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Abstract
Cleft lip and/or palate (CL/P) are common structural birth defects in humans.Weused exome sequencing to studya patientwith
bilateral CL/P and identified a single nucleotide deletion in the patient and her similarly affected son—c.546_546delG, predicting
p.Gln183Argfs*57 in the Distal-less 4 (DLX4) gene. The sequence variant was absent from databases, predicted to be deleterious
and was verified by Sanger sequencing. In mammals, there are three Dlx homeobox clusters with closely located gene pairs
(Dlx1/Dlx2,Dlx3/Dlx4,Dlx5/Dlx6). In situ hybridization showed thatDlx4was expressed in themesenchyme of themurine palatal
shelves at E12.5, prior to palate closure.Wild-type human DLX4, but notmutant DLX4_c.546delG, could activate twomurineDlx
conserved regulatory elements, implying that the mutation caused haploinsufficiency. We showed that reduced DLX4
expression after short interfering RNA treatment in a human cell line resulted in significant up-regulation of DLX3, DLX5 and
DLX6, with reduced expression of DLX2 and significant up-regulation of BMP4, although the increased BMP4 expression was
demonstrated only in HeLa cells. We used antisense morpholino oligonucleotides to target the orthologous Danio rerio gene,
dlx4b, and found reduced cranial size and abnormal cartilaginous elements. We sequenced DLX4 in 155 patients with non-
syndromic CL/P and CP, but observed no sequence variants. From the published literature, Dlx1/Dlx2 double homozygous null
mice and Dlx5 homozygous null mice both have clefts of the secondary palate. This first finding of a DLX4mutation in a family
with CL/P establishes DLX4 as a potential cause of human clefts.
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Introduction
Cleft lip and/or palate (CL/P) is found in an estimated 1 in 600 to 1
in 900 live births and can occur as an isolated malformation [iso-
lated or non-syndromic (NS) CL/P; 76.8% of patients], in associ-
ation with other malformations (15.9% of patients) or as part of
a recognized multiple congenital anomaly syndrome (syndromic
CL/P; 7.3% patients) (1,2). For the majority of CL/P patients, inher-
itance is multifactorial and involves the combined effects of
environmental and genetic factors acting during the first weeks
of pregnancy. Although several molecular pathways and genes,
including interferon regulatory factor 6 (IRF6), Forkhead Box E1
(FOXE1), Muscle segment homeobox, Drosophila, homolog of, 1
(MSX1), Special AT-rich sequence-binding protein 2 (SATB2),
Sonic hedgehog (SHH) and Transforming growth factor, beta-3
(TGFB3), have been strongly implicated in the pathogenesis of
CL/P (3–7), the majority of cases of NS CL/P do not have identified
causal mutations (7–9). The process of palatogenesis or the
formation of equivalent structures has been well described in
animal models. In mice, the palatal shelves emerge from the
internal side of the maxillary portion of the first pharyngeal do-
main at embryonic day (E) 11.5, growalong the sides of the tongue
at E11.5–E13.5, elevate above the tongue at E14.0 and then join
from E14.5 to E16.5 (10). At closure, the medial edge epithelium
fuses at the site of the approximating palatal shelves to form a
midline palatal seam, termed the medial epithelial seam (MES).
For successful closure, both apoptosis of the epithelial edge of
the MES and epithelial to mesenchymal transition (EMT) are re-
quired (11). In Danio rerio, paired maxillary prominences extend
medially and cranially to form the lateral ethmoid plate that
then fuses with the median frontonasal element (12).

The Dlx genes are homeodomain-containing transcription
factors that are orthologous to the Distal-less gene in Drosophila
melanogaster (13,14). There are three bigene Dlx clusters with con-
vergently transcribed, closely located gene pairs (Dlx1/Dlx2, Dlx3/
Dlx4, Dlx5/Dlx6) in humans and mouse. Teleosts experienced a
whole genome duplication and subsequent gene loss, resulting
in eight zebrafish dlx genes: dlx1a/dlx2a, dlx2b, dlx3b/dlx4b, dlx4a,
dlx5a/dlx6a (15). The dlx2, dlx3 and dlx4 proteins are structurally
very similar at the homeodomain and surrounding amino acids
(16). All of the murine Dlx genes are expressed differentially in
the branchial region during embryogenesis (14). The murine Dlx
genes are expressed in the mesenchyme derived from neural
crest cells in the first pharyngeal arch or primordium of the jaw
(10). Dlx1 andDlx2 are expressed in themaxillary arch, the precur-
sor to the upper jaw, whereasDlx3–Dlx6 are expressed in theman-
dibular arch, the precursor to the lower jaw (10). In D. rerio, the dlx
genes are expressed in the early development of the forebrain,
migratingneural crest, branchial arches andotic and olfactory pla-
codes (17). In humans, embryonic expression ofDLX4has not been
studied and DLX4 expression is absent from most adult tissues
(18). However, the long isoform of human DLX4 can be present
in a variety of cancers, including acute leukemia (19,20), breast
cancer (21–23), lung cancer (24), prostatic adenocarcinoma (25)
and colorectal cancer (26).

