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Purpose: Studies have previously implicated PRRX1 in craniofacial development, including
demonstration of murine PrrxI expression in the preosteogenic cells of the cranial sutures. We
investigated the role of heterozygous missense and loss-of-function (LoF) variants in PRRX/
associated with craniosynostosis.
Methods: Trio-based genome, exome, or targeted sequencing were used to screen PRRX! in
patients with craniosynostosis; immunofluorescence analyses were used to assess nuclear
localization of wild-type and mutant proteins.
Results: Genome sequencing identified 2 of 9 sporadically affected individuals with syndromic/
multisuture craniosynostosis, who were heterozygous for rare/undescribed variants in PRRX].
Exome or targeted sequencing of PRRX] revealed a further 9 of 1449 patients with craniosy-
nostosis harboring deletions or rare heterozygous variants within the homeodomain. By
collaboration, 7 additional individuals (4 families) were identified with putatively pathogenic
PRRX1 variants. Immunofluorescence analyses showed that missense variants within the
PRRX1 homeodomain cause abnormal nuclear localization. Of patients with variants considered
likely pathogenic, bicoronal or other multisuture synostosis was present in 11 of 17 cases (65%).
Pathogenic variants were inherited from unaffected relatives in many instances, yielding a 12.5%
penetrance estimate for craniosynostosis.
Conclusion: This work supports a key role for PRRX1 in cranial suture development and shows
that haploinsufficiency of PRRX] is a relatively frequent cause of craniosynostosis.
© 2023 The Authors. Published by Elsevier Inc. on behalf of American College of Medical
Genetics and Genomics. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/).

Introduction

Craniosynostosis, the premature fusion of one or more of the

or developmental features, consistent with a syndrome. An
underlying genetic cause can be found in approximately one
quarter of affected individuals by identification of patho-
genic variants in >50 genes (with EFNBI, ERF, FGFR2,

cranial sutures of the skull, occurs with a prevalence of
approximately 1 in 2000 births.'~” It is characterized by the
combination of sutures fused (sagittal, metopic, coronal, and
lambdoid) and the presence of additional abnormal physical

FGFR3, SMAD6, TCFI2, and TWISTI most frequently
implicated) or diverse chromosomal abnormalities.”~” Many
of these genes play key roles in cranial suture biology, from
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developmental patterning to the maintenance of stem cell/
progenitor proliferation-differentiation balance within the
suture during calvarial expansion.” Here, we present evi-
dence implicating pathogenic variants of PRRX/ in
Craniosynostosis.

The mammalian paired-related homeobox family com-
prises 2 genes, PRRXI and PRRX2, which are classified
within the PRD class of homeobox transcription factors.” The
orthologous genes in mice (Prrx/ and Prrx2) were previously
named MHox/PrxI and Prx2, respectively. PRRXI comprises
5 exons; alternative splicing of exon 4 generates 2 distinct
protein isoforms, PRRX1a (NM_022716.4; 245 amino acids
[aa] in humans) and PRRXIb (NM_006902.5; 217 aa)
(Figure 1A). PRRX1a and PRRX2 (NM_016307.4) (which is
not subject to alternative splicing) contain a highly conserved
C-terminal OAR (otp, aristaless, and rax) domain (Figure 1B),
which is absent in PRRX1b.’

PrrxI has been shown to be widely expressed within the
mouse coronal suture atembryonic day (E) 15.5 and is a marker
of stem cells in the postnatal sutural mesenchyme.®'” Postnatal
skeletal stem cells expressing Prrx/ reside exclusively within
the calvarial suture, respond to wingless-related integration site
(WNT) signaling by differentiating into osteoblasts, and are
able to regenerate bone upon heterotopic transplantation."’
Prrxl and Prrx2 exhibit overlapping expression patterns in
undifferentiated mesenchyme of the head, limb buds, axial
mesoderm, and branchial arches, although there are differ-
ences, particularly in the heart and brain.'>'"® Analysis of
mouse null mutants demonstrated partially redundant roles of
Prrx1 and Prrx2 in craniofacial development. Although Prrxl
heterozygotes were normal, Prrx/ null mice died at birth with
cleft palate, defects of multiple bones of the face and lateral
skull, and absent supraoccipital bone; additional anomalies
were present in the limbs (short, thickened endochondral
bones) and vertebraec (incomplete vertebral arches).14
Although Prrx2 null mice were viable and fertile (including
when combined with PrrxI*7), PrrxI™:Prrx2™~ double
mutants exhibited a marked exacerbation of the Prrxl™"~
phenotype, including novel features, indicating dosage sensi-
tivity and functional redundancy.'*"

Influenced by the earlier mouse work, PRRX/ (located at
human chromosome 1q24.2) was previously tested as a
candidate disease gene in infants with agnathia-otocephaly
complex (MIM 202650), a severe craniofacial malforma-
tion in which reduction or absence of the mandible is
associated with microstomia, hypo- or a-glossia and
ventromedial auricular malposition or fusion. After the
identification of a heterozygous variant in PRRXI
(NM_022716.4:c.337T>C; p.(Phell3Leu) [incorrectly
documented as p.(Phel13Ser) in the original report]),'® 3
further reports of homozygous (NM_022716.4:c.691G>C;
p.(Ala231Pro))'’ or heterozygous variants have been pub-
lished, the latter comprising 2 de novo frameshift variants:
NM_022716.4:c.266_269dup; p.(Arg92Glufs*8), incor-
rectly reported as p.(Arg92Glufs*98), ' and
NM_022716.4:¢c.269del; p.(Lys90Argfs*42), incorrectly
reported as NM_022716.4:c.267del; p.(Lys90Argfs*131)."”

Here, we used genome and exome sequencing and tar-
geted resequencing to demonstrate that rare PRRX variants
are enriched in individuals with craniosynostosis. Of the 17
individuals with deleterious variants, 3 were present within a
prospective UK 18-year birth cohort of 981 affected in-
dividuals (unpublished data), indicating that PRRXI patho-
genic variants are a relatively frequent (0.3% overall) cause
of craniosynostosis. These findings accord with recent ob-
servations that Prrx] is expressed in the major cranial su-
tures, identifying a subset of cells with characteristics of
osteoprogenitors, 12

Materials and Methods
Genome and exome sequencing

Genome sequencing (GS) of 9 trios comprising a sporadi-
cally affected child with molecularly undiagnosed syn-
dromic/multisuture craniosynostosis was performed by
Complete Genomics (Mountain View) following the pro-
tocols from Drmanac et alzl; de novo variant analysis was
performed as previously described.””** Variants were an-
notated using GRCh37/hg19 and dbSNP build 130. Variants
identified in PRRXI were confirmed by dideoxy sequencing
of genomic polymerase chain reaction (PCR) amplification
products (Supplemental Figure 1B). Exome sequencing of
520 unrelated probands (Yale WES Cohort, Supplemental
Table 1) with genetically undiagnosed craniosynostosis
was previously described.”

Targeted resequencing of PRRX1

A combination of PCR and high-throughput sequencing was
used to screen samples from 388 patients with craniosy-
nostosis without a molecular diagnosis, for variants in
PRRX]I. Primers (Supplemental Table 2) were designed to
amplify all coding regions of PRRXI with the addition of
CS1 (5'-ACACTGACGACATGGTTCTACA-3") and CS2
(5'-TACGGTAGCAGAGACTTGGTCT-3’) adaptor se-
quences included on the 5’ ends of all target-specific for-
ward and reverse primers, respectively (details in
Supplemental Methods). An additional 541 samples were
screened for pathogenic variants in PRRX] using Integrated
DNA Technologies’ hybridization and capture protocol
(details in Supplemental Methods). Probes were designed to
ensure that all coding regions of PRRX1 were captured by at
least 2 probes (Supplemental Table 3). Sequencing data
were analyzed using amplimap software” (including map-
ping, coverage analysis, and variant calling), and variants
were filtered on the basis of rarity (allele frequency in
gnomAD [v2.1.11*° below 0.000045),”” Combined Anno-
tation Dependent Depletion score (>20 or not reported), and
likely consequence (missense or more damaging).

