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Disruption of distaless homeobox 5 and 6 (Dlx5/6) in mice results in brain, craniofacial, genital, ear and limb
defects. In humans, chromosomal aberrations in the DLX5/6 region, some of which do not encompass DLX5/
6, are associated with split hand/foot malformation 1 (SHFM1) as well as intellectual disability, craniofacial
anomalies and hearing loss, suggesting that the disruption of DLX5/6 regulatory elements could lead to
these abnormalities. Here, we characterized enhancers in the DLX5/6 locus whose tissue-specific expression
and genomic location along with previously characterized enhancers correlate with phenotypes observed in
individuals with chromosomal abnormalities. By analyzing chromosomal aberrations at 7q21, we refined the
minimal SHFM1 critical region and used comparative genomics to select 26 evolutionary conserved non-
coding sequences in this critical region for zebrafish enhancer assays. Eight of these sequences were
shown to function as brain, olfactory bulb, branchial arch, otic vesicle and fin enhancers, recapitulating
dlx5a/6a expression. Using a mouse enhancer assay, several of these zebrafish enhancers showed compar-
able expression patterns in the branchial arch, otic vesicle, forebrain and/or limb at embryonic day 11.5.
Examination of the coordinates of various chromosomal rearrangements in conjunction with the genomic lo-
cation of these tissue-specific enhancers showed a correlation with the observed clinical abnormalities. Our
findings suggest that chromosomal abnormalities that disrupt the function of these tissue-specific enhan-
cers could be the cause of SHFM1 and its associated phenotypes. In addition, they highlight specific enhan-
cers in which mutations could lead to non-syndromic hearing loss, craniofacial defects or limb
malformations.

INTRODUCTION

In vertebrates, the homeobox transcription factors distaless
homeobox 5 and 6 (Dlx5/6) are expressed in the developing
brain, olfactory bulb, craniofacial primordia, genital tubercle,
otic vesicle and limbs (Supplementary Material, Fig. S1).
Mouse models lacking either Dlx5 or Dlx6 are lethal and
result in brain, craniofacial, urogenital, bone and inner ear
defects but do not exhibit limb abnormalities (1–3). Disruption
of both genes in mice leads to a split hand/foot phenocopy (4). In
humans, chromosomal aberrations in the DLX5/6 region, some
of which do not encompass the coding sequences of DLX5/6
(Fig. 1), cause split hand/foot malformation 1 (SHFM1;
OMIM #183600). In addition, SHFM1 is associated with

intellectual disability in 33% of patients, craniofacial malforma-
tions in more than 35% of patients and deafness in 35% of
patients (SHFM1D, OMIM #220600) (5). Except for an auto-
somal recessive DLX5 missense mutation in a family with
severe SHFM and hearing impairment (6), no other coding mu-
tation has been identified in individuals with SHFM1. Al-
together, these data suggest that the disruption of DLX5/6
regulatory elements could lead to SHFM1-associated pheno-
types.

The transcriptional regulation of Dlx5/6 is complex and
involves tissue-specific enhancers (7–10) and non-coding
RNA (11). DLX5/6 are organized in a convergently transcribed
bigene cluster and have a similar expression pattern in verte-
brates and mammals (Fig. 2G–J), suggesting that evolutionary
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conserved enhancers could regulate their expression. Using
comparative genomics in combination with mouse transgenic
assays, two enhancers, I56i and I56ii, that reside in the
Dlx5/6 intergenic region (Fig. 1C) were found to be active
in the developing forebrain and are thought to regulate Dlx5/
6 expression in specific GABAergic interneurons (7,12). Fur-
thermore, a nucleotide variant found in an autistic individual
affects the binding of DLX to I56i and reduces DLX5/6 ex-
pression in these GABAergic interneurons (12). The I56i en-
hancer is also active in the branchial arch and its activity is
thought to be mediated by heart and neural crest derivatives
expressed 2 (Hand2), a gene that down-regulates Dlx5/6 ex-
pression in the distal mandibular arch and is crucial for

craniofacial development (13). Dlx5/6 branchial arch expres-
sion is also thought to be regulated by another enhancer, the
MEF2-dependent DLX5/6 branchial arch enhancer that is
�1.5 kb upstream of the Dlx6 transcription start site (TSS)
(Fig. 1C) and is synergistically regulated by Mef2c and Dlx5
(9). A potential DLX5/6 inner ear enhancer located 85 kb prox-
imal to DLX5 was identified due to a 5 kb deletion in a family
with an inversion at 7q21.3 that exhibits hearing loss and cra-
niofacial defects (8) (Fig. 1C). In the developing limb, both
Dlx5/6 are thought to be regulated by the transcription
factor tumor protein p63 (Tp63) (14). In humans, mutations
in TP63 were found to cause SHFM4 (OMIM #605289).
Using chromatin immunoprecipitation (ChIP) followed by