Animal models of loss of Dlx gene function have established
the importance of these genes in craniofacial patterning. Dlx1/
Dlx2 double homozygous null mice have fully penetrant, cleft of
the secondary palate (10,27) due to reduced mesenchymal cell
proliferation at the initial stages of palatal shelf formation at
E11.5 with severely deficient growth of the posterior palate (10).
The loss of Dlx1 and Dlx2 function results in down-regulation of
a signaling loop involving Shh, bone morphogenic protein 4
(Bmp4) and Fibroblast growth factor 10 (Fgf10) that is important

for cell proliferation in the epithelium of the midpalate at E13.5
(10). In D. rerio, inactivation of dlx2awith dlx1a resulted in reduced
cranial outgrowth and defects of pharyngeal arch derivatives, in-
cluding as Meckel’s cartilage and the ceratohyal elements (28).
Dlx5 homozygous null mice also have a cleft of the secondary pal-
ate, with absent horizontal laminae of the palatine bones and
shorter nasal and maxillary bones manifesting as a short snout
(29,30). In humans, a girl with multiple anomalies including a
cleft palate was reported to have a de novo chromosome deletion
at 7q21.37q31.1, with a proximal breakpoint just 88 kb downstream
of the DLX5 gene, leading to the hypothesis that dysregulation of
this gene caused the palatal malformation (31). Amissense substi-
tution in DLX5 (c.576C >G predicting p.Ile192Met; NM_005221.5)
was found in an individualwithPierre Robin sequence (CP, glossop-
tosis and micrognathia) and predicted to be damaging, but was in-
herited from the individual’s unaffected mother (32) and thus of
unclear significance. DLX5 mutations resulting in haploinsuffi-
ciency have also caused autosomal dominant split-hand split-
foot malformation [MIM 183600] (33–36) and mutations in DLX3
cause Tricho-dento-osseous syndrome [MIM 190320] and amelo-
genesis imperfecta with taurodontism [MIM 104510] (37,38).

We used exome sequencing to study the mother from a par-
ent and child pair with bilateral CL/P. Both family members had
dysmorphic features comprising euryblepharon (enlargement of
the palpebral fissures) and lagophthalmos (inability to close the
eyelids completely) and amild, incomplete formof blepharochei-
lodontic syndrome (BCDS; also known as Blepharocheilodontic
dysplasia) [MIM 119580] was considered as a diagnosis (39–43),
but the degree of dysmorphismwasmuchmilder than classically
affected individuals. We identified a DLX4 sequence variant that
was predicted to be pathogenic in the mother and that was veri-
fied in both the mother and her son by Sanger sequencing. The
following report describes our studies to implicate this gene in
the pathogenesis of the CL/P in this family.

Results
Exome sequencing in amother and her sonwith bilateral
CL/P revealed a deleterious DLX4 mutation

Exome sequencing was performed on a female patient with bilat-
eral CL/P and a mean coverage of 51X was obtained (Supplemen-
taryMaterial, Table S1). In our analysis, we usedwAnnovar (http://
wannovar.usc.edu) and excluded sequence variants that were in
the Database of Single Nucleotide Polymorphisms (http://www.
ncbi.nlm.nih.gov/projects/SNP/), those that were present in seg-
mental duplications and included only those for which minor
allele frequency was <0.05 in the 1000 Genomes browser (http://
www.1000genomes.org/) and the Exome Variant Server (http://
evs.gs.washington.edu/EVS/). We excluded genes in which se-
quence variants had been identified for discordant phenotypes
(for example, structural eye defects) from previous exome data
and public databases (data not shown). We also examined previ-
ously reported genes in CL/P (7) for sequence variants and did
not identify any pathogenic alterations (data not shown). Using
this filtering strategy and examining mutations predicted to dis-
rupt reading frame or to substitute a non-synonymous amino
acid, we obtained a list of 25 genes that were predicted to disrupt
reading frame (Supplementary Material, Table S2). We sought in-
formation about expression for these genes in the palate and lip
from PubMed (http://www.ncbi.nlm.nih.gov/pubmed/) and from
NEIbank (http://neibank.nei.nih.gov/index.shtml) in view of the
mild features of BCDS, althoughwe could not find data for thema-
jority of the genes. We also sought information regarding each
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gene from PubMed as a means to select candidate genes for
further evaluation.

In DLX4, we noted c.546_546delG, predicting p.Gln183Argfs*57
(NM_138281.2) and resulting in a frameshift that was assessed as
deleterious (Mutation Taster P = 1.0; http://mutationtaster.org/
MutationTaster/). The human DLX4 gene has two isoforms—a
longer isoform, henceforth termed DLX4_LI, with three exons
that encodes a 240 amino acid protein (transcript NM_138281.2
and protein NP_612138.1) and a shorter isoform, henceforth
termed DLX4_SI, that has two exons and encodes an 168 amino
acid protein (transcript NM_001934.3 and protein NP_001925.2).
Both isoforms contain a homeodomain and overlap with com-
plete identity for the terminal 146 amino acids of the proteins.
In the long isoform, the deletion of the single G nucleotide at pos-
ition c.546 results in replacement of the terminal 56 amino acids
of the protein with a stop codon at position 239, two codons short
of the wild-type length of the protein and altering all but 7/56
(12.5%) residues of the protein after the nucleotide deletion (Sup-
plementary Material, Table S3). The homeobox of the protein is
located from amino acid 108–186 and thus the frameshift muta-
tion affects the terminal part of this domain. The sequence vari-
ant was not present in the Exome Variant Server or 1000
Genomes browser. In the short isoform of DLX4, the sequence
variant is c.330delG, predicting p.Gln111Argfs*57.

We selected DLX4 as a candidate gene because of the pre-
dicted deleteriousness of the c.546_546delG sequence alteration,
its presence in both mother and child and because of the known
involvement of the Dlx genes in branchial arch patterning in ani-
mal models as summarized earlier. We verified the DLX4 muta-
tion using Sanger sequencing in the mother and found the
same mutation in her son (Fig. 1). We sequenced three patients
diagnosed with BCDS (42,43) for DLX4 mutations, but could not
demonstrate any sequence variants (data not shown). Sequen-
cing of 155 patients with NS CL, CL/P and CP for DLX4 mutations
was also negative (data not shown).