The coverage of PRRXI was assessed in a subset of
patients (n = 479) included in the targeted sequencing
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Figure 1  Structure, conservation, and variants in PRRX1. A. A schematic of the exon structure (exons 1-5) of human PRRX1a (245 aa)
and PRRX1b (217 aa). Alternative splicing of the final exon results in an OAR (otp, aristaless, rax) domain present in PRRX1a, which is
absent in PRRX1b. Variants identified in patients with craniosynostosis are highlighted in red with the purple lines above indicating the 3
deletions identified in independent patients. Arrows indicate that the deletion extends beyond the PRRX gene. B. A schematic representation
of the PRRX1a protein (P54821) showing the position of the homeodomain and the OAR domain. Variants identified in this study are
highlighted in red, whereas variants reported in patients with agnathia-otocephaly are shown in blue. The only homozygous variant reported
is p.(A231P) identified in a patient with agnathia-otocephaly. C. Conservation of the amino acids surrounding D54 (left) and the 60 amino
acids of the homeodomain (right). Sequences correspond to human PRRX1a and PRRX2 (PRRX1_Hs and PRRX2_Hs, respectively), mouse
(Prrx1_Mm), zebrafish (Prrx1_Dr), and Drosophila (CG9876_Dm), and the consensus sequence for the PRD class of homeodomain-
containing proteins. The arrows indicate the position of the missense substitutions identified in this study. The 3 alpha helices of the
homeodomain are also highlighted (I, II, and III). Two predicted nuclear localization sequences (NLS) are annotated in green. Asterisks (*)
represent complete conservation across all alignments, a colon (:) represents aligned residues with similar biochemical properties, and the
period (.) denotes conservation between groups with weakly similar properties. aa, amino acid.

analysis. These samples were selected because they dis- coverage below 0.6 (heterozygous deletion) or above 1.4
played low variability in normalized mean coverage (see (heterozygous duplication).

Supplemental Methods for further details). Total coverage

for nonoverlapping probe regions (including 20 regions Isolation of the breakpoints in patients with
covering all exons) was normalized by the mean coverage deletions in PRRX1

for all genes analyzed (n = 41) for each sample, and by the

average coverage for all samples for each probe region. A 25 ng sample of genomic DNA was mixed with 12.5 uL
Each sample was analyzed for deletions or duplications, of 2x Q5 High-Fidelity Master Mix (NEB, M0492S), 1.25

considering >2 consecutive probes displaying a normalized ML of each forward and reverse primer (Supplemental
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Table 4) (10 mM), and up to 25 pL total volume of
nuclease-free water. The sample was amplified in a ther-
mocycler at 98 °C for 30 seconds, followed by 35 cycles of
95 °C for 10 seconds, 66 °C for 30 seconds, and 72 °C for
30 seconds, and a final extension of 72 °C for 2 minutes. A
control primer pair amplifying a region of SYNJ2
(SYNJ2_FW: 5’-CCACTGTGTTGAGCTGATGA-3’" and
SYNJ2_RV: 5'-CAACGGGAAATGCTGCAAAG-3’) was
used to confirm the presence of a band in a healthy control
sample (Supplemental Figure 2A). The PCR product cor-
responding to the PRRX-deletion was analyzed by dideoxy
sequencing to establish the breakpoints (Supplemental
Figure 2B and C).

Plasmid construction

Constructs containing murine Prrx/ complementary DNA
(cDNA) were originally obtained as a gift from Michael
Kern,” and missense variants were derived in these con-
structs using site-directed mutagenesis (primers in
Supplemental Table 5). Subsequently, Prrx! was amplified
with primers containing EcoRI and HindIII restriction sites
at the 5’ and 3’ ends, respectively (Supplemental Table 6),
before subcloning into a hemagglutinin (HA) and FLAG-
tagged (N-terminal to Prrxl) vector obtained from Addg-
ene (FLAG-HA-pcDNA3.1, #52535). All constructs were
confirmed by dideoxy sequencing (Supplemental Figure 3).
Further experimental details are provided in the
Supplemental Methods.

Immunofluorescence

COS7 cells were seeded onto coverslips to reach 60%
confluency after 24 hours in a 6-well plate, before trans-
fection with 0.5 pg of plasmid and 3 pL of Lipofectamine-
2000 (ThermoFisher Scientific). After 18 hours, cells were
fixed using paraformaldehyde (4%, pH 7.4) and per-
meabilized using 0.2% Triton X-100, before blocking with
2% bovine serum albumin. Anti-HA (HA-Tag [C29F4],
Rabbit mAb #3724, Cell Signaling) was diluted 1:100 in
SignalBoost Immunoreaction Enhancer Solution 1 (Calbio-
chem KP31812) and added to coverslips to incubate for 1
hour at room temperature. Coverslips were washed with 1X
phosphate-buffered saline (PBS) before addition of sec-
ondary antibody (Alexa Fluor 488 donkey anti-rabbit IgG
[Life Technologies, #A-21206]), diluted 1:500 in Signal-
Boost Immunoreaction Enhancer Solution 2 (Calbiochem,
KP31855). Cells were incubated with secondary antibody
for 45 minutes at room temperature and counterstained with
Alexa Fluor 647 Phalloidin diluted 1:20 in 1x PBS (Cell
Signaling, #8940) for 15 minutes, followed by staining with
4',6-diamidino-2-phenylindole (DAPI, 2 mg/mL) diluted
1:2000 in 1x PBS for 10 minutes. Coverslips were washed
and mounted on slides using VECTASHIELD Antifade
Mounting Medium H-1000 (Vector Laboratories) and
imaged using Zeiss 880 Inverted Confocal (Wolfson

Imaging Centre, WIMM) and ScanR microscopes (Micron
Imaging Facility, Department of Biochemistry, University
of Oxford). The ScanR microscope imaged 25 random
sections of each slide (in technical triplicates) and cells were
counted for distribution of protein within the nucleus or
cytoplasm, blinded to the transfected construct used. A
minimum of 698 cells were counted for each variant.

Results

Identification of rare heterozygous variants of
PRRX1 in craniosynostosis

Initial analysis of GS data from 9 parent-child trios with
previously undiagnosed syndromic/multisuture craniosy-
nostosis (Supplemental Table 1) revealed a de novo single-
nucleotide deletion of PRRXI (NM_022716.4:c.52del,
predicting a frameshift p.(Argl8Alafs*23)), in a child
(family 2, II-1; Table 1) presenting with bicoronal synos-
tosis. Given the previous evidence implicating PRRX1
function in craniofacial development,”’15 we examined the
GS data for additional variants. This revealed a heterozy-
gous PRRX1 variant, NM_022716.4:c.449G>A;
p-(Argl50His), in individual II-3 from family 12 (Table 1),
which had not previously been prioritized because it was
inherited from the apparently unaffected father. This variant
encoded an arginine to histidine substitution at the 57th
position of the highly conserved 60 aa homeodomain. No
nonsynonymous variants at Argl50 have been identified in
>250,000 PRRXI alleles (gnomAD v2.1.1),”° and sub-
stitutions of the equivalent arginine have been reported as
pathogenic in other homeodomain proteins, for example,
SHOX, in which the equivalent substitution was shown to
abolish nuclear import through disruption of the nuclear
localization signal.”**’