Figure 1. The SHFM1 critical region defined by 7q21-23 chromosomal abnormalities. (A) Chromosome 7q11-q22 deletions (chromosome 7: 74–100 Mb; hg18)
found in humans with SHFM1 and myoclonus-dystonia syndrome (OMIM #159900) (10,16–18,20,21,24–26). (B) Two translocations that are not associated
with SHFM1 were used to define the conservative SHFM1 critical region of 2.5 Mb (chr 7: 94 000 000–96 500 000 bp; hg18) (24,25), which contains 15
genes including DLX5/6. (C) The minimal SHFM1 critical region (chromosome 7: 95.3–96.5 Mb; hg18) was defined using the most proximal translocation
breakpoint in an individual with isolated SHFM �900 kb away from DLX5/6 (23) and a microdeletion that does not include DLX5/6 (10) (both at the centromeric
side). Gene orientation is depicted by black arrows and identified mouse tissue-specific enhancers using gray ovals. Black lines represent individuals with a split
hand/foot phenotype and unfilled lines represent individuals without a split hand/foot phenotype. Lightning bolts represent translocation and inversion break-
points and diamonds represent deletions.
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next-generation sequencing for p63, an apical ectodermal
ridge (AER) enhancer, named BS1, was identified 300 kb
away from DLX5 (Fig. 1C) (10). In addition, we have recently
characterized two additional limb enhancers, dynein cytoplas-
mic 1 intermediate chain 1 (DYNC1I1) eExon 15 and 17, that
reside 900 kb proximal to DLX5/6 in coding exons of the
DYNC1I1 gene (Fig. 1C) (15) and are thus termed eExons
(exonic enhancers). DYNC1I1 eExon 15 has enhancer activity
in the AER and DYNC1I1 eExon 17 in the anterior mesen-
chyme, both features of Dlx5/6 limb expression. Despite the
identification of these enhancers, the examination of chromo-
somal rearrangements in individuals with SHFM1 suggests
that additional, yet undetected, proximal DLX5/6 enhancers
could be involved in these SHFM1-associated phenotypes
(Fig. 1). Thus, a comprehensive enhancer screen is required
to elucidate the gene regulatory landscape of the DLX5/6 locus.

In this study, we analyzed the chromosomal aberrations of
individuals with SHFM1 and defined a minimal SHFM1 crit-
ical region. Using a zebrafish transgenic assay, we tested 26
evolutionary conserved non-coding sequences for enhancer
activity and found that 8 of them function as brain, olfactory
bulb, branchial arch, otic vesicle and/or fin enhancers that re-
capitulate dlx5a/6a expression. Several of these enhancers
showed a similar spatial enhancer activity in mice, supporting
their evolutionary importance. Comparison of the location of
these enhancers and SHFM1-associated chromosomal rearran-
gements showed correlation between the clinical phenotypes
and the expression patterns of these enhancers. This study sug-
gests that mutations or disruptions of these tissue-specific

enhancers could lead to brain, craniofacial, ear and limb
defects.

RESULTS

Defining the SHFM1 critical region

In order to identify regulatory elements whose disruption
could lead to SHFM1 and its associated phenotypes, we first
defined the SHFM1 critical region by analyzing available indi-
viduals and previously reported cases with chromosomal aber-
rations around the 7q21-22 region (Fig. 1). We initially
analyzed previously published 7q21-22 chromosomal dele-
tions that either lead to SHFM1 or do not cause SHFM1
(Fig. 1A) (10,16–23). Using these chromosomal deletions
along with two translocations in individuals that did not
exhibit a SHFM phenotype, we defined a conservative
SHFM1 critical region of 2.5 Mb (chr 7: 94 000 000–96 500
000 bp; hg18) that contains 15 genes, including DLX5/6
(Fig. 1B) (24,25).

