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Abstract

Split-hand/foot malformation (SHFM) is a clinically and genetically heterogeneous condition. We sequentially performed
screening of the previously identified Japanese founder 17p13.3 duplication/triplication involving BHLHA9, array
comparative genomic hybridization, and whole exome sequencing (WES) in newly recruited 41 Japanese families with non-
syndromic and syndromic SHFM. We also carried out WES in seven families with nonsyndromic and syndromic SHFM in
which underlying genetic causes including pathogenic copy-number variants (CNVs) remained undetected in our previous
studies of 56 families. Consequently, we identified not only known pathogenic CNVs (17p13.3 duplications/triplications
[n=21], 2q31 deletion [n = 1], and 10q24 duplications [# = 3]) and rare variants in known causative genes (TP63 [n = 3],
DLX5 [n=1], IGF2 [n= 1], WNTI0B [n = 3], WNTI0B/PORCN [n = 1], and PORCN [n = 1]), but also a de novo 19q13.11
deletion disrupting UBA2 (n=1) and variants that probably affect function in LRP6 (n=1) and UBA2 (n=1). Thus,
together with our previous data based on testing of 56 families, molecular studies for a total of 97 families with SHFM
revealed underlying genetic causes in 75 families, and clinical studies for the 75 families indicated a certain degree of
correlation between genetic causes and phenotypes. The results imply that SHFM primarily occurs as a genetic disorder with
genotype—phenotype correlations. Furthermore, the results together with previous data such as the development of SHFM
in Lrp6 knockout mice, the presence of SHFM in two subjects with 19q13 deletions involving UBA2, and strong mouse
Uba?2 expression in the developing limb buds, imply that LRP6 and UBA2 represent plausible candidate genes for SHEM.

Introduction

Split-hand/foot malformation (SHFM) is a rare limb
anomaly caused by failure to maintain the central portion of
the apical ectodermal ridge (AER) in the developing
autopod [1, 2]. It is characterized by median clefts of the
hands and feet and aplasia‘hypoplasia of the phalanges,
metacarpals, and metatarsals, and is often accompanied by
other digital anomalies such as syndactyly [1, 2].
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SHFM is a clinically heterogeneous condition. Indeed,
SHFM occurs as a nonsyndromic form with limb-confined
manifestations or as a syndromic form with extra-limb
manifestations, and both nonsyndromic and syndromic
forms take place as digit-confined abnormalities or in
association with long bone defects as observed in SHFM
with long bone deficiency (SHFLD) primarily affecting
the tibia and in Gallop—Wolfgang complex (GWC)
characterized by femoral bifurcation [1, 2]. Furthermore,
SHFM is associated with variable expressivity and reduced
penetrance [1, 2].

SHFM is also a genetically heterogeneous condition.
Indeed, SHFM has been identified in patients with hetero-
zygous copy-number variants (CNVs) such as: (1) deletions
affecting DLX5 and/or DLX6 at 7q21.3 (SHEM1; MIM:
183600), (2) duplications around an LBXI/-FGFS8 region at
10924 (SHFM3; MIM: 246560), (3) deletions involving the
HOXD cluster at 2q31 (SHFMS5; MIM: 606708), and (4)
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duplications or triplications involving BHLHA9 at 17p13.3
(SHFLD3; MIM: 612576) [1-3]. Furthermore, SHFM has
also been found in patients with (1) heterozygous variants
of TP63 at 3q28 (SHFM4; MIM: 605289), FGFRI at
8pl11.2, and PORCN at Xpl11.23, (2) heterozygous or bial-
lelic variants of DLX5 or DLX6 at 7q21.3, (3) monoallelic
variants of paternally expressed IGF2 at 11pl15.5, and (4)
biallelic variants of WNTIOB at 12q31 (SHFM6; MIM:
225300), FGFR2 at 10q26.13, CDH3 at 16qg22.1, and
MAP3K20 at 2q31.1 [1-3]. In addition, several candidate
genes/loci have been suggested for SHFM [1-3].

To date, we have identified underlying genetic causes
in 37 of 56 Japanese families with SHFM, while such
genetic causes could not be detected in the remaining
19 families. Actually, we revealed heterozygous tandem
duplications/triplications at 17p13.3 in 28 families
(43 patients) with SHFM, SHFLD, or GWC, heterozygous
10g24 duplications in three families (five patients)
with SHFM, biallelic WNT10B variants in a single family
(one patient) with SHFM, heterozygous FGFRI variants
in four families (four patients) with SHFM and hypogo-
nadotropism, and a de novo IGF2 variant on the pater-
nally inherited allele in a single family (one patient) with

Fig. 1 Molecular diagnostic

| Group 1 (41 families) |

flowchart. This study consists of
group 1 and group 2, and both

SHFM, Silver—Russell syndrome, and disorder of sex
development (Fig. 1) [4-7].