Based on these preliminary findings, we interrogated a
cohort of patients with craniosynostosis (largely with
sagittal or metopic fusion) previously analyzed by exome
sequencing (n = 520)** and resequenced a separate cohort
of patients with craniosynostosis (considering a broader
range of suture fusion phenotypes) who had not previously
received a formal genetic diagnosis (n = 929) (Table 2,
Supplemental Table 1). This revealed 7 further unrelated
subjects heterozygous for rare, predicted pathogenic variants
in PRRXI. These comprised a loss of the start codon
(NM_022716.4:c.2T>G; p.(?), family 1), a nonsense variant
(NM_022716.4:¢.283C>T; p.(Arg95%*), family 4), and 4
amino acid substitutions within the homeodomain (arginine
to methionine at the third homeodomain residue
[NM_022716.4:c.287G>T; p.(Arg96Met), families 5 and
6], arginine to glutamine at the 31st position of the home-
odomain [NM_022716.4:¢c.371G>A; p.(Arg124Gln), family
9], and alanine to threonine at the 54th homeodomain res-
idue [NM_022716.4:c.439G>A; p.(Alal47Thr), family
11]). Additionally, a missense variant at a highly conserved



Table 1  Rare heterozygous PRRX1 (NM_022716.4) variants identified in this study

gnomAD % Nuclear
Family Individuals With Suture Syndromic/ Exon(s) Chromosome and cDNA Amino Acid CADD  Prevalence Localization,
No. Variants® Fusion® Nonsyndromic* No. Position (GRCh38) Change Change Score (v2.1.1) De Novo? Mean + SD
1 I-1, II-1%° S+LL ns 1 chr1:170664220 c.2T>G p.(2) 24.3 0 -
2 II-1%° BC ns 1 chr1:170664268 c.52delC  p.(Arg18Alafs*23) - 0 Y -
3 I-2, II-3*" Me S 1 chr1:170664379 c.161A>C p.(Asp54Ala) 23.3 0 78.7 + 4.1
4 I-1, II-1*° S+RC ns 2 chr1:170719767 .283C>T p.(Arg95%) 36 0 -
5 I-2, 1I-2, II-3, III-2*° S ns 2 chr1:170719771 c.287G>T p-(Arg96Met) 29.5 0 39.1+1.8
6 I-2, 1I-2, III-2*° RC ns 2 chr1:170719771 c.287G>T p.(Arg96Met) 29.5 0 39.1+1.8
7 I1-3, III-1%°, III-2° BC; P s; ns 2 chr1:170719774 c.291delT p.(Asn97Lysfs*35) - 0 -
8 II-2, II-3, III-1*, S; S S; S 2 chr1:170719827 €.343C>T p-(Arg115Trp) 23.4 1.06 X 50.4 + 6.6
I11-3 107°
9 II-1, III-1%° RL ns 2 chr1:170719855 €.371G>A  p.(Arg124Gln) 31 0 Y (in II-  49.0 + 0.4
1)
10 1-2°, II-2, II1-1%°, BC; BC s s 3 chr1:170726234 c.432C>G  p.(Asnl44Lys) 25.2 0 49.5 + 3.7
III-2
11 I-2, II-3*° S+BC ns 3 chr1:170726241 €.439G>A p.(Ala147Thr) 28.9 0 56.3 + 5.1
12 I-1, I1-3*° S+BC s 3 chr1:170726251 c.449G>A  p.(Arg150H;is) 31 0 49.3 + 8.4
13 I1-1%" Mu ns 2-5  chr1:170692716- - 61.5 kb deletion - 0 Y -
170754397
14 I-2, I1-2°*° LC ns 1-2 chr1:170649419- - 76 kb deletion - 0 -
170725333
15 I1-1%" BC s 1-5 - - 10.5 Mb deletion - 0 -

CADD, Combined Annotation Dependent Depletion; cDNA, complementary DNA;

“Index patient.

PIndividuals with craniosynostosis.

“BC refers to bicoronal, LC refers to left coronal, Me refers to metopic; Mu refers to multi-suture synostosis, P refers to pansynostosis, RC refers to right coronal; RL refers to right lambdoid, and S refers to sagittal.
dns refers to nonsyndromic, and s refers to syndromic.

“|e 19 8z00] ‘S°Y
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Table 2  Subjects with craniosynostosis analyzed for rare, deleterious PRRX1 variants in 3 screens®
Nonsyndromic Syndromic Combined

Suture Fused Total PRRX1 Positive Total PRRX1 Positive Total PRRX1 Positive
Metopic 321 46 1 367 1 (0.27%)
Sagittal 611 1 57 668 1 (0.15%)
Unilateral coronal 180 2 24 204 2 (0.98%)
Bilateral coronal 33 1 11 1 44 2 (4.55%)
Uni- or bilateral lambdoid 33 1 4 37 1 (2.70%)
Other multisuture 70 3 46 1 116 4 (3.45%)
Suture not specified 19 19 0 (0.00%)
Combined 1248 8 207 3 1455 11 (0.76%)

See Supplemental Table 1 for further details.

residue N-terminal to the homeodomain was identified
(NM_022716.4:c.161A>C; p.(Asp54Ala), Family 3)
(Table 1). To provide a comparator, we examined data from
the gnomAD database (v2.1.1) and UK Biobank.”’ In
approximately 250,000 alleles in gnomAD, there are 4 LoF
alleles and 34 missense substitutions (excluding a known
benign substitution, p.(Ser104Gly)) that potentially disrupt
the homeodomain. In approximately 735,000 alleles in the
UK Biobank, there are 3 LoF variants and 110 missense
variants (excluding p.(Ser104Gly)) predicted to disrupt the
homeodomain. This indicates a significant over-
representation (16-fold; Fisher exact test: P < .000001) in
the resequencing study (2 LoF and 5 homeodomain
missense variants in 2898 alleles) compared with gnomAD
and the UK Biobank, consistent with a causal contribution
in the affected individuals.

Given the evidence that small nucleotide variants of
PRRX1 are enriched in craniosynostosis, we used 2 ap-
proaches to identify further index cases with pathogenic
PRRX] variants. First, we developed a robust method to
screen for copy number changes of PRRXI in the targeted
capture data (n = 479). This identified 2 individuals, 1
heterozygous for a partial PRRX1 deletion including exons 1
and 2 only (family 14) and the other with a whole gene
deletion (family 15; Supplemental Figure 4A and B); both
deletions were independently confirmed using array-based
methodology, and the breakpoints of the partial deletion
(which extended ~76 kb) were isolated using PCR ampli-
fication (Supplemental Figure 2). Second, through collabo-
ration with the community of craniofacial geneticists, we
identified 4 families with potentially pathogenic heterozy-
gous variants, comprising 3 additional variants within the
homeodomain (families 7, 8, and 10; Table 1) and a 61.5 kb
deletion, including exons 2 to 5 (family 13).

PRRX1 missense substitutions affect nuclear
localization

To investigate the functional consequences of missense
variation, we transfected PrrxI constructs into COS7 cells
and undertook immunofluorescence analysis to establish if
any of the variants caused abnormal nuclear localization

(Figure 2A). We considered the wild-type protein (PRRX1),
a homeodomain variant with an allele frequency of 0.0011
in gnomAD v2.1.1 that is classified as benign
(p.(Ser104Gly)), the 7 missense variants identified in pa-
tients with craniosynostosis, and a heterozygous missense
variant in the homeodomain (p.(Phel13Leu)) reported in an
individual with agnathia-otocephaly.'® Images were gener-
ated by confocal microscopy and analyzed using a ScanR
microscope whereby cells were classified as having either a
cytoplasmic or nuclear distribution of PRRX1 (Figure 2A)
(698-1187 cells counted for each variant). After transfection
of the wild-type PRRXI construct, the encoded protein
localized within the nucleus in 74% of cells counted
(averaged across 3 repeats) (Figure 2B); quantitatively
similar results were obtained for the p.(Ser104Gly) poly-
morphism (67%) and the p.(Asp54Ala) variant (79%; this
being the only missense substitution outside the homeo-
domain). In contrast, all 6 of the craniosynostosis-associated
homeodomain  missense  substitutions  demonstrated
abnormal localization of PRRX1, with the protein localizing
to the cytoplasm in the majority of cells. The most severe
quantitative defect was obtained for cells transfected with
the p.(Arg96Met) variant, for which PRRX1 localized to the
cytoplasm in 61% of cells (a 35% reduction in nuclear
localization compared with wild-type PRRXT1); the other
homeodomain missense substitutions displayed a 17% to
25% reduction in cells displaying nuclear localization
compared with wild type. Interestingly, for the agnathia-
otocephaly variant (p.(Phell3Leu)),”’ 82% of cells dis-
played a nuclear phenotype (similar to the wild-type
protein), suggesting a different pathogenic mechanism(s)
for this variant (Supplemental Figure 5).