In situ hybridization showed that Dlx4 was expressed
in the murine palate prior to palate closure

In situ hybridizationwith antisense riboprobes in frontal sections
obtained from mouse upper jaw showed Dlx4 expression in the
mesenchyme of the anterior murine palate at E12.5, prior to the
time of palate closure (Fig. 2A and B). Whole mount staining
showed a reduction in expression at later time periods after
palate closure (Fig. 2C–E), consistent with a role for this gene in
palatal closure.

Wild-type, but not mutant DLX4_c.546delG was able
to activate murine conserved regulatory elements

We used a luciferase assay to demonstrate different activity
between the wild-type DLX4_LI allele and the c.546delG mutant
DLX4_LI allele. We showed that a positive control, murine
PCAG_Dlx2_IRES_GFP, could activate the I1/2b and I5/6i murine
conserved regulatory elements (CREs) (44,45) in P19 cells using
a luciferase assay (Supplementary Material, Tables S4A and B).
With the same assay, human wild-type DLX4_LI was able to acti-
vate both CREs, albeit less strongly. Mutant c.546delG DLX4_LI
showed a 4-fold reduction in activity compared with wild-type
DLX4_LI for both CREs (Supplementary Material, Table S4B;
Fig. 3). These results are consistent with altered function for
the mutant allele compared with wild-type DLX4_LI and suggest
that DLX4 may regulate other DLX genes.

Western blotting and immunofluorescence showed
no degradation of mutant DLX4 protein

We determined if themutant DLX4 protein would be degraded or
unable to localize to the nucleus similar to thewild-type protein.
Immunofluorescence staining using an antibody to DLX4 in Hela
cells showed that the wild-type protein was located in the cell

Figure 1. Facial appearance of the patient and son with bilateral CL/P. (A) Frontal view of the patient, showing scars from bilateral cleft lip repair, hypertelorism and

borderline low-set ears. (B) Frontal view of patient’s son, showing scars from bilateral cleft lip repair and euryblepharon. (C) Chromatogram of the patient (third

tracing) and her son (second tracing), showing c.546_546delG, predicting p.Gln183Argfs*57, in DLX4_LI, compared with wild-type sequence (top tracing). (D) Frontal

view of the patient, showing lagophthalmos.
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nucleus, as expected, and that the mutant protein also localized
correctly (Fig. 4). Western blotting after transient transfection of
wild-type DLX4_LI and mutant DLX4_LI also showed no signifi-
cant difference in wild-type and mutant protein levels (Fig. 4).

Short interfering RNA and quantitative reverse-
transcription-polymerase chain reaction showed
that reduced DLX4 expression resulted in up-regulation
of other DLX genes

We hypothesized that DLX4 was acting by altering apoptosis or
dysregulating EMT required for palate closure. We overexpressed
humanwild-typeDLX4_LI andmutantDLX4_LI by transient trans-
fection in HeLa cells and used quantitative reverse-transcription-
polymerase chain reaction (qRT-PCR) to compare expression of
genes known to be involved in either apoptosis or EMT. We did
not observe any significant change in the expression levels for B
cell CLL/Lymphoma 2 (BCL2), BCL-XL, BCL2-Associated X protein
(BAX) and Snail, Drosophila Homolog of, 1 (SNAI1) and thus
could find no definite effect of DLX4 overexpression on apoptosis
genes (data not shown). Similarly, transient transfection did not
produce any significant changes in the genes involved in EMT, in-
cluding E-CADHERIN, Matrix Metalloproteinase 2 (MMP2), Matrix
Metalloproteinase 3 (MMP3), Matrix Metalloproteinase 7 (MMP7),
Matrix Metalloproteinase 13 (MMP13) and Transforming Growth
Factor-BetaReceptor, Type III (TGFBR3) (datanot shown).Addition-
ally,we studiedTwist, Drosophila, Homolog of, 1 (TWIST1) because
overexpression of DLX4 was previously shown to increase the ex-
pression of TWIST1 in cancer cell lines and to induce EMT (46).
However, we found no significant difference in TWIST1 expression
following DLX4 overexpression (data not shown).

We examined expression of the other DLX genes after short
interfering RNA (siRNA) for DLX4 in HEK293T cells because of the
results of the luciferase assay and the work of other researchers
suggested that DLX4 would regulate the expression of other DLX
genes.Wewere able to show that reducedDLX4expressionwasas-
sociated with significant up-regulation of DLX3 and DLX5 and
DLX6, implying possible compensatory regulation (Fig. 5). In add-
ition, siRNA for DLX4 resulted in a small, but significant decrease
in DLX2, but not DLX1 expression (Fig. 5). We also tested the SHH
and BMP signaling pathways because of their known involvement
in early facial morphogenesis and the implication of these genes
and pathways in the clefting resulting from loss of Dlx1/Dlx2 ex-
pression. Using siRNA to reduced DLX4 expression in HeLa cells,
we found a consistent and robust increase in BMP4 expression
(Fig. 6), suggesting that up-regulation or altered dosage of BMP4
may be important in the action of DLX4. Transfection of wild-
type and mutant DLX4_LI into HeLa cells without siRNA did not
alter BMP4 expression (data not shown). However, expression dif-
ferences in HeLa cells may not be relevant to embryogenesis and
we could not reproduce the difference in BMP4 expression after
siRNA for DLX4 in HEK293T cells (data not shown).