Thus, tandem duplications/triplications involving BHLHA9
at 17p13.3 constitute the major underlying factor for SHFM
in Japanese patients (Fig. S1) [4]. In this regard, it is notable
that the 17p13.3 duplications/triplications are associated with
highly variable expressivity and obviously low penetrance.
This would primarily be due to the relevance of multiple
minor genetic and environmental factors, because a major
modifier(s) has not been identified despite extensive studies
[4]. Tt is also notable that an identical 210,050 bp segment has
been duplicated/triplicated in all the patients, with a genomic
breakage and fusion between nonhomologous sequences in
association with a 4-bp microhomology at the fusion point.
This suggests that a founder duplication was produced
through a microhomology-mediated replication error and
underwent subsequent triplication through an unequal inter-
chromatid exchange [4]. It is likely, therefore, that the founder
duplications/triplications are widely spread in Japan primarily
via clinically normal carriers and are identified via manifest-
ing patients [4].

However, underlying genetic causes remain to be
determined in a substantial fraction of patients with

Previous studies (56 families)

groups comprise subjects with
non-syndromic and syndromic
SHFM. Molecular analyses
employed in this study are
highlighted with blue, and those
performed in our previous
studies are highlighted with
orange. Asterisk represents
including family #26 in which
26-11-3 had a de novo 19q13.11
deletion of uncertain
significance. Daggar represents
in two of three families, the
variant was identified in only
one allele (simple
heterozygosity)
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SHFM, and characteristic clinical findings related to
each underlying genetic cause also remain to be clarified.
Here, we report comprehensive clinical and molecular
findings in Japanese families with SHFM, and suggest that
LRP6 and UBA2 represent plausible candidate genes
for SHFM.

Materials and methods
Families and subjects

We performed molecular and clinical studies in subjects
from two groups of families: group 1, newly recruited 41

families (families #1-36 and #39-43; 41 probands, seven
affected relatives, and 75 nonaffected relatives including
two relatives with microform in family #28); and group 2,
seven of the 19 families in which the underlying
genetic causes remained undetected in our previous studies
(families #37-38 and #44-48; seven probands, one affected
relative, and eight nonaffected relatives) [4-7] (Figs.
and 2). For group 2, we had not obtained IC for whole
exome sequencing (WES) from most families examined in
our previous studies, and we could obtain IC for WES from
seven families. All the 48 probands had a normal karyotype.
For convenience, each subject is indicated by a family-
generation-person style (e.g., the proband of family 1 is
described as subject 1-1I-1).

Fig. 2 The pedigrees of 48 <Copy-number variants>
families examined in this study. Family 1 Famlly 2 Family 3 Family 4 Family 5 Family 6 Family 7
Arrows indicate probands. I 10 2 21 2 1 s
Asterisk represents although not N:E. | N:E.
studied molecularly, 32-I-1 is I I U 1 I I f
considered as a carrier, because 7 7 7
! u Fam|ly 8 Famlly 9 Family 10 Family 11 Family 12 Family 13 Family 14
32-1I-1 and 32-1I-2 are 1 2 1 > 1 > 1 > 2 ) 1 2
compound heterozygotes with L = e L N NE L L I I
maternally and nonmaternally Tl ( 1' 1 5 . ; )
(paternally) transmitted variants. I p 117, Q I P o I P I
Class 1, nonsyndromic SHFM o A
confined to digits; class 2, Family15  Family16 Family17 Family18 Family19 Family 20  Family 21
nonsyndromic SHFM involving I B 2 2 S L 2 2 1 2 1 2
long bones; class 3, syndromic NE. N.E. | N.E. N.E. | N.E. N.E. | N.E.
SHFM confined to digits; and 1 1 1 1 1 1 1
. I I I I I I I
class 4, syndromic SHFM A A A A A A A
involving long bones 17p13.3 duplication (Families 1-19) & triplication (Families 20-21)
Family 22 Family 23 Family 24 Family 25 Family 26
1 2 1 2 1 2 1 2 1 2
I DIO I DIO I DI. I g
1 1 L 1 @2 =
I A g A L A L A N E.
2qg31 del 10q24 dup 1024 dup 10q24 dup 19q13 11 del
<Sequence variants>
Family 27 Family 28 Family 29 Family 30 Family 31 Family 32
1 2 1 2 2 1 2 i 2 1* @2
I DIO I I DT@ I I I
N.
1 *1 é2 ‘1 ‘2 63 1 1 1 2
I 7 117, g I I 7 Hﬂ
TP63 TP63 TP63 DLX5 IGF2 WNT10B
Family 33 Family 34 Family 35 Family 36 Famlly 37 Family 38
il 2 1 2 1 2 1 2 1
= W s o A
1 1 @2 O3 1 ! 1 w2 i
I 4 5 I 4 I A I 4 I
WNT10B/? WNT10B/? WNT10B/?/PORCN PORCN LRP6 UBA2
<Unknown cause>
Fam|Iy 39 Famlly 40 Famlly 41 Family 42 Famlly 43
I}—Iiz | Eq
I I I 1 2 l 2
I A
Fam|Iy 44 Famlly 45 Famlly 46 Famlly 47 Family 48
1 2
N.E. | N.E. N.E. | N.E. N.E. | N.E
¥ 1
A A
0 Class 1 . Class 2 ‘ Class 3 ’ Class 4 O Minor limb anomaly @ Carrier
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Clinical classification