To narrow down the SHFM1 critical region even further, we
fine-mapped the breakpoint coordinates of a family (SHSF12)
with autosomal dominant SHFM1 and sensorineural hearing
loss with incomplete penetrance and variable phenotypic ex-
pression that was previously linked to the DLX5/6 locus
(26). The affected SHSF12 family members were found to
have inversion breakpoints within chr 7: 29 043 157 and 96
185 954 which is proximal to DLX5/6 (Fig. 1C) (27,28). The
inversion was balanced with minimal changes in the normal

Figure 2. Functional enhancers in the minimal SHFM1 critical region characterized using zebrafish and mice. (A) A schematic of the minimal SHFM1 region.
Black and red boxes represent coding exons and the orange ovals represent sequences that have enhancer activity. (B–F) Tissue-specific enhancers in zebrafish at
72 hpf. Tissue-specific enhancer expression is indicated by the red arrows: (B) pectoral fin, (D) otic vesicle and forebrain and (E and F) branchial arches. (B′ –F′′)
Mouse enhancer expression at E11.5. (B′ and B′′) DYNC1I1 eExon 15 shows the AER, limb mesenchyme and genital tubercle enhancer activity. (C′ and C′′)
DYNC1I1 eExon 17 shows the anterior limb bud mesenchyme enhancer activity. (D′ and D′′) eDlx#23 shows the otic vesicle, forebrain, branchial arch and limb
bud mesenchyme enhancer activity. (E′ –F′′) eDlx#18 and eDlx#19 show branchial arch enhancer activity. The red arrows highlight the tissue-specific expression
and the numbers in the bottom right of the embryos indicate the number of embryos showing this expression pattern/total LacZ stained embryos. (G and H)
Zebrafish whole-mount in situ hybridization of dlx6a and dlx5a at 72 hpf. (I and J) Mouse whole-mount in situ hybridization of Dlx6 and Dlx5. (K) Dlx5 ex-
pression in the genital tubercle. (L) Dlx5 is expressed in the limb, both in the AER and in the anterior limb bud (red arrow) similar to DYNC1I1 eExon 15 and 17
expression (B′ and C′), respectively. Images B′, C′, C′, I, J and L were taken with permission from Birnbaum et al. (15).
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sequence at each breakpoint and segregated with the SHFM
and hearing loss phenotype. We also analyzed two other
SHFM1 families, K6200 and GK, that we previously reported
(15,26–28). The K6200 family has autosomal dominant
SHFM, hearing loss and craniofacial defects with incomplete
penetrance and variable phenotypic expression. The affected
family members have paracentric inversion breakpoints with
chr 7: 96 219 611 and 109 486 136 which is proximal to
DLX5/6 (Fig. 1C) (26–28). The GK family has SHFM,
hearing loss and craniofacial defects and a chromosomal trans-
location (7;20)(q22;p13) with the 7q22 breakpoint proximal to
DLX5/6 (Fig. 1C) (15). In addition, we referred to two other
reported SHFM1 cases: an individual with SHFM1 who has
a de novo pericentric inversion of chromosome 7: 46, XY,
inv(7) (p22q21.3), with the breakpoint mapped to chromo-
some 7: 95.53–95.72 Mb (23) and another individual with a
split foot phenotype who has an 880 kb microdeletion of
95.39–96.27 Mb (Fig. 1C) (10). Combined, these cases
allowed us to define a minimal SHFM1critical region of
�1.2 Mb (chr 7: 95 300 000–96 500 000; Fig. 1C) where
DLX5/6-associated enhancer(s) could reside.

Identification of enhancer candidates in the minimal
SHFM1 critical region using comparative genomics

In order to identify enhancer candidates whose alteration could
lead to SHFM1 and its associated phenotypes, we scanned the
minimal SHFM1 critical region for non-coding evolutionary
conserved regions (ECRs) using the ECR Browser (29). We
selected 29 regions with at least 70% identity for ≥100 bp
between humans and frogs (Supplementary Material,
Table S1). We termed these sequences DLX5/6 enhancer can-
didates (eDlx). Three of these human–frog non-coding ECRs
have been previously shown to function as forebrain [eDlx#1
(I56i), eDlx#2 (I56ii)] and branchial arch [eDlx#1 and eDlx#4
(Mef2-dependent enhancer)] enhancers in mice (9,30). We
thus chose the 26 uncharacterized human–frog non-coding
ECRs (Supplementary Material, Table S1) for our enhancer
screen.