Clinical phenotype of individuals with heterozygous
PRRX1 LoF variants

We analyzed the craniosynostosis pattern, and associated
clinical features, in 17 affected individuals from the 14
families for which we had evidence for pathogenicity (ie,
excluding the p.(Asp54Ala) variant). The most frequent
presentation (Table I, Supplemental Table 7) was with
synostosis of >2 sutures, either pure bicoronal (5 of 17;
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Immunofluorescence analysis of PRRX1 homeodomain missense substitutions. A. Confocal microscopy was used to analyze

the distribution of PRRX1 in the nucleus or cytoplasm of COS7 cells transfected with plasmids containing wild-type Prrxl or mutant (D54A,
RI96M, S104G, R115W, R124Q, N144K, A147T, and R150H). From left to right images show cytoplasmic staining of actin using Phallodin-
647 (red), staining of HA-tagged PRRX1 (green), nuclear staining using DAPI (blue), and an overlay of the 3 channels. Images are
representative of the major phenotype assessed over 3 technical replicates. B. Results were quantified using a ScanR microscope that
randomly took images of 25 sections of each slide (previously analyzed using confocal microscopy). Blinded cell counts were scored as either
cytoplasmic or nuclear considering a total of >698 cells per construct. Error bars represent + SD. A two-way analysis of variance (with
Bonferroni correction) was used to assess the difference between nuclear distribution of cells expressing the wild-type and mutant proteins (P

values: *.0156, *** <.005, **** <.0001). WT, wild-type.

Figure 3A and B) or other suture combinations (6 of 17).
Together this represents an approximately 3-fold excess of
multisuture presentations (11 of 17; 65%) compared with
approximately 22% for the craniosynostosis population as a
whole”; single-suture synostoses were sagittal (3 of 17;
Figure 3C), unicoronal (2 of 17), and unilambdoid (1 of 17;
Figure 3D). Six individuals had required a second major
craniofacial procedure (Supplemental Table 8). The asso-
ciated phenotype is relatively nonspecific, with 10 of 17
individuals  classified clinically as nonsyndromic
(Supplemental Table 7). Those considered to be syndromic
had a variety of additional features (Supplemental Table 8).
Family 10, in which the proband and his grandmother had
bicoronal synostosis and the grandmother additionally
required surgery for unilateral ptosis, had a clinical diag-
nosis of Saethre-Chotzen syndrome (Figure 3B). One
affected individual from family 7, also with bicoronal syn-
ostosis, was diagnosed with Pfeiffer syndrome owing to
broad thumbs and halluces; in most individuals, the hands

and feet were normal. Recurrently noted dysmorphic fea-
tures included small, posteriorly rotated, or low-set ears (7
subjects) and midface hypoplasia (4 subjects). Cognitive
ability was usually in the normal range, except for 2 in-
dividuals (III-1 in family 10 and II-1 in family 15) with
documented chromosomal abnormalities (respectively, in-
dependent of, or including, the PRRX/ variant). Syndromic
diagnoses were otherwise based on minor facial dysmorphic
features such as low frontal hairline, eyelid ptosis, promi-
nent orbits, mild midface hypoplasia, and small and/or low-
set ears with or without external auditory canal stenosis,
which did not amount to a recognizable pattern. Overall, this
analysis suggests that the prognosis for affected individuals
is good, provided that the consequences of craniosynostosis
and any associated intracranial hypertension are addressed,
and coincident chromosomal abnormalities are excluded.
To examine the inheritance pattern of the rare PRRX] var-
iants, we tested parents and, where available, additional family
members. Except for family 2 in which we originally identified
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Figure 3

Preoperative clinical presentation of craniosynostosis in patients with PRRX1 missense or loss-of-function variants. A.

Individual II-1 from family 2 aged 5 months with nonsyndromic (NS) bicoronal synostosis (p.(Argl8Alafs*23)). B. Individual III-1 from
family 10 aged 3 months with syndromic bicoronal synostosis (p.(Asnl44Lys)); this individual also harbors a maternally inherited
del(19)(p13.11). C. Individual III-2 from family 5 aged 3 months with NS sagittal synostosis (p.(Arg96Met)). D. Individual III-1 from family
9 aged 2 months with NS right lambdoid synostosis (p.(Arg124Gln)). del, deletion.

the de novo variant, the de novo variant arising in the father of
family 9, and the de novo 61.5 kb deletion in family 13, most
variants were inherited from parents without craniosynostosis
(Table 1, pedigrees shown in Supplemental Figure 1A). Of
note, the p.(Asn144Lys) variant (family 10) was inherited from
an affected grandmother, but craniosynostosis was not evident
in the heterozygous mother; the mother had small ears with
external auditory canal stenosis and low anterior hairline. The
p-(Arg95*) variant (family 4) was inherited from a clinically
syndromic father, noted to have an atypical skull shape, but
who did not present with craniosynostosis. Overall, after
excluding the proband in each family, the estimated penetrance
of craniosynostosis in other family members proven or
deduced to harbora PRRX variant was 3 of 24 (12.5%); hence,
it is apparent that these damaging heterozygous variants are
frequently associated with nonpenetrance, and many hetero-
zygous individuals are unaffected.

Discussion

In this work, we describe the identification of heterozygous
LoF and deleterious missense variants of PRRX] associated
with craniosynostosis in 14 unrelated families. We identified 1
start loss, 3 variants that introduce a premature stop codon

(nonsense or frameshift), 6 missense variants (in 7 families)
that affect highly conserved residues within the homeodomain,
and 3 complete or partial deletions of PRRXI. The 6 homeo-
domain variants reduce nuclear localization of PRRX1 in a
cellular assay and were considered pathogenic. In addition, we
identified 1 patient with syndromic metopic synostosis and a
rare variant outside the homeodomain, p.(Asp54Ala). Notably,
Asp54 intersects a putative PRX domain (aa 28-45), which was
previously shown to have a subtle inhibitory effect on protein
transactivation.’ Nevertheless, p.(Asp54Ala) did not abrogate
nuclear localization in this study; therefore, the pathogenic
significance of this variant remains uncertain. Overall, these
observations suggest partial or complete loss-of-function of the
variant PRRX1 allele, consistent with haploinsufficiency as the
likely pathogenic mechanism. Interestingly, a small number of
individuals have been described with heterozygous deletions
of 1g24.2 linked to syndromic learning disability, with short
stature, brachydactyly, and facial dysmorphism as additional
features.”' ** Although PRRXI falls outside of the shortest
region of overlap for the full syndrome, a pair of monozygotic
twins has been described with an approximately 2.6 Mb dele-
tion including PRRXI, both of whom required surgery for
craniosynostosis.*>