We divided SHFM into four classes: class 1, nonsyndromic
SHFM confined to digits (SHFM-C1); class 2, non-
syndromic SHFM involving long bones (SHFM-C2); class
3, syndromic SHFM confined to digits (SHFM-C3); and
class 4, syndromic SHFM involving long bones (SHFM-
C4). Of the 48 probands and eight affected relatives from
the 48 families, 40 had SHFM-C1, five had SHFM-C2,
eight had SHFM-C3, and three had SHFM-C4.

Genetic studies

We sequentially performed screening of the Japanese founder
duplication/triplication involving BHLHA9, genomewide
array comparative genomic hybridization (aCGH), and WES
in group 1, and carried out WES in group 2 (Fig. 1). We
also performed additional analyses required in the above
approach, such as DNA sequencing, microsatellite analysis,
parental origin analysis, and X-inactivation analysis, by
the standard methods. These studies were performed with
leukocyte genomic DNA samples. The primers utilized in
this study are shown in Table S1.

The Japanese founder 17p13.3 duplication/triplication
was screened by conventional PCR analysis for the fusion
point (Fig. S1) [4]. When PCR products were obtained, we
carried out quantitative PCR (q-PCR) analysis, to determine
the copy number (duplication or triplication).

Genomewide aCGH was performed with a catalog
human array (4 x 180K format, ID G4449A) (Agilent
Technologies). Obtained data were analyzed with the
Agilent Genomic Workbench 7.0. We searched for known
pathogenic CNVs for SHFM and CNVs of unknown sig-
nificance absent from Database of Genomic Variants (http://
dgv.tcag.ca/dgv/app/home) and ClinVar (http://www.ncbi.
nlm.nih.gov/clinvar/).

WES was carried out with SureSelect Human All Exon
V6 (Agilent Technologies). Captured libraries were
sequenced by NextSeq 500 (Illumina) with 150 bp paired-
end reads. Exome data processing, variant calling, and var-
iant annotation were performed, as described previously [8],
using Human GRCh37 (ftp://ftp.broadinstitute.org/bundle/
b37/) as the reference genome. We extracted rare variants
with minor allele frequencies of <0.01 in all the public and
in-house databases described in Table 1, and performed in
silico pathogenicity predictions for extracted rare variants by
several methods shown in Table 1. Subsequently, we sear-
ched for rare variants identified in causative genes for SHFM
reported in the literature [1-3], and those detected in can-
didate genes for SHFM such as genes located on previously
reported pathogenic CNVs for SHFM [1-3] and those
reported to have produced SHFM in knockout mice (Mouse
Genome Informatics; http://www.informatics.jax.org/). A
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rare variant-positive gene(s) shared by >two families or
found to reside on a significance-unknown CNV(s) was also
regarded as a candidate gene(s). We further examined
inheritance patterns of rare variants in families examined by
>trio analysis (proband and parents, as well as other avail-
able relatives), tissue expression patterns of rare variant-
positive genes, occurrence of nonsense-mediated mRNA
decay (NMD) for truncating variants [9], the probability of
being loss-of-function intolerant (pLI) for candidate genes
[10], and a cryptic exonic deletion(s) using WES-based
CNV calling developed by Nord et al. [11]. The variants
were evaluated by the methods described in Sequence
Variant Nomenclature (http://varnomen.hgvs.org/) and the
ACMG standards and guidelines [12].

Results

The results are summarized in Figs. 1 and 2. Representative
photos and roentgenograms are shown in Fig. 3, and clinical
findings are summarized in Table S2.

Screening of the Japanese founder 17p13.3
duplication/triplication

The duplications and triplications containing BHLHA9 were
identified in probands from families #1-19 and families
#20-21 of group 1, respectively. They were also detected in
all the three affected relatives and in 15 of 31 nonaffected
relatives examined in families #1-21. Notably, when both
clinically normal parents were examined, either of them was
invariably found to be a nonmanifesting carrier. Of the 24
affected subjects with the duplications/triplications, 18 had
SHFM-C1, five had SHFM-C2, and one had SHFM-C4
with hypospadias and imperforate anus.