DLX5/6 developmental expression patterns are similar in
zebrafish and mice

We next wanted to assess whether zebrafish are a suitable
model system for identifying DLX5/6 regulatory elements.
We analyzed mRNA expression patterns of dlx5a/6a and
Dlx5/6 in both zebrafish and mice, respectively. Using whole-
mount in situ hybridization on zebrafish embryos at 72 h post-
fertilization (hpf), we observed that dlx5a/6a are expressed in
the brain, olfactory bulb, branchial arch and otic vesicle and
dlx5a is also expressed in the pectoral fin (Fig. 2G and H).
Using a similar assay on mouse embryos at day (E) 11.5, we
observed that Dlx5/6 are expressed in the branchial arches,
otic vesicle and limb and Dlx5 also shows expression in the
forebrain and genital tubercle (Fig. 2I–L, Supplementary Ma-
terial, Fig. S1). The similar Dlx5/6 expression patterns in both
mice and zebrafish suggested that DLX5/6-associated enhan-
cers can initially be identified in zebrafish.

Zebrafish enhancer assays

Since Dlx5/6 developmental expression patterns were compar-
able in zebrafish and mice and zebrafish enhancer assays are
rapid and cost effective, we first tested these 26 enhancer can-
didates in zebrafish. The enhancer candidate sequences were
amplified from human genomic DNA and cloned into a zebra-
fish enhancer assay vector, containing an E1b minimal pro-
moter followed by the green fluorescent protein (GFP)
reporter gene (31). These vectors were microinjected into
one-cell stage zebrafish embryos along with the Tol2 transpo-
sase to facilitate genomic integration (32). GFP expression
was monitored at 24, 48 and 72 hpf. Nine sequences showed
consistent GFP expression (≥40% of GFP expressed
embryos) in specific tissues (Table 1). While one enhancer
showed expression in the somitic muscles (eDlx#8; Supple-
mentary Material, Fig. S2), the other eight enhancers recapitu-
lated dlx5a and dlx6a zebrafish expression patterns. eDlx#14
drove GFP expression in the whole embryo with stronger ex-
pression in the olfactory bulb and forebrain (Supplementary
Material, Fig. S3A). eDlx#16 showed enhancer expression in
the olfactory bulb and forebrain and also showed partial ex-
pression in the caudal fin (Supplementary Material,
Fig. S3B). eDlx#27 drove GFP expression in the olfactory
bulb only at 24 hpf (Supplementary Material, Fig. S3C).
eDlx#18 and eDlx#19 drove specific GFP expression in the
branchial arch (Fig. 2E and F; Supplementary Material,
Fig. S4A and D), and eDlx#19 also drove GFP expression in
the pectoral fin at 72 hpf (Supplementary Material,
Fig. S4D). eDlx#23 showed enhancer expression in the fore-
brain, otic vesicle and pectoral fin (Fig. 2D; Supplementary
Material, Fig. S5A). eDlx#24 drove GFP expression in the
forebrain, pectoral fin and heart. In addition, eDlx#24 drove
GFP expression in neurons near the lateral optic tectum at
24 hpf (Supplementary Material, Fig. S5C). eDlx#26 showed
enhancer activity in the forebrain, neural tube and heart (Sup-
plementary Material, Fig. S5D). In summary, the zebrafish en-
hancer assay identified five forebrain enhancers (eDlx#14,
eDlx#16, eDlx#23, eDlx#24 and eDlx#26), three olfactory
enhancers (eDlx#14, eDlx#16 and eDlx#27), two branchial
arch enhancers (eDlx#18 and eDlx#19), an otic vesicle enhan-
cer (eDlx#23) and three pectoral fin enhancers (eDlx#19,
eDlx#23 and eDlx#24) that could regulate DLX5/6 expression
during development.