The immunofluorescence analyses suggested a reduced
ability of the mutant PRRX1 protein to translocate into the
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nucleus as a contributing pathogenic mechanism. Four of the 6
missense substitutions reported in this study coincide with 2
predicted nuclear localization sequences within the PRRX1
homeodomain® (Figure 1C) that are located at identical po-
sitions to those reported in other members of the homeobox
superfamily.”*>*® Missense variants at either the N- or C-
terminal nuclear localization sequences in PITX2B (also a
PRD homeobox transcription factor) also result in abnormal
nuclear localization.>® In addition, the importance of these 2
regions of the homeodomain is well established for DNA
binding. Residues at position 2, 3, and 5-8 on the N-terminal
arm and residues 47, 50, 51, 54, and 55 of the homeodomain
have all been shown to contribute to DNA-binding speci-
ficity”’; in this study, we identified variants affecting 3 of these
critical residues (position 3: p.(Arg96Met), position 51:
p-(Asn144Lys), and position 54: p.(Ala147Thr)). Furthermore,
in the wider homeobox superfamily literature, variants that
correspond in position to the PRRX1 homeodomain missense
substitutions have been reported as damaging in multiple dis-
orders (Supplemental Table 9). Surprisingly, we also found
abnormal nuclear localization of the p.(Argl15Trp) and
p-(Argl24Gln) variants. Substitutions at these positions are
predicted to affect DNA binding by PredictProtein software,”*
and the equivalent position to Arg124 in the homeobox protein
PROP1 was reported to disrupt this function (Supplemental
Table 9). Both residues reside within the major alpha helices
in PRRX1 (Figure 1C), with residue 31 of the homeodomain
(Argl24) interacting with Glu135 in the recognition helix and
capable of forming homeodomain-DNA salt bridges.*®
Changes at residue 22 (Argl15) have been hypothesized to
affect protein interaction with co-activators,” possibly
reducing efficiency of nuclear import. Although we did not
assay DNA-binding activity, an impaired ability to enter the
nucleus would be sufficient to abrogate PRRX 1-mediated gene
regulation. In this study, we prioritized analysis of variants
identified in patients with craniosynostosis; however, there are
several other rare homeodomain missense variants reported in
population databases, such as gnomAD and UK Biobank, that
could be disease causing. Future clinical and functional studies
could explore further the effect of rare missense variation
across the homeodomain to establish any hidden genotype-
phenotype correlation. Additionally, though variants outside
of the homeodomain could disrupt protein transactivation (as
hypothesized for the p.(Asp54Ala) variant), the 3.5-fold
enrichment of rare variants within the homeodomain (based
on our resequencing survey), combined with the low disease
penetrance of pathogenic variants, indicates that establishing
disease causality for variants outside this well-studied domain
would be challenging.

The phenotype associated with PRRX pathogenic variants
and craniosynostosis seems relatively nonspecific, with a va-
riety of sutures fused and no diagnostic syndromic features.
However, there was a clear tendency to fusion of multiple
sutures—especially bicoronal and other multisuture pre-
sentations, which in combination were 3-fold over-represented
compared with their occurrence in craniosynostosis as a whole.

The requirement for repeated craniofacial procedures (6 of 17
individuals) was also high. Together, these considerations
indicate that a diagnosis of PRRX!-related craniosynostosis
serves as a prognostic marker of greater severity and suggests
that children harboring pathogenic PRRX1 variants should be
monitored throughout their growth for possible late develop-
ment of raised intracranial pressure. Based on the aggregated
data from the 3 craniosynostosis cohorts that we screened, the
prevalence of pathogenic PRRX] variants was 0.76% (11 of
1455; Supplemental Table 1). However, this figure is subject to
potential bias, for example, the mix of subjects screened was
not based on a cross-sectional population sample, and only a
subset of the total (n = 479) was screened for deletions. A lower
prevalence of 0.3% (3 of 981) was determined from a pro-
spective UK 18-year birth cohort of 981 affected individuals
(unpublished); however, the 95% CI is wide (0.06%-0.9%).
Hence, we anticipate that the screening of other large popula-
tion cohorts should reveal further affected individuals with
PRRX] variants, alongside unaffected family members. An
important consideration for variant interpretation is that the
penetrance of pathogenic variants in the heterozygous state is
low (12.5%; 3 of 24 relatives of the proband who are hetero-
zygous for the pathogenic variant are affected, Supplemental
Figure 1). The LoF intolerance score (pLI) and LoF
observed/expected upper bound fraction are 0.24 and 0.66,
respectively.”® These moderate constraint values are concor-
dant with the deduction that haploinsufficiency can cause
significant congenital disease but with reduced penetrance.
Hence, transmission of a PRRXI variant from an unaffected
parent does not exclude a causal connection in an individual
with craniosynostosis. The variable phenotype is likely
attributable to a complex combination of genetic factors (as
discussed below) and environmental differences, including
fetal head constraint.*’

An important and currently unresolved question is how our
observations can be reconciled with previous reports of 3 het-
erozygous PRRXI variants'®'®'? and, less problematically, 1
homozygous variant'’ associated with the much more severe
phenotype of agnathia-otocephaly. The homozygous variant
(NM_022716.4:¢c.691G>C; p.(Ala231Pro)) could be consistent
with substantially reduced function of PRRX1 leading, as in the
mouse, ' to severe deficiency of facial structures. The associa-
tion of the heterozygous variants with agnathia-otocephaly is
harder to explain in the light of our new data, particularly given
that 2 of the 3 variants predict frameshifts
(NM_022716.4:¢.266_269dup;  p.(Arg92Glufs*8),'"®  and
NM_022716.4:c.269del; p.(Lys90Argfs*42))'” in the protein
occurring very close to nonsense and frameshift variants
(p-(Arg95*) and p.(Asn97Lysfs*35)) reported here (Figure 1B).
Importantly, none of the 3 individuals with partial or complete
deletions of PRRX! (families 13-15) had features of agnathia-
otocephaly, excluding haploinsufficiency as the mechanism of
this more severe phenotype. Moreover, we found no convincing
evidence that the p.(Phe113Leu) missense variant (identified in a
patient with agnathia-otocephaly) affected nuclear import
(Supplemental Figure 5), although this does not exclude other
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pathogenic mechanisms. Differences in genetic background
might contribute to the discrepant phenotypes, which could be
either allelic differences (for example, relative expressivity of
mutant and wild-type PRRX1 allele, as observed in the case of
RBMS8A pathogenic variants in thrombocytopenia-absent radius
syndrome)"’ or nonallelic differences; although beyond the
scope of this work, it would be interesting to explore possible
allelic modifiers in further studies. Additionally, given prior
evidence from the mouse of functional redundancy between
Prrx] and Prx2," coincident LoF pathogenic variants in
PRRX2 (which is not currently recognized as a Mendelian dis-
ease gene) could have exacerbated the phenotype. Further
comments on these potential explanations are provided in
Supplemental Table 10. We contacted the authors of all the
previous reports with the aim of undertaking comparative
genomic studies. Unfortunately, a lack of suitable biological
materials from the individuals with agnathia-otocephaly, related
to early lethality, has hampered a more systematic approach to
resolving this problem.

Based both on our own functional analyses and the
observation of phenotypes associated with 1q24.2 deletions
(discussed above), we conclude that heterozygous LoF and
missense pathogenic variants within the homeodomain of
PRRX1 are normally associated with craniosynostosis or
milder/normal phenotypes. Independent analyses have
shown that Prrx/ is expressed in the major cranial sutures of
the mouse, within the intrasutural mesenchyme but absent
from the osteogenic fronts.*”'"*** Fate mapping showed
that the cells expressing Prrx/ later differentiated into os-
teoblasts lining the bony plate surfaces. It was concluded
that Prrxl expression characterizes a subpopulation of cells
spanning the late stem cell (Scal+) and early osteogenic
(Runx2+) stages.” PRRX1 may link to the BMP-MSX2
signaling axis in the cranial suture, overactivity of which
has previously been implicated in craniosynostosis.****
Binding of PRRX1 to a specific sequence within the pro-
moter of Msx2 was demonstrated in vitro,*” and in the
mouse mandible, it has been shown that the requirement for
a high level of BMP4 to induce expression of the homeobox
gene Msx2 can be bypassed in a Prrx1 ™ ~;Prrx2™/~ genetic
background, indicating that PRRX1 acts as a repressor in
this context4(’; hence, if the same activity occurs in the
cranial suture, the effect of a PRRXI pathogenic variant
would be to alleviate this repression, thus predisposing to
craniosynostosis. In summary, to our knowledge, our new
human genetic findings complement these mouse studies,
confirming the important role of PRRX1 in cranial suture
function by providing the first genetic evidence that
approximately 50% reduction in PRRX1 levels is sufficient,
in some individuals, to lead to craniosynostosis.