Genomewide aCGH

Genomewide aCGH was carried out for the remaining 20
families in group 1, revealing known pathogenic CNVs in
five subjects from four families, i.e., a de novo 6.5-6.6 Mb
deletion at 2q31 in 22-II-1, a de novo 440-470kb dupli-
cation at 10g24 in 23-II-1, a familial 500-540 kb duplica-
tion at 10q24 shared by 24-II-1 and 24-1-2, and a de novo
520-550 kb duplication at 10q24 in 25-1I-2 (Fig. S2). The
2q31 deletion (SHFMS) involved the HOXD cluster and
was associated with SHFM-C4 with growth failure, devel-
opmental delay, and severe limb abnormalities. The 1024
duplications (SHFM3) involved LBXI, BTRC, POLL, and
DPCD in common, and were accompanied by SHFM-C1.

Furthermore, a de novo ~1.35 Mb deletion at 19q13.11
absent from the public databases was identified on a
paternally derived chromosome of 26-1I-3 with SHFM-C4
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1311 (U) / 13-11-1 (L)

Fig. 3 Representative photos
and roentgenograms. U upper,
and L lower

28-11-2

15-11-1 18-11-1

29-11-1 (U) / 29-11-2 (L 30-11-1

34-11-1

31-11-1

32-11-2

accompanied by sparse hair and eyebrows and hypodontia
(Fig. 4a). The proximal and distal breakpoints were deter-
mined to reside at an intergenic sequence between RHPN2
and GPATCH] and at an intragenic sequence between exon
5 and exon 6 of UBA2, respectively.

WES

WES was performed for 23 families (#26-36 and 3943 in
group 1, and #37-38 and 44-48 in group 2); family #26 was
included because of uncertain significance of the 19q13.11
deletion. We carried out > trio analyses for families #2645,
and singleton analyses for probands #46-48. At least,
98.8% of RefSeq coding sequences were covered by
210 reads.

WES revealed following novel or recurrent rare variants
in known causative genes (Table 1 and Fig. S3): (1) a de

38-11-1

novo TP63 variant affecting function in 27-II-1 with
SHFM-C1; (2) a TP63 variant affecting function, shared by
28-1I-1 with SHFM-C1 and 28-1-2 and 28-II-2 with
microphenotype (left second to fourth finger nail dysplasia
in 28-1-2 and syndactyly of the second to third toes in 28-II-
2); (3) a TP63 variant probably affecting function, common
to 29-II-1 and 29-1I-2 with SHFM-C1 and 29-1-2 with
apparently normal phenotype; (4) a de novo DLX5 variant
affecting function in 30-1I-1 with SHFM-C1; (5) a de novo
IGF?2 variant affecting function in 31-II-1 with SHFM-C3
accompanied by Silver—Russell syndrome (the /GF2 variant
resided on the paternally inherited allele, and was predicted
to drastically impair the protein structure by disrupting the
S-S binding) (Fig. S4); (6) compound heterozygosity for a
WNTI10B variant of unknown function derived from 32-1-2
with normal phenotype and a WNTI0B variant probably
affecting function, which was absent from 32-I-2 and thus
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Fig. 4 19q13.11 deletions and A Chromosome 19 (19ptel - 19cen — 19qtel) 167 bp 171 bp

UBA?2 variants. a Molecular +1JFather (261-1)
findings in family #26. 04 s

Genomewide aCGH analysis

Father

shows a de novo ~1.35 Mb

Mother

A y

deletion, Chr19:g. 1(1} Mother (26-1-2) : .
(33,555,825_33,571,785)_ -1 — — e /\ /\ ‘
(34,925,874_34,929,549)del -

. - Patient
(according to the human genome +1\|Patient (26-11-3)
reference build hg19), at 1‘13 — . g J_““‘“""‘"g s ‘
19q13.11 in 26-II-3, and I — ; : S ——— /\
microsatellite analysis for 1 19913.11 D19S416
D195416 confirms the deletion IPY IELERE S T - e ;
and its presence on the -1 T T e B
paternally inherited
chromosome. The proximal and 2.0 — s
the distal breakpoints are 13 S inita 1t powL L) A rTReY
localized between RHPN2 and 0.5 i T T v
GPATCHI and between exon 5 e.d  RHPMNpEPAT UBA2
and exon 6 of UBA2, P - 7 — — - Exon 4 Exon 5 Exon 6
respectively, by aCGH, the “UBAZ E4E5 E6 = T “]1.0 1.0 1.0
WES-based CNV calling, and q- 2.0 J 0.5 05 05
PCR analysis for exons 4-6 of 1(5) p 1
UBA2. The deletion contains 13 051y , d '] 0 SooL 0 SG6oE 0§ e
protein-coding genes and 0.0L— I : : ERS 2 ES3 2 =5 <
disrupts UBA2. b Summary of 34,925,000 34,935,000 34,945,000 (bp) OL-=a OtL=a OY=a