Mouse enhancer assays

To test whether these positive zebrafish enhancers have similar
expression patterns in mammals, selected enhancers were
chosen for a similar transgenic enhancer assay in mice.
Since we were interested in SHFM1 and its associated pheno-
types, we selected five enhancers with similar dlx5a/6a ex-
pression patterns in the branchial arch (eDlx#18 and
eDlx#19), otic vesicle (eDlx#23), pectoral fin (eDlx#19,
eDlx#23 and eDlx#24) and forebrain, olfactory bulb and
caudal fin (eDlx#16) for this assay. The same human
sequences tested in zebrafish were cloned into the
Hsp68-LacZ vector that contains the heat shock protein 68
minimal promoter followed by a LacZ reporter gene (33).
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Transgenic mouse embryos were generated, harvested at
E11.5 and stained for LacZ. Similar to the zebrafish enhancer
results, eDlx#18 (Fig. 2F′ and F′′, Supplementary Material,
Fig. S4B and C) and eDlx#19 (Fig. 2E′ and E′′, Supplementary
Material, Fig. S4E and F) drove LacZ expression in the mouse
mandibular arch (mbBA1) and eDlx#19 also drove LacZ ex-
pression in the second branchial arch (BA2). eDlx#23 drove
LacZ expression in the mouse otic vesicle, forebrain, branchial
arch and limb (Fig. 2D′ and D′′, Supplementary Material,
Fig. S5B). It is worth noting that eDlx#23 branchial arch ex-
pression was not observed in zebrafish (Fig. 2D) and that its
limb expression was different from Dlx5/6 limb expression
(Fig. 2D′; Supplementary Material, Fig. S5B). While
eDlx#16 (Supplementary Material, Fig. S3B), eDlx#19 (Sup-
plementary Material, Fig. S4D) and eDlx#24 (Supplementary
Material, Fig. S5C) showed fin expression in zebrafish, they
did not show limb expression in mice (see Supplementary Ma-
terial, Fig. S4E, for eDlx#19 and data not shown for eDlx#16
and eDlx#24). In addition, we previously characterized two
other limb enhancers in this region (15). DYNC1I1 eExon 15
functions as an AER and a limb bud mesenchyme enhancer
and is also expressed in the genital tubercle at E11.5
(Fig. 2B′ and B′′). DYNC1I1 eExon 17 functions as an anterior
limb bud mesenchyme enhancer (Fig. 2C′ and C′′). Although
both of them function as mouse limb enhancers, only
DYNC1I1 eExon 15 drove GFP expression in the pectoral
fin (Fig. 2B). Altogether, our current mouse enhancer assay
found two specific branchial arch enhancers (eDlx#18 and
eDlx#19) and an otic vesicle enhancer that also functions as
a forebrain, branchial arch and limb enhancer (eDlx#23). All
three enhancers have similar expression patterns to their zeb-
rafish counterparts and largely recapitulate Dlx5/6 expression
in mouse E11.5 (Fig. 2I–L).

Mouse mRNA expression analysis of genes in the minimal
SHFM1 critical region

In order to determine whether other genes in the minimal
SHFM1 critical region, in addition to DLX5/6, could be asso-
ciated with the phenotypes observed in SHFM1 cases, we ana-
lyzed the mouse E11.5 mRNA expression of all known genes
(RefSeq, mm9) in this region. Using whole-mount in situ hy-
bridization, the SHFM1 (ectrodactyly) gene (also known as
Dss1) showed a similar expression pattern to Dlx5/6 in the
branchial arches, otic vesicle, genital tubercle and limb (Sup-
plementary Material, Fig. S1C). Solute carrier family 25
member 13 (Slc25a13) was found to be expressed in the
limb and also showed lower expression levels in the branchial
arches and otic vesicle compared with Dlx5/6 and Dss1 (Sup-
plementary Material, Fig. S1B). Dync1i1 mRNA expression
could not be detected at this time point using this assay (Sup-
plementary Material, Fig. S1A). To further verify the expres-
sion of these genes, we also extracted RNA from E11.5 mouse
heart, branchial arch, limb and otic vesicle tissues and per-
formed reverse transcriptase–quantitative polymerase chain
reaction (RT–qPCR) to measure the tissue-specific expression
levels of these genes. Since the expression of Dlx5/6 was not
detected in the heart at E11.5 by whole-mount in situ hybrid-
ization, the heart tissue served as a negative control. Dlx5/6
were highly expressed in the branchial arch, otic vesicle andT
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limb compared with the heart tissue. Dss1 and Slc25a13 (Sup-
plementary Material, Fig. S1G–J) were expressed in similar
levels in all the tested tissues. Dync1i1 was barely detected
in the tissues we tested at E11.5 (Supplementary Material,
Fig. S1F). While the removal of Dlx5/6 in mice leads to phe-
notypes similar to those observed in individuals with SHFM1
(1,4,34), these expression results suggest that in addition to the
tissue-specific enhancers that we have characterized in this
region, these genes could also contribute to the observed phe-
notypes.

