figure 2C)"". Total SF3B4 transcript levels were reduced by
about 30% in patient-derived fibroblasts and chondrocytes
compared with controls. On SF3B4 protein level, about 80%
was detected in fibroblasts with the c.614_615insG variant
compared with 1 control. In the respective immunoblots, a
very faint band possibly representing an altered SF3B4
protein with a higher molecular weight suggests potential
production of a minimal amount of the SF3B4
p-(Asp205Glufs*281) variant protein. However, quantifica-
tion of SF3B4 levels has been performed for SF3B4 with a
molecular weight corresponding to wild type (compare the 2
lanes in the immunoblot of Figure 3C in ’') that revealed a
decrease of only about 20% in patient cells. Altogether,
SF3B4 mRNA and protein data demonstrate (1) inefficient
NMD of SF3B4 transcripts harboring a LOF variant and (2)
enhanced stability and/or increased production of wild-type
SF3B4 protein from mRNAs expressed from the normal
SF3B4 allele in patient cells. These results are in accordance
with our data. We identified escape of NMD for PHF5A
variant transcripts harboring a premature termination codon
in subject-derived fibroblasts and/or leukocytes. Even
PHF5A transcripts with a premature stop codon located in
exon 2, that is, ¢.69_70del / p.(Cys23*) that were predicted to
be degraded were stable. Wild-type and variant PHF5A
transcripts gave rise to normal or increased total PHF5A
mRNA levels in subject cells. On protein level, we observed
similar amounts of PHF5A with the expected molecular
weight of the wild type in almost all subject and control fi-
broblasts. Only in subject 2 cells with the PHF5A p.(Cys23*)
variant, the PHF5A level was reduced by about 50%. These
data are suggestive of a feedback mechanism in most subject-
derived cells expressing both PHF5A wild-type transcripts
and transcripts with a premature termination codon that leads
to wild-type PHF5A protein levels between 60% and 100%.
In turn, most of the subject-derived fibroblasts with a het-
erozygous LOF allele were able to maintain homeostatic
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levels of the 4 SF3B complex proteins SF3B1, SF3B2,
SF3B3, and SF3B6. Subject 2-derived fibroblasts with low
PHF5A levels (~50%) had similarly low levels of SF3B2,
SF3B3, and SF3B6. In fibroblasts with the heterozygous
PHF5A variant p.(Glu24*), SF3B complex formation was
unaffected. Collectively, these data show the different capa-
bilities of subject-derived fibroblasts with heterozygous
PHF5A null alleles to maintain sufficient levels of wild-type
PHF5A and other SF3B complex proteins for effective pre-
mRNA splicing.

These feedback mechanisms seem to be crucial to the
homeostatic maintenance of core spliceosomal components
and underscore the essential role of PHF5A in splicing that
cannot be taken over by other splicing factors. For several
genes encoding splicing factors (negative) autoregulation to
control their own expression has been demonstrated. Mul-
tiple layers of control do exist: (1) alternative splicing of
pre-mRNAs expressed from the splicing factor gene leads to
production of transcript variants containing premature
termination codons that elicits NMD.”*”” This process is
important to buffer the concentration of splicing factors and
to reduce cell-cell heterogeneity in splicing factor levels,”
(2) splicing factor transcripts are subject to silencing by
microRNAs,””*” and (3) overexpression of splicing factors
decreases translational efficiency of their own mRNAs.””
Interestingly, heterozygous non-coding variants in SNRPB
associated with cerebrocostomandibular syndrome cause
increased inclusion of an alternative exon containing a
premature termination codon in SNRPB mRNAs. Preferen-
tial inclusion of this exon triggers NMD and leads to
significantly reduced total SNRPB mRNA levels in patients
compared with controls that is consistent with hypomorphic
SNRPB alleles underlying this particular craniofacial spli-
ceosomopathy.'* In summary, negative autoregulation is
important to control and maintain homeostatic levels of
spliceosomal proteins, especially in a spatiotemporally
specific manner during embryonic development.

The craniofacial syndromes associated with pathogenic
variants in splicing factor genes are thought to be caused by
decreased levels of splicing factors that reduced splicing
efficiency in cranial neural crest cells, subsequently leading
to neural crest cell loss.'""'? Because this cell type forms
most structures of the face, depletion of neural crest pro-
genitors results in craniofacial abnormalities in various an-
imal models.®'** However, splicing factor autoregulation
may allow for multiple feedback mechanisms in cells
harboring heterozygous LOF variants in genes encoding
spliceosomal components, such as SF3B4 and PHF5A. For
example, transcripts with a premature stop codon could be
retained in the nucleus and thereby escape NMD. In addi-
tion, translational efficiency of wild-type transcripts
expressed from the normal allele could be increased. We put
forward the hypothesis that subject-derived fibroblasts with
heterozygous PHF5A LOF variants upregulate expression of
wild-type transcripts from the normal PHF5A allele and/or
enhance translation of wild-type transcripts to produce
almost normal PHF5A levels. Translational efficiency can

be modulated by shifting the target mRNA toward poly-
ribosomes and monoribosomes to increase and decrease
translation, respectively, as shown for the splicing factor
SFRS1.”” The observed compensatory mechanisms to
maintain homeostatic levels of splicing factors in certain
types of patient cells ("' and this work) question hap-
loinsufficiency as proposed pathomechanism underlying
certain  craniofacial  spliceosomopathies.””””  Instead,
disturbed or inefficient autoregulation of mutated spliceo-
somal genes by post-transcriptional and/or translational
mechanisms may lead to (slightly) decreased levels of
splicing factors followed by reduced splicing efficiency and
splicing defects in specific cell types of patients. Neural
crest cells have been postulated to be more sensitive to
inefficient splicing than other cell types. Thus, maintenance
of splicing factor homeostasis seems to be highly critical for
neural crest cellular function and any disturbance in fine-
tuning the concentration of specific splicing factors may
compromise craniofacial development.'” The high capa-
bility of neural crest cells to autoregulate mutated splicing
factor genes is demonstrated by the report of a patient with a
heterozygous SF3B4 nonsense variant who had develop-
mental and growth delay but did not show the typical dys-
morphic features of Nager syndrome.® Based on these data,
we hypothesize that any disturbance in establishing a near
homeostatic concentration of specific splicing factors leads
to alternative splicing defects in distinct cell types of an
individual with a pathogenic variant in a splicing factor gene
and a non-predictable spectrum of clinical abnormalities.
In conclusion, we report on 9 subjects with de novo
heterozygous PHF5A variants and a phenotype consisting of
developmental delay, pre- and post-natal growth abnor-
malities, ear abnormalities, and hypospadias. Data from our
functional studies using subject-derived fibroblasts with
heterozygous PHF5A LOF variants suggest the existence of
feedback mechanisms to maintain (almost) normal levels of
PHF5A and other SF3B components. These compensatory
mechanisms in subject fibroblasts suggest disturbed autor-
egulation of mutated splicing factor genes in specific cell
types, that is, neural crest cells, during embryonic devel-
opment rather than haploinsufficiency as pathomechanism.
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