Antisense morpholino injections targeting dlx4a
and dlx4b showed reduced cranial outgrowth
and defects of the cartilaginous elements of the jaw

Wemodeled both loss and gain of function for dlx4 in zebrafish. In
D. rerio, there are two orthologous dlx genes, each with three
exons—dlx4a (ENSDARG00000011956) that encodes a 250 amino
acid protein with 43% similarity to DLX4_LI, and dlx4b (EN-
SDARG00000071560) that encodes a 254 amino acid protein

Figure 2. In situ hybridization shows Dlx4 expression in the murine palatal shelves. (A) In situ hybridization with an antisense probe for murine Dlx4 at E12.5, showing

expression in the anterior palate prior to palate closure. (B) Higher resolution view of murine Dlx4 in the palatal shelves at E12.5, showing expression in palatal

mesenchyme. (C) Whole mount in situ hybridization with an antisense probe for murine Dlx4 at E12.5, showing expression in the anterior palatal shelves. (D) Whole

mount in situ hybridization with an antisense probe for murine Dlx4 at E13.5, showing continued expression in the anterior palatal shelves. (E) Whole mount in situ

hybridization with an antisense probe for murine Dlx4 at E14.5, showing reduced expression in the anterior palatal shelves at the time of palate closure.
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Figure 3. Overall transcription factor and enhancer effect for activation of two murine CREs by human wild-type DLX4-long isoform and humanmutant c.546delG DLX4-

long isoformmeasured by a luciferase assay. An overall 4-fold increased activationwas observedwithwild-typeDLX4 comparedwithmutantDLX4 for two CREs, I1/2b and

I5/6i. All results are expressed as the mean ± standard error of the mean; sample size n = 3.

Figure 4.Humanmutant c.546delGDLX4-long isoform protein can localize to the cell nucleus and is not degraded. (A–C) Immunofluorescence study showing localization

of both wild-type DLX4-long isoform (DLX4_LI) and mutant DLX4_LI proteins to the cell nucleus after transient transfection in HeLa cells. (A) Untransfected cells stained

with DAPI. (A′) Untransfected cells stainedwith antibody to humanDLX4 conjugated to AlexaFluor488. (B) Cells transfected withwild-typeDLX4_LI stainedwith DAPI. (B′)
Cells transfectedwithwild-typeDLX4_LI stainedwith antibody to humanDLX4 conjugated to AlexaFluor488. (C) Cells transfectedwithmutantDLX4_LI stainedwith DAPI.

(C′) Cells transfectedwithmutantDLX4_LI stained using an antibody to humanDLX4 conjugated toAlexaFluor488. (D)Western blottingwith an antibodyagainstwild-type

DLX4_LI shows no significant degradation of mutant DLX4 protein compared with wild-type protein. Lane 1. HeLa cells transfected with empty vector. Lane 2. HeLa cells

transfected with wild-type DLX4_LI. Lane 3. HeLa cells transfected with mutant DLX4_LI. GAPDH was used as the loading control.
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with 37% similarity to DLX4_LI. We first tested whether reduced
expression for dlx4a and dlx4b would perturb jaw formation. We
injected two dlx4a morpholino oligonucleotides (MOs), but

found only minimal external differences in jaw formation and
as there was increased cell death and toxicity (data not shown),
these MOs were excluded from further analysis. For dlx4b, we

Figure 5. siRNA and qRT-PCR inHEK293T cells show that reducedDLX4 expression results in up-regulation ofDLX3,DLX5 andDLX6. Gene-specific primers are indicated on

theX-axis; relativemRNA expression is indicated on the Y-axis. The first columns show data from untreatedwells; expression for thesewells has been normalized to 1 for

comparison. The second columns show data fromwells treated with 60 nDLX4 siRNA treatment and the third columns show data fromwells treated with 60 n GAPDH

siRNA. The first set of three columns confirms reduced expression of GAPDH after 60 n GAPDH siRNA treatment (third column) using GAPDH-specific primers. Similarly,

the fifth set of columns confirms reduced expression of DLX4 after 60 n DLX4 siRNA treatment (second column) using DLX4-specific primers. The fourth, sixth and

seventh sets of columns show significantly increased DLX3, DLX5 and DLX6 expression after 60 n DLX4 siRNA treatment (second columns); all P values were <0.05.

The remaining sets of columns show no significant changes in DLX1 expression and reduced expression for DLX2 (P = 0.024), after 60 n DLX4 siRNA treatment

(second columns). All results are expressed as the mean ± standard error of the mean; sample size n = 4.

Figure 6. siRNA and qRT-PCR in HeLa cells show that reduced DLX4 expression results in up-regulation of BMP4. Gene-specific primers are indicated on the X-axis; relative

mRNA expression is indicated on the Y-axis. The first columns show data from untreated wells; expression for these wells has been normalized to 1 for comparison. The

second columns showdata fromwells treatedwith 60 nDLX4 siRNA treatment and the third columnsshowdata fromwells treatedwith 60 nGAPDH siRNA.Thefirst set of

three columns confirms reduced expression of DLX4 after 60 n DLX4 siRNA treatment (second column) using DLX4-secific primers. Similarly, the second set of columns

confirms reduced expression of GAPDH after 60 n GAPDH siRNA treatment (third column) using GAPDH-specific primers. The third and fourth sets of columns show

increased BMP4 expression after 60 n DLX4 siRNA treatment (second columns) using two primer sets for BMP4. The remaining sets of columns show no significant

changes in BMP2, BMP5, Noggin and BMPER after 60 n DLX4 siRNA treatment (second columns). All results are expressed as the mean ± standard error of the mean;