deletions involving UBA2 and

UBA2 variants. The gray and
blue bars indicate previously — -

D19S416

reported deletions identified in RHPN2|  GPATCH1 - WDR88 — LRP3 — SLC7A10 — CEBPA — CEBPG —PEDE
SHFM-negative and SHFM- — CHST8— KCTD15 — LSM14A — KIAA0355 — GPI - PDCD2L — UBA2

positive subjects respectively,

and the red bar denotes the B 19913.11

deletion identified in 26-II-3. | e |

The NM_005499.2:c.71G > T

(p.(Gly24Val)) reported 30,000,000 32,000,000 34,000,000 = 36,000,000 38,000,000 (bp)

previously and NM_005499.2:
c.1324dupT (p.
(Tyrd42Leufs*17)) identified in
this study have been found in
SHFM-negative and SHFM-
positive subjects respectively

UBA2 variants

c.71G>T, p.(G24V)
¢.1324dupT, p.(Y442Lfs*17)

assumed to be inherited from 32-I-1 with normal phenotype,
in 32-II-1 and 32-II-2 with SHFEM-C1; (7) simple hetero-
zygosity for a WNTI0B variant probably affecting function
shared by 33-1I-1 with SHFM-C1, 34-1I-1 with SHFM-C3
accompanied by ventricular septal defect, and clinically
normal 33-I1-2, 34-1-1, and 34-II-2; (8) coexistence of a
WNT10B variant probably affecting function and a PORCN
variant of unknown function common to 35-II-1 with
SHFM-C3 accompanied by microphthalmia, cryptorchid-
ism, pituitary hypoplasia, and developmental delay, and
clinically normal 35-I-2; and (9) a de novo PORCN variant
probably affecting function in 36-II-1 with SHFM-C3
accompanied by clinical features suggestive of mild focal
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dermal hypoplasia (FDH) (the PORCN variant appeared to
have occurred in the postzygotic period, because of the low
variant allele frequency in WES (25/109 of the read counts)
and the small peak for the variant allele on Sanger
sequencing). The eight missense variants were completely
absent from the databases and were assessed to have high
pathogenicity by in silico analyses. The WNT10B frameshift
variant common to families #32—35 have been registered as
a rare variant in gnomAD (exome_EAS) and HGVD, and
was predicted to undergo NMD. In addition, no variant was
identified in the intronic sequences including the
pyrimidine-rich sequences and the branch sites of the
apparently normal WNTIOB alleles in the probands of
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families #33-35. Two females with PORCN variants (35-1-
2 and 36-II-1) had random X-inactivation (31%:69% and
47%:53%, respectively).

Furthermore, WES revealed two frameshift variants,
which were completely absent in the databases and were
predicted to undergo NMD, in candidate genes (Fig. S3).
First, a ¢.3984_3987del (p.(Asp1329Serfs*51)) variant in
LRP6 (low density lipoprotein receptor-related protein 6),
which was assessed as probably affecting function, was
identified in 37-II-1 with SHFM-C1 and 37-II-2 with
SHFM-C3 associated with hypospadias and tethered cord
syndrome. This variant was also revealed in their father (37-
I-1) with apparently normal phenotype, although digital
roentgenograms were not obtained in the father. LRP6 was
regarded as a candidate gene because of SHFM phenotype
in homozygous Lrp6 knockout mice [13]. Second, a de
novo c.1324dupT (p.(Tyrd442Leufs*17)) variant in UBA2
(ubiquitin-like modifier-activating enzyme 2), which as
assessed as probably affecting function, was found in 38-II-
1 with SHFM-C4 accompanied by undermasculinized
external genitalia. UBA2 was regarded as a candidate gene,
because of its disruption by the 19q13.11 deletion in 26-II-
3, positive SHFM in two previously reported patients with
19q13 deletions involving UBA2 (Fig. 4b) [14, 15], and
strong Uba?2 expression in the developing mouse limb buds
[16]. UBA2 and LRP6 had the pLI value of 1.00. In both
families #37 and #38, no other rare variant was identified in
candidate genes for SHFM under assumption of a Mende-
lian inheritance pattern with complete penetrance.

Neither rare variant nor cryptic exonic CNV was detec-
ted in a causative or candidate gene in the remaining
families #39-48 and in 26-1I-3 with the 19q13.11 deletion.

Data depository

All the CNVs and sequence variants identified in this study
were submitted to the Leiden Open Variant Database
(https://databases.lovd.nl/shared/genes), together with phe-
notypes (Table S3).

Discussion

We performed comprehensive clinical and molecular stu-
dies in two groups of families with SHFM-C1-4. To our
knowledge, such detailed studies have not been carried out
previously.