DISCUSSION

In this study, we analyzed chromosomal aberrations of indivi-
duals with SHFM1 and its associated phenotypes and defined a
minimal SHFM1 critical region (�1.2 Mb). We characterized
the expression pattern of several enhancers in this region using
transgenic zebrafish and mice. Each active enhancer recapitu-
lated aspects of Dlx5/6 expression during development. These
enhancers drive tissue-specific expression in the brain, olfac-
tory bulb, branchial arches, otic vesicle, genital tubercle and
limb, suggesting that mutations within them could cause intel-
lectual disabilities, craniofacial defects, hearing loss, genital
abnormalities and limb malformations.

Current mutation analysis studies mainly focus on coding
sequences. However, nucleotide changes in gene regulatory
elements are increasingly implicated as causes of human
disease (12,35–38). Our study supports the longstanding hy-
pothesis that SHFM1 and its associated phenotypes could be
due to the disruption of gene regulatory elements leading to
the abnormal expression of DLX5/6 during development. Al-
though SHFM1 is associated with the DLX5/6 locus, no
coding mutation has been found in individuals with SHFM1,
except for an autosomal recessive DLX5 missense mutation
in a family with severe SHFM and hearing impairment (6).
Along with the observation that knocking out Dlx5/6 in mice
leads to embryonic lethality (1,2,4), this could suggest that
deleterious coding mutations in DLX5/6 might cause embryon-
ic lethally in humans. In contrast, mutations in DLX5/6 regu-
latory elements that affect DLX5/6 transcriptional levels in
specific tissues could be less deleterious and lead to isolated
versions of the phenotypes associated with SHFM1. For
example, a nucleotide variant (A.G) found in an autistic in-
dividual affects I56i enhancer activity and reduces DLX5/6 ex-
pression in specific GABAergic interneurons (12).

Comparison of the genomic location of characterized
enhancers and SHFM1-associated chromosomal aberrations
showed correlation in several cases between the clinical phe-
notypes and the tissue-specific enhancer expression patterns
(Fig. 1C). For example, in the K6200 family (15) who has
autosomal dominant SHFM, hearing loss and craniofacial
defects, the paracentric inversion breakpoint coordinates (chr
7: 96 219 611 and 109 486 136) show that several tissue-
specific enhancers: DYNC1I1 eExon 15 (AER, genital tuber-
cle), DYNC1I1 eExon 17 (anterior limb mesenchyme),
eDlx#23 (forebrain, otic vesicle, branchial arch and limb),
eDlx#18 and eDlx#19 (branchial arch) are relocated
�13 Mb away from DLX5/6. In the GK family (15) who has
SHFM, hearing loss and craniofacial defects, the translocation

(7;20)(q22;p13) breakpoint at 7q22 relocates the same tissue-
specific enhancers: DYNC1I1 eExon 15, DYNC1I1 eExon 17,
eDlx#23, eDlx#19, eDlx#18 in addition to the BS1 AER en-
hancer (10) from the DLX5/6 locus. The findings in both fam-
ilies suggest that the disruption of the interactions between
these tissue-specific enhancers and DLX5/6 might lead to
limb malformation, hearing loss and craniofacial defects in
these families.