sample size n = 3.
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injected both a splice site MO targeting the exon2–intron2 junc-
tion of dlx4b (dlx4b MO1) and a translational MO (dlx4b MO2)
and measured cranial dimensions at 5–6 days post fertilization
(dpf ) after staining with Alcian blue (Supplementary Material,
Fig. S1). We examined larvae for facial outgrowth as a measure
of jaw development and for defects in the cartilaginous elements
of the jaw (Meckel’s cartilage, palatoquadrate cartilage, cera-
tohyal cartilage and ethmoid) as previously performed for dlx2a
and dlx1a (28). For both dlx4b MO1 and dlx4b MO2 injected
alone, we found minimal differences from control-injected lar-
vae. However, dual injection of dlx4bMO1 and dlx4bMO2 resulted
in defects of anterior facial protrusion such as a shortened dis-
tance from the tip of the ceratohyal cartilages to Meckel’s carti-
lages, reduced width or deformation of Meckel’s cartilages and
an abnormally widened angle of the ceratohyal cartilages (Sup-
plementary Material, Table S5; Fig. 7). We measured craniofacial
distances after Alcian blue staining to calculate a length ratio
(tip of Meckel’s cartilages to top of ceratohyal cartilage divided
by total length of cranium) and a width ratio (Supplementary
Material, Fig. S1). The results showed that the length ratio of
co-injected dlx4b MO1 and dlx4b MO2 larvae was increased com-
pared with controls, with significant shortening of the posterior
cranial elements compared with anterior cranial elements and
that this altered ratio of lengths was rescued by co-injection of
wild-type human DLX4_LI mRNA (Supplementary Material,
Table S6). There were no consistent differences in cranial width
ratios with dlx4b MO1 and dlx4b MO2 injections (data not
shown). We verified reduced expression of dlx4b after MO1 injec-
tion using RT-PCR (SupplementaryMaterial, Fig. S2). Injections of
wild-type DLX4_LI and mutant DLX4_LI mRNA did not produce a
specific external phenotype at doses up to 500 pg (Supplemen-
tary Material, Table S7), arguing against a gain of function for
the mutant DLX4 allele.

Discussion
We present a parent–child duowith bilateral CL/P who both have
c.546_546delG, predicting p.Gln183Argfs*57 in DLX4, which was
predicted to be pathogenic. In situ hybridization showed expres-
sion of Dlx4 in the mesenchyme of the anterior murine palate
prior to fusion of the palatal shelves at E12.5. The mutation did
not appear to alter DLX4 localization or stability, but mutant
DLX4_LI was less able to activate two murine CREs compared
with wild-type DLX4_LI, implying that the mutant allele is likely
to have reduced function. Transient transfection experiments
were unable to show that DLX4 altered apoptosis or EMT, but
siRNA experiments reducing DLX4 expression in HEK293T
cells showed up-regulation of DLX3, DLX5 and DLX6 and down-
regulation of DLX2. Up-regulation of BMP4 after siRNA for DLX4
was observed in HeLa cells, implying that DLX4 may act as a
regulator of this gene, but was not reproduced in HEK293T cells.
Morpholino experiments targeting dlx4b inD. rerio showed abnor-
mal cranial formation, consistent with a role for the gene in early
craniofacial morphogenesis. As Dlx1/Dlx2 double homozygous
null mice and Dlx5 homozygous null mice both have a cleft of
the secondary palate, we consider that the clefts in this family
are likely to be due to haploinsufficiency for DLX4 and that our
findings have significance for craniofacial morphogenesis and
for human CL/P. DLX4 is located at 17q21.33 (hg19) and genome
wide association studies and linkage have previously associated
with the 17q21 chromosome region with orofacial clefts in
humans (47–50), although RARA at 17q21 (50) and ERBB2 at
17q21.1 (49) were suggested as the candidate genes rather than
DLX4. However, the studies we have performed do not rule out
a cause or contributory role for mutations in non-coding DNA
or in an unidentified gene in the pathogenesis of the clefts in
this family.

Figure 7. Danio rerio larvae injected with two antisense morpholinos targeting dlx4b show abnormal formation of the neurocranium at 5–6 dpf. (A) Larva injected with

control MO shows normal formation of the neurocranium after Alcian blue staining. (B and C) Representative larvae injected with single antisense MOs (MO1 and

MO2) targeting dlx4b show minimal differences in the formation of the neurocranium after Alcian blue staining compared with larvae injected with control MO.

(D) Larvae injected with two antisense MOs (MO1 and MO2) targeting dlx4b show abnormal formation of the neurocranium, in this case with narrowing of the

Meckel’s cartilages, after Alcian blue staining compared with larvae injected with control MO. Scale bars indicate 500 μm.
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DLX4_LI was previously studied as Beta protein 1 (BP1) (51).
Both DLX4 isoforms share the same homeodomain but have dif-
ferent functions, as the DLX4_LI isoform can repress the β-globin
promoter by acting through the two β-globin DNA silencers in
transient transfection assays, whereas DLX4_SI is unable to per-
form this function (51,52). In our experiments, we focused on
DLX4_LI and hypothesized that mutant DLX4 would alter or up-
regulate apoptosis in the developing palate, as DLX4 has previ-
ously been implicated in inhibition of apoptosis in cancer cells
(53–55). However, we did not find any convincing evidence for
dysregulated apoptosis in our transient transfection experi-
ments. We also considered that mutations in DLX4 might cause
orofacial clefting by a failure to induce TWIST1, the causative
gene for Saethre–Chotzen syndrome [MIM101400] (56,57). An es-
timated 6% of patients with Saethre–Chotzen have cleft palate
(57), and overexpression of DLX4 was previously shown to in-
crease the expression of TWIST1 in cancer cell lines and to induce
EMT (46). However, we could not demonstrate altered TWIST1
expression by qRT-PCR after transient transfection. Similarly,
we were unable to demonstrate any differences in the genes
involved in EMT using the same methods.