We identified the Japanese founder duplication/triplica-
tion in families #1-21 (roughly half of families in group 1).
No other CNVs involving BHLHA9 was detected by aCGH
as described in our previous report [4, 5], although various
types of duplications have been revealed in non-Japanese
patients [17]. Thus, we identified the Japanese founder

duplication/triplication in 49 of 97 families (50.5%) with
SHFM examined to date (Fig. 1). Notably, we analyzed
both of the clinically normal parents in 30 of the 49
families, invariably showing heterozygosity for the dupli-
cation/triplication in either of them. We also revealed the
duplication/triplication in 37 of 78 clinically normal rela-
tives (47.4%) in the 30 families. Furthermore, we have
detected the duplication in two of 1000 Japanese general
population [4]. These findings imply that the duplication/
triplication is widely spread in Japan and cause SHFM in
subjects with high susceptibility, with an estimated pene-
trance of ~1.7% and an odds ratio of ~500 (for details, see
Supplementary Document).

We found a de novo 2q31 deletion (SHFMS) in 22-1I-1
with SHFM-C4. Since the deletion encompassed the HOXD
cluster involved in the limb development [18], loss of the
HOXD cluster would be the major cause for the SHFM-C4
in 22-1I-1. Indeed, several types of 2q31 deletions involving
the HOXD cluster and balanced chromosomal rearrange-
ments with the breakpoints around the HOXD cluster have
been identified in patients with variably expressed growth
and developmental delay, craniofacial anomalies, under-
masculinized genitalia, and/or limb abnormalities including
SHFM [19].

We also found 10q24 duplications (SHFM3) in families
#23-25 with SHFM-C1. For SHFM3, several types of
duplications have been identified in multiple patients with
SHFM [3, 20]. In this context, it is notable that (1) a region
spanning LBX1, BTRC, POLL, and FBXW4 is duplicated in
most patients, although there appears to be no gene that is
involved in all the duplications [20]; (2) FGFS8, whose
protein product play an important role in the AER main-
tenance and functions as a ligand of FGFR1 relevant to
SHFM with hypogonadotropism [21], resides adjacent to
FBXW4, although FGFS$ is not duplicated in most patients
[20]; (3) FGF8 enhancers are interspersed around the
duplicated region [22]; and (4) mouse LbxI, Fbxw4, and
Fgf8 are expressed in the developing limbs [22]. Thus, the
10g24 duplications may have altered the expression of
FGF8, and possibly LBXI and/or FBXW4 as well, leading
to the development of SHFM.

A de novo 19q13.11 deletion was identified in 26-I1-3
with SHFM-C3. This deletion is discussed with the UBA2
variant, because it disrupted UBA2.

Sequence variants were primarily identified in the known
causative genes. In this regard, several matters would be
worth pointing out. First, this study provides support for
variable expressivity and reduced penetrance of TP63 var-
iants [1, 2, 23, 24]. Furthermore, TP63 variants detected in
families #27-28 with SHFM-C1 have also been identified in
patients with ectrodactyly, ectodermal dysplasia, and cleft
lip/palate (EEC) syndrome [23, 24]. Since TP63 variants
have predominantly been reported in patients with SHFM-
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C3 such as EEC syndrome rather than in those with SHFM-
C1 [23, 24], it is likely that TP63 variants usually result in
SHFM-C3 and occasionally lead to SHFM-C1 as well as
apparently normal phenotype, depending on other multiple
genetic and environmental factors. Second, this study
argues for the important role of heterozygous DLX5 variants
in the development of SHFM-CI, as reported previously
[25]. Third, this study supports the development of SHFM
by apparently amorphic rather than hypomorphic IGF2
variants [7]. Indeed, SHFM has occurred in patients with
apparently null /GF2 variants (nonsense and frameshift
variants subject to NMD [7, 26] and the missense variant
disrupting the S-S binding of IGF2 protein identified in this
study). By contrast, SHFM has never taken place in patients
with epimutations (hypomethylations) of the H19/IGF2:1G-
DMR (differentially methylated region) that occur in a
postzygotic period with mosaicism for cells with epimutated
DMR silencing IGF2 expression and those with normally
methylated DMR permitting IGF2 expression [7, 27]. In
addition, mouse Igf2 is strongly expressed in the developing
limbs [28], and Igf2 knockout mice often manifest abnormal
long bone morphology [29]. Fourth, the WNTI0B frame-
shift variant common to families #32-35 appears to have
spread in Japan. Since WNTI0B variants have autosomal
recessive effects [1, 2], it is assumed that another variant is
hidden in a noncoding region(s) of WNT10B or in another
gene for SHFM of 33-II-1 and 34-1I-1 with apparently
simple heterozygosity for the frameshift variant. Alter-
natively, it might be possible that simple heterozygosity
leads to SHFM in patients with markedly high susceptibility
because of multiple other genetic and environmental factors.
Fifth, coexistence of a WNTI0B frameshift variant and a
PORCN variant in 35-II-1 might have exerted an additive or
synergic effect on the development of SHFM. Indeed, since
PORCN variants usually lead to FDH in an X-linked
dominant manner with male lethality [30], the deleterious
effect of the PORCN variant is assumed to be considerably
mild in 35-II-1 as well as in 35-1-2 with a random X-
inactivation. Thus, while phenotype of 35-II-1 such as
SHFM and microphthalmia could be explained by the
PORCN variant [30], it is uncertain whether such phenotype
is caused by the PORCN variant alone. Lastly, the apparent
mosaicism would explain the mild FDH phenotype in 36-1I-
1 with a PORCN variant probably affecting function and a
random X-inactivation.