Data Availability

All data are available in the manuscript and supplemental
material.

Acknowledgments

The authors thank all the family members for their partici-
pation and the associated clinicians for their help in tissue
collection. The authors also acknowledge support from the
National Institute for Health and Care Research UK Rare
Genetic Disease Research Consortium and thank Jill Brown
for her support with the immunofluorescence analyses, Fena
Ochs for guidance and technical assistance with the ScanR
microscope, Michael Kern for sending the original Prrx1
constructs, Morgan McManus for assisting with patient in-
formation, and Consolato Sergi for the provision of material
from patients with agnathia-otocephaly, but unfortunately,
no usable results could be obtained.

Funding

This work was supported by a Doctoral Training Program
studentship funded jointly by the Radcliffe Department of
Medicine, the Exeter College (Oxford) Usher Cunningham
Scholarship, and the MRC (R.S.T.). The research conducted at
the Murdoch Children’s Research Institute was supported by
the Victorian Government’s Operational Infrastructure Sup-
port Program; the “Undiagnosed Diseases Project Victoria”
(UDP-Vic; RCH HREC 36291A) acknowledges financial
support from the Murdoch Children’s Research Institute and
the Harbig Foundation (T.Y.T.). T.Y.T. was supported by
Victorian Clinical Genetics Services and Murdoch Children’s
Research Institute to undertake a sabbatical with A.O.M.W.
Work in Oxford was supported by the National Institute for
Health and Care Research Oxford Biomedical Research Centre
Program (A.O.M.W.), the WIMM Strategic Alliance
(G0902418 and MC UU 12025), Wellcome (102731 to
A.O.M.W.), the VTCT Foundation (S.R.F.T.,A.O.M.W.), and
the MRC through Project Grant MR/T031670/1 (A.O.M.W.).

Author Information

Resources: O.B., D.J, FL., JVM., PN, CW.0O.,, JMP.,
TY.T., ATT, CV., SAW, AW, LCW, EHZ,
A.OM.W,; Investigation: R.S.T., K.AM., SM.AS., E.C.,
NdL., CC., T.Y.T., ATT., SRFT.; Formal Analysis:
RS.T., KAM, SMAS., SIM, CC, CWO, TY.T.,
A.T.T., SRFET., A.OM.W.; Funding Acquisition: LM.J.M.,
SRET., A.OMW.; Supervision: S.RFET., AOMW,;
Writing-original draft: R.S.T., KAM., S R.ET., A OMW.;
Writing-review and editing: all authors

Ethics Declaration

The study has ethical approval from Oxfordshire Research
Ethics Committee B (reference C02.143) and London



R.S. Tooze et al.

11

Riverside Research Ethics Committee (reference 09/H0706/
20). Informed consent was obtained for all individuals
included in the study as required by the REC. Permission
was obtained to publish patient photographs or images.

Conflict of Interest

The authors declare no conflicts of interest.

Additional Information

The online version of this article (https://doi.org/10.1016/].
2im.2023.100883) contains supplementary material, which
is available to authorized users.

Authors

Rebecca S. Tooze' (), Kerry A. Miller!,

Sigrid M.A. Swagemakers”, Eduardo Calpena',

Simon J. McGowan® , Odile Boute4, Corinne Collets,
David Johnson®, Fanny Laffargue’, Nicole de Leeuw”,
Jenny V. Morton’, Peter Noons'o, Charlotte W. Ockeloeng,
Julie M. Phipps"'', Tiong Yang Tan'>"’,

Andrew T. Timberlake'*, Clemence Vanlerberghe®,

Steven A. Wall®, Astrid Weber'”, Louise C. Wilson'®,
Elaine H. Zackaj]7, Irene M.J. Mathijssenlg,

Stephen R.F. Twigg' (), Andrew O.M. Wilkie'

Affiliations

Clinical Genetics Group, MRC Weatherall Institute of
Molecular Medicine, University of Oxford, Oxford, United
Kingdom; “Department of Pathology & Clinical Bioinfor-
matics, Erasmus University Medical Center Rotterdam,
Rotterdam, The Netherlands; >Centre for Computational
Biology, MRC Weatherall Institute of Molecular Medicine,
University of Oxford, Oxford, United Kingdom; “Univ.
Lille, CHU Lille, ULR 7364 — RADEME — Maladies Rares
du Développement Embryonnaire et du Métabolisme,
Clinique de Génétique, Lille, France; *Genetics Department,
Robert Debré University Hospital, APHP, Paris, France;
®Craniofacial Unit, Oxford University Hospitals NHS
Foundation Trust, Oxford, United Kingdom; "Clinical Ge-
netics Service and Reference Centre for Rare Develop-
mental Abnormalities and Intellectual Disabilities,
University Hospital of Clermont-Ferrand, Clermont-Fer-
rand, France; 8Depaﬁment of Human Genetics, Radboud
University Medical Center, Nijmegen, The Netherlands;
"West Midlands Regional Clinical Genetics Service and
Birmingham Health Partners, Birmingham Women’s and
Children’s Hospitals NHS Foundation Trust, Birmingham,
United Kingdom; '’Department of Craniofacial Surgery,

Birmingham Children's Hospital NHS Foundation Trust,
Birmingham, United Kingdom; ''Oxford Centre for
Genomic Medicine, Oxford University Hospitals NHS
Foundation Trust, Oxford, United Kingdom; 2Victorian
Clinical Genetics Services, Murdoch Children’s Research
Institute, Royal Children’s Hospital, Melbourne, Australia;
13 Department of Paediatrics, University of Melbourne,
Melbourne, VIC, Australia; '*Hansjorg Wyss Department of
Plastic Surgery, NYU Langone Medical Center, New York,
NY; 15Liverpool Centre for Genomic Medicine, Liverpool
Women’s NHS Foundation Trust, Liverpool, United
Kingdom; '®North East Thames Regional Genetics Service,
Great Ormond Street Hospital for Children NHS Foundation
Trust, London, United Kingdom; Clinical Genetics Cen-
ter, Division of Human Genetics, Children's Hospital of
Philadelphia, Philadelphia, PA; '*Department of Plastic and
Reconstructive Surgery and Hand Surgery, Erasmus Medi-
cal Centre, University Medical Centre Rotterdam, Rotter-
dam, The Netherlands

References

1. Cornelissen M, Ottelander B, Rizopoulos D, et al. Increase of preva-
lence of craniosynostosis. J Craniomaxillofac Surg. 2016;44(9):1273-
1279. http://doi.org/10.1016/j.jcms.2016.07.007

2. Tgnne E, Due-Tgnnessen BJ, Wiig U, et al. Epidemiology of cranio-
synostosis in Norway. J Neurosurg Pediatr. 2020;26(1):68-75. http://
doi.org/10.3171/2020.1.PEDS2051

3. Twigg SR, Wilkie AO. A genetic-pathophysiological framework for
craniosynostosis. Am J Hum Genet. 2015;97(3):359-377. http://doi.org/
10.1016/j.ajhg.2015.07.006

4. Wilkie AOM, Johnson D, Wall SA. Clinical genetics of craniosynos-
tosis. Curr Opin Pediatr. 2017;29(6):622-628. http://doi.org/10.1097/
MOP.0000000000000542

5. Goos JAC, Mathijssen IMJ. Genetic causes of craniosynostosis: an update.
Mol Syndromol. 2019;10(1-2):6-23. http://doi.org/10.1159/000492266

6. Holland PW, Booth HA, Bruford EA. Classification and nomenclature
of all human homeobox genes. BMC Biol. 2007;5:47. http://doi.org/10.
1186/1741-7007-5-47