It is worth noting that the correlation between the disrup-
tion of functional enhancers and clinical phenotypes was not
perfectly observed. In the SHSF12 family, which has auto-
somal dominant SHFM and hearing loss (27,28), the pericen-
tric inversion breakpoint coordinates show that several
tissue-specific enhancers: DYNC1I1 eExon 15, DYNC1I1
eExon 17, BS1, eDlx#23, eDlx#18 and eDlx#19 were relo-
cated �67 Mb away from DLX5/6. This inversion likely dis-
rupts the ability of these enhancers to regulate DLX5/6 in the
limb and otic vesicle, leading to these phenotypes. However,
at least three branchial arch enhancers (eDlx#18, eDlx#19
and eDlx#23) were also relocated in this family, but cranio-
facial defects were not observed. In addition, Brown et al.
(8) reported a three-generation family who has hearing loss
and craniofacial defects, but no limb malformations. The
affected members of this family were found to have a para-
centric inversion at chromosome 7, inv(7)(q21.3q35) that
relocates several tissue-specific enhancers: DYNC1I1 eExon
15, DYNC1I1 eExon 17, eDlx#23, eDlx#19, eDlx#18 and
BS1 �50 Mb away from DLX5/6. In addition to the inver-
sion, a 5 kb deletion was reported at the 7q21.3 breakpoint
(chr 7: 96 402 577–96 407 691; hg18) that encompasses a po-
tential ear enhancer (5K-Del). Although several limb-specific
enhancers were relocated �50 Mb away from DLX5/6, no
limb malformations were observed in this family. It is also
worth noting that limb malformations are often associated
with urogenital developmental abnormalities such as hypo-
spadias (3). Several SHFM-associated genes are expressed
in the mouse genital tubercle, including Dlx5/6 (Fig. 2K,
Supplementary Material, Fig. S1), and the targeted inactiva-
tion of these genes in mice was shown to cause abnormal
urethra formation (3). Interestingly, while DYNC1I1 eExon
15 shows enhancer expression in the genital tubercle
(Fig. 2B′′), SHFM1 patients with chromosomal aberrations
that led to the relocation of this enhancer (Fig. 1C) were
not reported to have hypospadias or other urogenital abnor-
malities. One potential explanation for the lack of pheno-
types could be enhancer redundancy (39). For example,
two other branchial arch enhancers, Mef2-BA and I56i,
still remain in the vicinity of DLX5/6 in the SHSF12-affected
individuals and could be sufficient for proper branchial arch
development. Another explanation could be incomplete pene-
trance of the phenotype, which was observed in some of
these families (27,28).

Previous work has shown that human enhancer sequences
can function as active enhancers in zebrafish, even without
homologous sequences in zebrafish (40–42). Our results
support these findings for most of the enhancers. For
example, eDlx#19 and eDlx#23, which do not have homolo-
gous sequences in zebrafish, have similar enhancer expression
patterns in zebrafish and mice (Fig. 2D and D′; Fig. 2E and
E′). However, eDlx#16, eDlx#19 and eDlx#24, which drive
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fin expression in zebrafish, did not show limb expression in
mice. This discrepancy between fin and limb enhancer activity
could be attributed to differences in fin versus limb develop-
ment (43), and further work will be needed in order to evaluate
the efficacy of identifying limb enhancers in zebrafish.

In our study, we observed that SLC25A13 and DSS1, in add-
ition to DLX5/6, are also expressed in tissues that could be
associated with SHFM1 phenotypes and are also relocated
by these various chromosomal aberrations. While the function
of DLX5/6 has been well studied, this is not the case for these
two additional genes. SLC25A13 encodes a member of the
mitochondrial solute carrier family 25 and mutations in
SLC25A13 were found to cause citrullinemia type II but not
SHFM1-like phenotypes (44,45). In addition, Slc25a13 knock-
out mice have been reported to develop normally up to 1 year
of age and do not show any SHFM1-like phenotypes (46). In
this study, we observed that Slc25a13 was expressed in the
limb buds, branchial arches and otic vesicle at mouse E11.5
(Supplementary Material, Fig. S1B and G). DSS1 is a
subunit of the 26S proteasome and plays a role in ubiquitin-
dependent proteolysis (47). In addition, DSS1 interacts with
BRCA2 in human cells and contributes to BRCA2 function
in homologous recombination-mediated repair and genomic
stability (48). DSS1 was named deleted in split hand/split
foot 1 region (and also SHFM1), since it was identified
within the SHFM1 critical region (49). It was found to have
similar expression levels in the branchial arches, otic vesicle
and limb buds in mouse E11.5 embryos (Supplementary Ma-
terial, Fig. S1C and H). While the removal of Dlx5/6 in
mice leads to similar phenotypes as those observed in
SHFM1 individuals, the observation that Slc25a13 and Dss1
are expressed in SHFM1-associated tissues could suggest
that they might have a role in these phenotypes. In addition,
the characterized enhancers detected in this and other studies
might also be regulating these genes in addition to DLX5/6.
Further work will be needed in order to elucidate the function,
regulation and involvement of these genes in SHFM1.