Notably, we identified an LRP6 variant subject to NMD in
family #37. LRP6 has been regarded not only as a causative
gene for autosomal dominant neural tube defects,
tooth agenesis, and cleft lip/palate with incomplete pene-
trance [31-33], but also as a candidate gene for SHFM
because of the development of SHFM in homozygous Lrp6
knockout mice [13]. Furthermore, the knockout mice also
exhibit urogenital abnormalities, caudal to lumbar region
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anomalies such as spina bifida, and neural tube defect [13],
and 37-1I-2 showed SHFM-C3 with hypospadias and teth-
ered cord syndrome which appears to be developmentally
linked with spina bifida. Such phenotypic similarity between
Lrp6 knockout mice and 37-1I-2, together with SHFM-C1 in
37-1I-1, would argue for LRP6 being a candidate gene for
SHFM-C1 and SHFM-C3. Furthermore, there are several
findings in support of the relevance of LRP6 variants to the
development of SHFM: (1) heterozygous LRP6 variants are
associated with minor digital anomalies such as clinodactyly
of the fifth fingers and underdeveloped thumbs [32, 33]; (2)
LRP6 acts as a coreceptor with Frizzled protein family
members in the canonical WNT/B-catenin signaling pathway
involved in limb development [31-33]; and (3) heterozygous
variants in LRP4, which inhibits LRP5/LRP6 signaling, are
associated with Cenani-Lenz syndactyly syndrome char-
acterized by complex syndactyly of hands and feet, oligo-
dactyly, radial and ulnar shortening, and teeth abnormalities
[34]. Notably, the LRP6 variant was also detected in the
father with apparently normal phenotype. This could be due
to incomplete penetrance of the LRP6 variant with a domi-
nant effect. Alternatively, another CNV or sequence variant
for SHFM might be transmitted from the mother to the
affected children, although such a variant was not identified
by aCGH and WES.

We also identified a de novo UBA2 frameshift variant
subject to NMD in 38-1I-1 with SHFM-C4 with under-
masculinized genitalia. UBA2 is regarded as a candidate
gene for SHFM, because UBA2 was disrupted by the
19q13.11 deletion in 26-1I-3 with SHFM-C3 accompanied
by sparse hair and eyebrows and hypodontia. In this regard,
a single patient with a de novo missense variant in UBA2
and 16 patients with different types of 19q13 deletions
involving UBA2 have been reported (Fig. 4b) [14, 15, 35—
37]. Notably, two patients with 19q13 deletions have
SHFM [14, 15], and most patients of both sex have aplasia
cutis congenita reminiscent of sparse hair in 26-II-3 and
most male patients manifest underdeveloped genitalia as
observed in 38-1I-1 [14, 15, 35-37]. Furthermore, it is worth
pointing out that (1) UBA2 plays an important role in
sumoylation as a subunit of dimeric El-activating enzyme
[14, 15, 35-37]; (2) TP63 is sumoylated by SUMO (small
ubiquitin-like modifier) such as SUMO-1 and SUMO-2
[38, 39], and altered sumoylation of TAp63a (an isoform of
TP63) has been suggested to underlie the development of
SHFM in patients with 7P63 variants on the sterile o« motif
domain [39]; and (3) a 1725 deletion including SUMO-2
has been identified in a patient with SHFM [3]. These
findings, together with a strong expression of mouse Uba?2
in the developing limb buds [16], would argue that UBA2
represents a novel gene for SHEM, with a low penetrance.
In addition, altered sumoylation has also been implicated as
an underlying factor for aplasia cutis congenita possibly via
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a modified activity of ANp63a (another isoform of TP63)
involved in skin terminal differentiation and that for
undermasculinized genitalia possibly via a modified activity
of the androgen receptor essential for genital masculiniza-
tion [15, 35-37]. However, the 19q13.11 deleted region in
26-1I-3, which is also deleted in the two previously reported
patients with SHFM, is associated with haploinsufficiency
of 14 genes including UBA2 (Fig. 4). Thus, the relevance of
other deleted genes such as LRP3 (the paralog of LRP6) to
the development of SHFM might remain possible at present.