7. Norris RA, Kern MJ. The identification of Prx1 transcription regulatory
domains provides a mechanism for unequal compensation by the Prx1
and Prx2 loci. J Biol Chem. 2001;276(29):26829-26837. http://doi.org/
10.1074/jbc.M 100239200

8. Farmer DT, Mlcochova H, Zhou Y, et al. The developing mouse cor-
onal suture at single-cell resolution. Nat Commun. 2021;12(1):4797.
http://doi.org/10.1038/s41467-021-24917-9

9. Takarada T, Nakazato R, Tsuchikane A, et al. Genetic analysis of
Runx2 function during intramembranous ossification. Development.
2016;143(2):211-218. http://doi.org/10.1242/dev.128793

10. Bragdon BC, Bennie A, Molinelli A, Liu Y, Gerstenfeld LC. Post natal
expression of Prx1 labels appendicular restricted progenitor cell pop-
ulations of multiple tissues. J Cell Physiol. 2022;237(5):2550-2560.
http://doi.org/10.1002/jcp.30728

11. Wilk K, Yeh SA, Mortensen LJ, et al. Postnatal calvarial skeletal stem
cells expressing PRX1 reside exclusively in the calvarial sutures and
are required for bone regeneration. Stem Cell Rep. 2017;8(4):933-946.
http://doi.org/10.1016/j.stemcr.2017.03.002

12. Leussink B, Brouwer A, El Khattabi ME, Poelmann RE, Gittenberger-de
Groot AC, Meijlink F. Expression patterns of the paired-related homeobox
genes MHox/Prxl and S8/Prx2 suggest roles in development of the heart
and the forebrain. Mech Dev. 1995;52(1):51-64. http://doi.org/10.1016/
0925-4773(95)00389-1


https://doi.org/10.1016/j.gim.2023.100883
https://doi.org/10.1016/j.gim.2023.100883
https://orcid.org/0000-0003-1396-3765
https://orcid.org/0000-0001-5024-049X
https://orcid.org/0000-0002-2972-5481
http://doi.org/10.1016/j.jcms.2016.07.007
http://doi.org/10.3171/2020.1.PEDS2051
http://doi.org/10.3171/2020.1.PEDS2051
http://doi.org/10.1016/j.ajhg.2015.07.006
http://doi.org/10.1016/j.ajhg.2015.07.006
http://doi.org/10.1097/MOP.0000000000000542
http://doi.org/10.1097/MOP.0000000000000542
http://doi.org/10.1159/000492266
http://doi.org/10.1186/1741-7007-5-47
http://doi.org/10.1186/1741-7007-5-47
http://doi.org/10.1074/jbc.M100239200
http://doi.org/10.1074/jbc.M100239200
http://doi.org/10.1038/s41467-021-24917-9
http://doi.org/10.1242/dev.128793
http://doi.org/10.1002/jcp.30728
http://doi.org/10.1016/j.stemcr.2017.03.002
http://doi.org/10.1016/0925-4773(95)00389-I
http://doi.org/10.1016/0925-4773(95)00389-I

12

R.S. Tooze et al.

13.

14.

15.

16.

17.

18.

19.

20.

21

22.

23.

24.

25.

26.

27.

28.

29.

Lu MF, Cheng HT, Lacy AR, et al. Paired-related homeobox genes
cooperate in Handplate and hindlimb zeugopod morphogenesis. Dev
Biol. 1999;205(1):145-157. http://doi.org/10.1006/dbio.1998.9116
Martin JF, Bradley A, Olson EN. The paired-like homeo box gene
MHox is required for early events of skeletogenesis in multiple line-
ages. Genes Dev. 1995;9(10):1237-1249. http://doi.org/10.1101/gad.9.
10.1237

ten Berge D, Brouwer A, Korving J, Martin JF, Meijlink F. Prx1 and
Prx2 in skeletogenesis: roles in the craniofacial region, inner ear and
limbs. Development. 1998;125(19):3831-3842. http://doi.org/10.1242/
dev.125.19.3831

Sergi C, Kamnasaran D. PRRX1 is mutated in a fetus with agnathia-
otocephaly. Clin Genet. 2011;79(3):293-295. http://doi.org/10.1111/j.
1399-0004.2010.01531.x

Celik T, Simsek PO, Sozen T, et al. PRRX1 is mutated in an otoce-
phalic newborn infant conceived by consanguineous parents. Clin
Genet. 2012;81(3):294-297. http://doi.org/10.1111/1.1399-0004.2011.
01730.x

Dasouki M, Andrews B, Parimi P, Kamnasaran D. Recurrent agnathia-
otocephaly caused by DNA replication slippage in PRRX1. Am J Med
Genet A. 2013;161A(4):803-808. http://doi.org/10.1002/ajmg.a.35879
Donnelly M, Todd E, Wheeler M, Winn VD, Kamnasaran D. Prenatal
diagnosis and identification of heterozygous frameshift mutation in
PRRX1 in an infant with agnathia-otocephaly. Prenat Diagn.
2012;32(9):903-905. http://doi.org/10.1002/pd.3910

Holmes G, Gonzalez-Reiche AS, Lu N, et al. Integrated transcriptome
and network analysis reveals spatiotemporal dynamics of calvarial
suturogenesis. Cell Rep. 2020;32(1):107871. http://doi.org/10.1016/j.
celrep.2020.107871

. Drmanac R, Sparks AB, Callow MJ, et al. Human genome sequencing

using unchained base reads on self-assembling DNA nanoarrays. Sci-
ence. 2010;327(5961):78-81. http://doi.org/10.1126/science.1181498
Reijnders MRF, Miller KA, Alvi M, et al. De novo and inherited loss-
of-function variants in TLK2: clinical and genotype-phenotype evalu-
ation of a distinct neurodevelopmental disorder. Am J Hum Genet.
2018;102(6):1195-1203. http://doi.org/10.1016/j.ajhg.2018.04.014
Calpena E, Hervieu A, Kaserer T, et al. De novo missense substitutions
in the gene encoding CDKS, a regulator of the mediator complex, cause
a syndromic developmental disorder. Am J Hum Genet.
2019;104(4):709-720. http://doi.org/10.1016/j.ajhg.2019.02.006
Timberlake AT, Furey CG, Choi J, et al. De novo mutations in in-
hibitors of Wnt, BMP, and Ras/ERK signaling pathways in non-
syndromic midline craniosynostosis. Proc Natl Acad Sci U S A.
2017;114(35):E7341-E7347. http://doi.org/10.1073/pnas.1709255114
Koelling N, Bernkopf M, Calpena E, et al. Amplimap: a versatile tool
to process and analyze targeted NGS data. Bioinformatics.
2019;35(24):5349-5350. http://doi.org/10.1093/bioinformatics/btz582
Karczewski KJ, Francioli LC, Tiao G, et al. The mutational constraint
spectrum quantified from variation in 141,456 humans. Nature.
2020;581(7809):434-443. http://doi.org/10.1038/s41586-020-2308-7
Calpena E, Cuellar A, Bala K, et al. SMADG6 variants in craniosy-
nostosis: genotype and phenotype evaluation. Genet Med.
2020;22(9):1498-1506. http://doi.org/10.1038/s41436-020-0817-2
Sabherwal N, Schneider KU, Blaschke RJ, Marchini A, Rappold G.
Impairment of SHOX nuclear localization as a cause for Leri-Weill
syndrome. J Cell Sci. 2004;117(14):3041-3048. http://doi.org/10.
1242/jcs.01152

Schneider KU, Marchini A, Sabherwal N, et al. Alteration of DNA
binding, dimerization, and nuclear translocation of SHOX homeo-
domain mutations identified in idiopathic short stature and Leri-Weill
dyschondrosteosis. Hum Mutat. 2005;26(1):44-52. http://doi.org/10.
1002/humu.20187

30.

31.

32.

33.