MATERIALS AND METHODS

Subjects and chromosomal breakpoint mapping

The SHSF12 family has autosomal dominant SHFM and vari-
able sensorineural hearing loss as reported previously (26).
Subsequent studies of this family by pulsed field gel electro-
phoresis and FISH identified a chromosomal inversion with
breakpoints in the SHFM1 critical region (27,28). Southern
blot analysis and inverse PCR, as described previously (50),
were then used to identify the inversion breakpoints (D.B.
Everman, C.T. Morgan, M.E. Laughridge, T. Moss, S. Ladd,
B. DuPont, D. Toms, F. Gurrieri, C.E. Schwartz, unpublished
data).

Comparative genomics

A 1.2 Mb interval (chr 7: 95 300 000–96 500 000 bp; hg18)
encompassing DLX5 and DLX6 was chosen for comparative
genomic analysis. Conserved non-coding sequences between
human and frogs were selected by the ECR Browser (29)
using the default conservation parameters of ≥70% sequence

identity for at least 100 bp. These sequences were then
screened using the UCSC Genome Browser for those
lacking coding sequences and repeats (51). Human–frog
ECRs were designated as eDlx#, relevant to their upstream
distance from DLX5/6.

Transgenic enhancer assays

Primers were designed to amplify candidate enhancer
sequences (Supplementary Material, Table S1). PCR was
carried out on human genomic DNA (Roche), and products
were cloned into the E1b-GFP-Tol2 enhancer assay vector
containing an E1b minimal promoter followed by GFP (31).
They were injected following standard procedures (52) into
at least 100 embryos per construct along with Tol2 mRNA
(32) to facilitate genomic integration. GFP expression was
observed and annotated up to 72 hpf. An enhancer was consid-
ered positive if 40% of the GFP expressing fish showed a con-
sistent expression pattern. The zebrafish enhancer assay data
can be found at: http://zendev.ucsf.edu/index.php. For the
mouse enhancer assay, the same human genomic fragments
used in zebrafish were transferred into a vector containing
the Hsp68 minimal promoter followed by the LacZ reporter
gene (53) and sequence verified. Transgenic mice were gener-
ated by Cyagen Biosciences using standard procedures (54).
Embryos were harvested at E11.5 and stained for LacZ expres-
sion as described previously (53). All animal work was
approved by the UCSF Institutional Animal Care and Use
Committee.

Whole-mount in situ hybridization

Zebrafish embryos were collected from wild-type matings
between 24 and 72 hpf and fixed in 4% paraformaldehyde.
Full-length zebrafish dlx5a (MDR1734-96866202, Open Bio-
systems) and dlx6a (MDR1734-98078461, Open Biosystems)
cDNA clones were used to generate digoxygenin-labeled
probes. Whole-mount in situ hybridizations were performed
according to standard protocols (55). Mouse E11.5 embryos
were fixed in 4% paraformaldehyde. Clones containing
mouse Dync1i1 (MMM1013-9202215, Open Biosystems),
Slc25a13 (MMM1013-65837, Open Biosystems), Shfm1
(Dss1) (MMM1013-7512304, Open Biosystems), Dlx5 (34)
and Dlx6 (OMM5895-99863403, Open Biosystems) were
used as templates for digoxygenin-labeled probes. Mouse
whole-mount in situ hybridizations were performed according
to standard procedures (56).

RNA expression analysis

The branchial arch, otic vesicle and whole limbs were careful-
ly dissected from E11.5 mouse embryos. Total RNA was iso-
lated using RNeasy (Qiagen) according to the manufacturer’s
protocol. qPCR was performed using SsoFast EvaGreen
Supermix (Bio-Rad) and run on the Eppendorf Mastercycler
3p realplex 2 real-time PCR. Each RT–qPCR was done
using two independent biological experiments with three tech-
nical replicates. Specificity and the absence of primer dimers
were controlled by denaturation curves. Gene expression
was normalized to b-actin and the normalized expression is
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presented relative to the heart expression. Primer sequences
used for amplification are listed in Supplementary Material,
Table S2.

SUPPLEMENTARY MATERIAL

Supplementary Material is available at HMG online.
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