Using siRNA for DLX4, we were able to demonstrate dysregu-
lation of other DLX family members, with significant up-regula-
tion for DLX3, DLX5 and DLX6 and down-regulation of DLX2
(Fig. 6). In acute lymphoblastic leukemic cells with the t(4;11)
(q21;q23) translocation, reduced expression of DLX2, DLX3 and
DLX4 was associated with increased DLX5 and DLX6 (58), consist-
entwith the results seen in these siRNA experiments. The results
of our luciferase study suggest that DLX4 can regulate other Dlx
genes by binding to CREs. Both Dlx1 and Dlx2 can bind to a
Dlx5/Dlx6 intergenic enhancer in embryonic forebrain, with a
marked reduction in Dlx5 and Dlx6 expression with Dlx1/Dlx2
knockout mice (59). As reduced DLX4 resulted in a reduction in
DLX2 and Dlx1/Dlx2 homozygous null mice have had cleft palate
(10,27), this may be onemechanism contributing to the observed
clefts, although the magnitude of this contribution was unclear.

We also used siRNA to reduce DLX4 expression in HeLa cells
and found a consistent up-regulation of BMP4. Bmp4 has previ-
ously been studied in relation to CL/P and deficiency of this
gene has been shown to cause CL/P in humans and in mice
(60,61). Similar to Dlx4, Bmp4 is expressed in the anterior palate
of the mouse at E12.5 (62). In humans, mutations in BMP4 were
identified in 1 of 30 cases of microform clefts and 5 of 968 cases
of overt CL/P (60). Conditional inactivation of murine Bmp4 in
the facial primordia resulted in delayed fusion of the medial
nasal process and fully penetrant cleft lip (62). Mice with condi-
tional inactivation of the Bmpr1a gene, a receptor for Bmp4, also
develop completely penetrant, bilateral CL/P that is associated
with diminished cell proliferation in the mesenchyme of the
maxillary process (63). A link between elevated BMP4 expression
andCL/P is also supported indirectly by research looking at loss of
function of Bmp4 antagonists in palatogenesis. The loss ofNoggin,
a Bmp4 antagonist, in the palate leads to up-regulation of Bmp4,
Bmp2 and Bmp7 and induces cell death in the epithelium of the
palate (64). In D. rerio, treatment with dlx3b/4b MO treatment
was shown to result in a transient increase in bmp4 expression
and loss of cv2 expression, a bmp4 antagonist (65). However, the
up-regulation of BMP4 after siRNA for DLX4 was not confirmed
in HEK293T cells (data not shown) and thus the significance of
this finding in HeLa cells is unclear.

Zebrafish dlx4b was previously studied as dlx7b and expres-
sionwas found to be similar to its partner dlx3, with transcription
in the presumptive telencephalon or developing forebrain anddi-
encephalon at 13 h post fertilization (hpf ) and in the olfactory

placode at 24–48 hpf (16). In D. rerio, the pharyngeal arches can
be subdivided into dorsal (forming the skeletal elements of the
palatoquadrate cartilage, hyomandibular cartilage and the max-
illary bone), intermediate (expressing all dlx genes except dlx2b
and forming the region of the jaw joint and second arch joint, op-
ercle and branchiostegal bones) and ventral domains (forming
Meckel’’s cartilage, the ceratohyal cartilage and the dentary)
(14). In the first two arches, dlx4a is the most restricted dlx gene
and reveals the border of the intermediate domain that is imme-
diately ventral to the dorsal domain (14). A zebrafish deletionmu-
tant (b380) lacked dlx3b and dlx4b among other genes and failed
to develop both otic and olfactory placodes (17). dlx3b and dlx4b
were found to be responsible for the b380 placodal phenotype
and co-injection of dlx4b MO and dlx3b MO had an synergistic
effect, causing impaired formation of otoliths and hair cells in
the majority of embryos and smaller otic vesicles at 30 hpf (17).
dlx4bMO injection alone produced a severe reduction in develop-
ment of themedial fin fold, but did not affect otic development or
numbers of sensory hair cells and otoliths (66). In ourexperiments
using antisense MOs, the jaw phenotype seen with loss of dlx4b
function in D. rerio was similar to the defects observed in D. rerio
treatedwithantisenseMOsagainstdlx2aanddlx1a, inwhichabnor-
malitiesofanterior facial protrusionwerealsoobserved (28).Our re-
sults are in keeping with the findings observed by others who have
usedD. rerio tomodel abnormal palatal development, suchas smal-
ler pharyngeal skeletal elements, gaps in the ethmoid plate or loss
of the ethmoid plate, reduced size or length of the palatoquadrate
or Meckel’s cartilage elements and malformations of the trabecu-
lae, ethmoid plate and hypophyseal fenestra (28,67–69). Taken to-
gether with the reduced activation of the murine CREs, these MO
findings are most consistent with likely loss of function for the
human DLX4 mutation, although a gain of function effect for the
mutation has not been definitively excluded.

We identified a mutation in DLX4, c.546_546delG, predicting
p.Gln183Argfs*57, in a mother and child with bilateral cleft lip
and palate andminor dysmorphic features. The sequence variant
was absent from public databases and predicted to be deleterious
andwewere able to demonstrate that themutantDLX4_c.546delG
allele had reduced competence to activate two murine Dlx CREs
compared with wild-type DLX4, consistent with haploinsuffi-
ciency. Co-injection of antisense MOs targeting an orthologous
D. rerio gene, dlx4b, resulted in morphant larvae with altered jaw
morphology. After siRNA to knockdown DLX4 in human cells, we
noted a consistent increase in BMP4 expression, but this was not
reproducible in another cell line; however, we also observed dysre-
gulation of other DLX genes. Our results implicateDLX4 in jaw for-
mation in fish and in orofacial clefting in humans for the first time
and are in keeping with the known involvement of other DLX
genes in murine CL/P and craniofacial morphogenesis.