We studied a total of 97 Japanese families with SHFM to
date. Several findings are noteworthy for the overall results
(Table 2). First, we revealed significant CNVs or rare var-
iants in 75 families (99 subjects) of the 97 families (77%),
although WES was not performed in previously reported 12
CNVs-negative families (Fig. 1). This implies that SHFM
primarily occurs as a genetic disorder, while the inheritance
pattern is often complicated by reduced penetrance and
variable expressivity [1, 2, 4, 23, 24]. Second, a consider-
able degree of correlation was observed between underlying
genetic causes and phenotypes. For example, it was found
that (1) 17p13.3 duplication was primarily associated with
SHFM-CI1 affecting the upper limbs, and 17p13.3 triplica-
tion was predominantly accompanied by SHFM-C2

involving the lower limbs; (2) 17p13.3 duplication/tripli-
cation was the sole underlying cause for SHFM-C2, with
the dosage effect (the relative frequency of long bone
deficiency was significantly higher in triplications than in
duplications) (8/12 vs. 12/55, P =0.0042 by the Fisher’s
exact test); (3) 10q24 duplication was invariably accom-
panied by SHFM-CI1 affecting four limbs, whereas 2q31
and 19q13.11 deletions resulted in SHFM3/SHFM-4; and
(4) TP63, DLX5, and WNTIOB variants were primarily
associated with SHFM-C1 involving both upper and lower
limbs, whereas PORCN, FGFRI, IGF2, LRP6, and UBA2
variants were primarily accompanied by SHFM-C3/SHFM-
4 affecting both upper and lower limbs. Third, the pre-
valence of SHFM was apparently more frequent in males
than in females (61:38). Such male dominance has also
been reported in non-Japanese patients with BHLHA9
duplications [17]. This might be due to testosterone effects,
because testosterone influences the digital growth pattern as
indicated by the lower second to fourth digit length ratio in
males than in females [40]. Lastly, genital and caudal region
anomalies were observed in five subjects (two with the
17p13.3 duplication, one with the LRP6 variant, one with
the UBA?2 variant, and one with unknown cause) (Tables S2
and S4). This may imply the operation of similar genetic

Table 2 Summary of clinical features in 99 Japanese subjects from 75 families with identified underlying causes

No. of SHFM-Class SHFM LBD Affected limbs Sex ratio

subjects 1 2 3 4 Uonly Lonly UandL Uonly Lonly UandL Single Two Three Four M:F
Japanese founder dup/trip
17p13.3 (dup) 55 41 11 2 1 41 1 13 0 12 0 22 23 6 4 31:24
17p13.3 (trip) 12 4 8 0 04 2 6 0 8 0 0 6 2 4 9:3
Sub-total 67 45 19 2 45 19 0 20 0 22 29 8 8 40:27
Other causes
2q31 (del) 1 0 0 0 10 1 0 1 0 0 0 1 0 0 1:0
10q24 (dup) 9 9 0 0 00 0 9 0 0 0 0 0 0 9 4:5
19q13.11 (del) 1 0 0 1 01 0 0 0 0 0 1 0 0 0 1:0
TP63 4 4 0 0 02 0 2 0 0 0 0 2 0 2 4:0
DLX5 1 1 0 0 0O 0 1 0 0 0 0 0 0 1 1:0
WNT10B* 5 4 0 1 02 1 2 0 0 0 1 2 2 0 3:2
WNTI10B/PORCN 1 0 0 1 00 1 0 0 0 0 0 1 0 0 1:0
PORCN 1 0 0 1 00 1 0 0 0 0 1 0 0 0 0:1
FGFRI® 4 0 0 4 02 0 2 0 0 0 2 0 0 2 3:1
IGF2 2 0 0 2 01 0 1 0 0 0 1 0 1 0 1:1
LRP6 2 1 0 1 0O 1 1 0 0 0 1 0 1 0 1:1
UBA2 1 0 0 0 10 0 1 0 1 0 0 0 0 1 1:0
Sub-total 32 190 11 2 8 5 19 1 1 0 7 6 4 15 21:11
Total 929 64 19 13 3 53 8 38 1 21 0 29 35 12 23 61:38

SHFM split-hand/foot malformation, LBD long bone deficiency, U upper limb, L lower limb, M male, F female

In two families, the variant has been identified only in one allele (simple heterozygosity)

"One patient has a cryptic microdeletion involving the FGFRI promoter region [6]
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factors in the formation of limbs and genitalia, as exem-
plified by HOXA13 for hand-foot-genital syndrome [41].
In summary, this study implies that SHFM primarily
occurs as a genetic disorder with some clinical features
characteristic of each underlying cause, and that LRP6 and
UBA?2 represent plausible candidate genes for SHFM.
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