34.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

Karczewski KJ, Solomonson M, Chao KR, et al. Systematic single-
variant and gene-based association testing of thousands of pheno-
types in 394,841 UK Biobank exomes. Cell Genomics. 2022;2(9):
100168. http://doi.org/10.1016/j.xgen.2022.100168

Burkardt DD, Rosenfeld JA, Helgeson ML, et al. Distinctive phenotype
in 9 patients with deletion of chromosome 1q24-q25. Am J Med Genet
A. 2011;155A(6):1336-1351. http://doi.org/10.1002/ajmg.a.34049
Ashraf T, Collinson MN, Fairhurst J, Wang R, Wilson LC, Foulds N.
Two further patients with the 1q24 deletion syndrome expand the
phenotype: a possible role for the miR199-214 cluster in the skeletal
features of the condition. Am J Med Genet A. 2015;167A(12):3153-
3160. http://doi.org/10.1002/ajmg.a.37336

Chatron N, Haddad V, Andrieux J, et al. Refinement of genotype-
phenotype correlation in 18 patients carrying a 1q24q25 deletion. Am
J Med Genet A. 2015;167A(5):1008-1017. http://doi.org/10.1002/ajmg.
a.36856

Bernhofer M, Dallago C, Karl T, et al. PredictProtein — predicting
protein structure and function for 29 years. Nucleic Acids Res.
2021;49(W1):W535-W540. http://doi.org/10.1093/nar/gkab354

. Do HJ, Lim HY, Kim JH, Song H, Chung HM, Kim JH. An intact

homeobox domain is required for complete nuclear localization of
human Nanog. Biochem Biophys Res Commun. 2007;353(3):770-775.
http://doi.org/10.1016/j.bbrc.2006.12.100

Wang CC, Lin SY, Huang YH, et al. Paired-like homeodomain 2B
contributes to tumour progression and anti-autophagy in human lung
cancer. Am J Cancer Res. 2021;11(10):4900-4918.

Noyes MB, Christensen RG, Wakabayashi A, Stormo GD,
Brodsky MH, Wolfe SA. Analysis of homeodomain specificities allows
the family-wide prediction of preferred recognition sites. Cell.
2008;133(7):1277-1289. http://doi.org/10.1016/j.cell.2008.05.023
Zhou B, Liu C, Xu Z, Zhu G. Structural basis for homeodomain
recognition by the cell-cycle regulator geminin. Proc Natl Acad Sci U S
A. 2012;109(23):8931-8936. http://doi.org/10.1073/pnas.1200874109
Dawson SJ, Palmer RD, Morris PJ, Latchman DS. Functional role of
position 22 in the homeodomain of Brn-3 transcription factors. Neu-
roreport.  1998;9(10):2305-2309.  http://doi.org/10.1097/00001756-
199807130-00029

Sanchez-Lara PA, Carmichael SL, Graham JH, et al. Fetal constraint as
a potential risk factor for craniosynostosis. Am J Med Genet A.
2011;152a(2):394-400. http://doi.org/10.1002/ajmg.a.33246

Albers CA, Newbury-Ecob R, Ouwehand WH, Ghevaert C. New in-
sights into the genetic basis of TAR (thrombocytopenia-absent radii)
syndrome. Curr Opin Genet Dev. 2013;23(3):316-323. http://doi.org/
10.1016/j.gde.2013.02.015

Ouyang Z, Chen Z, Ishikawa M, et al. Prx1 and 3.2kb Collal pro-
moters target distinct bone cell populations in transgenic mice. Bone.
2014;58:136-145. http://doi.org/10.1016/j.bone.2013.10.016

Jabs EW, Miiller U, Li X, et al. A mutation in the homeodomain of the
human MSX2 gene in a family affected with autosomal dominant
craniosynostosis. Cell. 1993;75(3):443-450. http://doi.org/10.1016/
0092-8674(93)90379-5

Timberlake AT, Choi J, Zaidi S, et al. Two locus inheritance of non-
syndromic midline craniosynostosis via rare SMAD6 and common
BMP2 alleles. Elife. 2016;5. http://doi.org/10.7554/eLife.20125
Brugger SM, Merrill AE, Torres-Vazquez J, et al. A phylogenetically
conserved cis-regulatory module in the Msx2 promoter is sufficient for
BMP-dependent transcription in murine and Drosophila embryos.
Development. 2004;131(20):5153-5165. http://doi.org/10.1242/dev.
01390

Liu W, Selever J, Murali D, et al. Threshold-specific requirements for
Bmp4 in mandibular development. Dev Biol. 2005;283(2):282-293.
http://doi.org/10.1016/j.ydbio.2005.04.019


http://doi.org/10.1006/dbio.1998.9116
http://doi.org/10.1101/gad.9.10.1237
http://doi.org/10.1101/gad.9.10.1237
http://doi.org/10.1242/dev.125.19.3831
http://doi.org/10.1242/dev.125.19.3831
http://doi.org/10.1111/j.1399-0004.2010.01531.x
http://doi.org/10.1111/j.1399-0004.2010.01531.x
http://doi.org/10.1111/j.1399-0004.2011.01730.x
http://doi.org/10.1111/j.1399-0004.2011.01730.x
http://doi.org/10.1002/ajmg.a.35879
http://doi.org/10.1002/pd.3910
http://doi.org/10.1016/j.celrep.2020.107871
http://doi.org/10.1016/j.celrep.2020.107871
http://doi.org/10.1126/science.1181498
http://doi.org/10.1016/j.ajhg.2018.04.014
http://doi.org/10.1016/j.ajhg.2019.02.006
http://doi.org/10.1073/pnas.1709255114
http://doi.org/10.1093/bioinformatics/btz582
http://doi.org/10.1038/s41586-020-2308-7
http://doi.org/10.1038/s41436-020-0817-2
http://doi.org/10.1242/jcs.01152
http://doi.org/10.1242/jcs.01152
http://doi.org/10.1002/humu.20187
http://doi.org/10.1002/humu.20187
http://doi.org/10.1016/j.xgen.2022.100168
http://doi.org/10.1002/ajmg.a.34049
http://doi.org/10.1002/ajmg.a.37336
http://doi.org/10.1002/ajmg.a.36856
http://doi.org/10.1002/ajmg.a.36856
http://doi.org/10.1093/nar/gkab354
http://doi.org/10.1016/j.bbrc.2006.12.100
http://refhub.elsevier.com/S1098-3600(23)00896-1/sref36
http://refhub.elsevier.com/S1098-3600(23)00896-1/sref36
http://refhub.elsevier.com/S1098-3600(23)00896-1/sref36
http://doi.org/10.1016/j.cell.2008.05.023
http://doi.org/10.1073/pnas.1200874109
http://doi.org/10.1097/00001756-199807130-00029
http://doi.org/10.1097/00001756-199807130-00029
http://doi.org/10.1002/ajmg.a.33246
http://doi.org/10.1016/j.gde.2013.02.015
http://doi.org/10.1016/j.gde.2013.02.015
http://doi.org/10.1016/j.bone.2013.10.016
http://doi.org/10.1016/0092-8674(93)90379-5
http://doi.org/10.1016/0092-8674(93)90379-5
http://doi.org/10.7554/eLife.20125
http://doi.org/10.1242/dev.01390
http://doi.org/10.1242/dev.01390
http://doi.org/10.1016/j.ydbio.2005.04.019

	Pathogenic variants in the paired-related homeobox 1 gene (PRRX1) cause craniosynostosis with incomplete penetrance
	Introduction
	Materials and Methods
	Genome and exome sequencing
	Targeted resequencing of PRRX1
	Isolation of the breakpoints in patients with deletions in PRRX1
	Plasmid construction
	Immunofluorescence

	Results
	Identification of rare heterozygous variants of PRRX1 in craniosynostosis
	PRRX1 missense substitutions affect nuclear localization
	Clinical phenotype of individuals with heterozygous PRRX1 LoF variants

	Discussion
	Data Availability
	Acknowledgments
	Funding
	Author Information
	Ethics Declaration
	Conflict of Interest
	Additional Information
	References