Materials and Methods
Case report

The proposita (Fig. 1) was born by spontaneous vaginal delivery at
36weeks gestation following anuncomplicatedpregnancywithout
exposure to teratogens or maternal diabetes. Birthweight was
3544 g (97th centile) and length was 48.3 cm (25th centile). Her
medical history included bilateral CL/P that was surgically
repaired in early childhood. She had mild hyperopia and was re-
ported to have hearing loss in her left ear, but no further details
were available and she did not require hearing aids. She walked
at 18 months, spoke her first words at 1 year of age and graduated
from high school with a grade point average of 3.0–3.7. On
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examination at 16 years of age, her speechwas hyponasal, but 90%
intelligible. Her occipito-frontal-circumference (OFC) was 54.5 cm
(2–50th percentile). She had a high anterior hairline with sparse
eyebrows, euryblepharon and lagophthalmos (Fig. 1) and mild
ectropion of the lower eyelids without distichiasis. She had hyper-
telorism (interpupillary distance (IPD) 6.4 cm; 97th percentile) and
small epicanthic folds. Therewasmarkedmidface hypoplasiawith
an anterior crossbite. Her earswere prominent and borderline low-
set. There were scars from her CL/P repair and a small, 3–4 mm
palatal fistula and she had missing lateral incisors without other
missing teeth. There were bilateral single palmar creases.

In her first pregnancy at 19 years of age, a cleft lipwas detected
in the baby on ultrasound scan at 24 weeks of gestation. No add-
itional anomalieswere noted and a fetal echocardiogramwas un-
remarkable; amniocentesis was declined. Her son (Fig. 1) was
delivered at 40 weeks gestation with a weight of 3150 g (10–25th
centile) and a length of 51.3 cm (25–50th centile). Bilateral CL/P
was noted and he underwent a lip repair at 2 months of age
and palate repair with release of the lingual frenulum at 13
months of age. He passedhis hearing screen at birth. His develop-
mental milestones were normal and at 15months, hewas able to
walk independently and had three single words. His medical his-
tory included acute dacrocystitis of the left eye, incision and
drainage of an abscess at 2 months of age and cryptorchidism
and bilateral inguinal hernia repair at 15 months of age. At 7
months of age, OFC was 43 cm (3–25th centile) and IPD was
4 cm (3–25th centile). He had sparse eyebrows, upslanting palpe-
bral fissures, euryblepharon and lagophthalmos. The lower eye-
lids had mild ectropion and sparse eyelashes, but there was no
distichiasis. He had a bulbous nasal tip and scars from bilateral
cleft lip and palate repair. The ears were slightly protruberant,
and he had a right ear pit. The father of the baby was healthy
and the parents had no other children. The mother had contact
with two maternal half-sisters, three maternal half-brothers
and her mother, but not her father. There was no further history
of CL/P in either of the maternal or paternal families. Parental
ethnicity was Hispanic and there was no known consanguinity.

Investigations performed on the mother revealed a normal
high-resolution karyotype (46,XX) and array comparative genom-
ic hybridization (array CGH) with an Oligo HD Scan™ (CombiMa-
trix, Irvine, CA) showed a normal female result. This array
utilizedmore than 99 000 probes covering coding and non-coding
genomic sequence, with an average probe resolution of 21 kb. No
other clinical investigations were performed.

Exome and sanger sequencing

Ethical approval for the study was obtained from the Committee
on Human Research at the University of California, San
Francisco. After obtaining written, informed consent, venous
blood was obtained from the mother. The mother gave permis-
sion for a buccal swab to be obtained from her son, but did not
wish for venepuncture. DNA was extracted from blood and the
buccal swab (Qiagen, Valencia, CA) and exome sequencing was
undertaken on the mother as previously described (70,71). In
brief, libraries were prepared using biotinylated DNA oligonu-
cleotides (SeqCap EZ Human Exome Library v3.0; Roche Nimble-
gen, Madison, WI, USA) and sequencing was performed on a
HiSeq2000 (Illumina, San Diego, CA, USA) for paired-end 100 cy-
cles. Sequencing readswere processedwith a validated and com-
munity developed variant calling pipeline (https://github.com/
chapmanb/bcbio-nextgen). The sequencing reads were aligned
to the hg19 reference genome using the Burrows–Wheeler Align-
ment tool (BWAv0.5.9) using the default parameters that allow

two mismatches. Indexing, realignment and duplicate removal
were performed using Picard and Samtools and variants were
subsequently called using Genome Analysis Toolkit v 1.3-21-
gcb284ee. We then utilized wAnnovar (http://wannovar.usc.
edu/) with default parameters to analyze the sequence variants
(72,73). We favored autosomal dominant inheritance because of
the family pedigree with an affected mother and son, although
we considered all possible modes of inheritance to analyze the
data. Novel sequence variants were assessed for deleterious con-
sequences using Polyphen-2 (http://genetics.bwh.harvard.edu/
pph2/) and Mutation Taster (74). Sanger sequencing was per-
formed as previously described to verify sequence novel variants
in the mother and her son (70). Three patients with BCDS who
were unrelated to this family and 155 pedigrees of Chinese ethni-
city with NS CL, CL/P or CP were also sequenced for DLX4 se-
quence alterations. In 19 of the Asian pedigrees, two siblings
were affected and in the remaining 136 pedigrees, at least two
generations were affected. Primers used for DLX4 sequencing
in the patients of Asian ethnicity are listed in Supplementary
Material, Table S8.

Western blotting

Lysatewas prepared using RIPA Lysis and Extraction buffer (Ther-
mo Scientific, Rockford, IL) and protein concentration was deter-
mined using the Pierce™ BCA Protein Assay Kit (Thermo
Scientific, Rockford, IL). A 10–15 μg of total protein was boiled at
70°C for 10 min, run on a Novex gels (10% Bis–Tris Plus; Life Tech-
nologies, Grand Island, NY) and transferred to membrane using
standard methods. DLX4 murine monoclonal antibody (M01),
clone 1F11 (H00001748-M01; Abnova, Taipei City, Taiwan) was
used as the primary antibody at a dilution of 1:1000 and an horse-
radish peroxidase-conjugated secondary antibody was used at
1:10 000 dilution.

Immunofluorescence analysis

Cells were grown on glass coverslips to 50–60% confluence and
transfected the following day. At 48 h after transfection, cover-
slips were fixed in 4% paraformaldehyde (PFA), washed with
phosphate-buffered saline (PBS) and permeabilized in 0.1%Triton
X-100 at room temperature. Coverslipswere incubatedwith DLX4
primary antibody (1:1000) overnight at 4°C, washed with PBS and
incubated in Alexa-488 goat anti-mouse secondary antibody
(1:500) for 1 h at room temperature prior to mounting in Vecta-
shield with DAPI (Vector Laboratories, Burlingame, CA). Images
were collected on a CoolSNAP EZ Turbo 1394 digital camera
(Photometrics, Tuscon, AZ) on a Nikon ECLIPSE 80i microscope
(Nikon Instruments, Melville, NY) using a 10× objective.

qRT-PCR and siRNA

Awild-type cDNA clone for the human DLX4-long isoform (DLX4-
LI_WT) was purchased (MHS6278–202756942, Accession number
BC01615; Thermo Scientific, Rockford, IL). Mutagenesis was per-
formedusing theQuikChange™Site-DirectedMutagenesisKit (Agi-
lent Technologies, Santa Clara, CA) and the resultant mutant DLX4
with c.546delG (DLX4_LI_Mut) was verified using Sanger sequen-
cing. Cells were transiently transfected in six well dishes with
1–2 μg DLX4 wild-type or mutant cDNA diluted in OPTI-MEM
(Life Technologies, Grand Island, NY) using Lipofectamine® 3000
(Life Technologies, Grand Island, NY). RNA was obtained after
48 h using the RNeasy mini kit (Qiagen, Valencia, CA) and cDNA
was prepared with SuperScript® III Reverse Transcriptase (Life
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Technologies, Grand Island, NY). qRT-PCR using gene-specific pri-
mers (Supplementary Material, Table S8) was run on an 7500 RT-
PCR machine (Applied Biosystems, Foster City, CA) and data were
analyzed according to the ΔΔCt method (75) using human TBP as
the internal control. For gene silencing, we transfected siRNA
(Silencer® Select s4145; Life Technologies, Grand Island, NY), tar-
geting exon 2 of the DLX4 short isoform at basepair (bp) 1305
(NM_001934.3) and exon 3 of the DLX4-long isoform at bp 1552
(NM_138281.2) at a final concentration of 30 or 60 n in 2 ml
media in each well. Silencer® Select GAPDH Positive Control
siRNA (Life Technologies, Grand Island, NY) was used as a positive
control.

Luciferase assay

We obtained plasmids containing murine CREs for Dlx1/2 (I1/2b)
and Dlx5/6 (I5/6i) (kindly provided by Dr John Rubenstein, UCSF)
together with murine pCAG_IRES_GFP_Dlx2 as a positive control.
P19 cells were cultured on 24-well plates at a density of 5 × 104

cells per well in Alpha Minimum Essential Medium (Life Tech-
nologies, Grand Island, NY). Bovine calf serum and inactivated
fetal bovine serum were added to a final concentration of 7.5
and 2.5% (v:v), respectively. On the dayafter plating, 0.5 ngRenilla
luciferase plasmid was transfected with different combinations
of Dlx transcription factor, empty vector or enhancer using Lipo-
fectamine® 3000 (Life Technologies, Grand Island, NY). We tested
pCAG_Dlx2_IRES_GFP, wild-type long isoform DLX4 and mutant
c.546delG long isoform DLX4 and the CREs described earlier.
Two days after transfection, the cells were lysed using the
Dual-Luciferase®Reporter Assay System (Promega, Madison,
WI) and the luminescence of firefly luciferase activity and Renilla
luciferase activitywasmeasured. The ratio of firefly luciferase ac-
tivity over Renilla luciferase activity from each well was used to
calculate the enhancer and transcription factor effects as follows:
Enhancer effect = (transcription factor + enhancer)/(empty tran-
scription factor vector + enhancer); Transcription factor effect =
(transcription factor + empty enhancer vector)/(empty transcrip-
tion factor vector + empty enhancer vector) and Overall effect =
Enhancer effect/Transcription factor effect. Each datapoint was
obtained from three independent experiments of three wells
each, and mean and standard error of the mean were calculated
according to standard methods.

In situ hybridization

We obtained a full-length, murine cDNA clone containing Dlx4
(MMM1013-211692663, Accessionnumber BC106967; ThermoSci-
entific, Rockford, IL). Database searches showed no significant
cross-hybridization between the mouse clone and other murine
Dlx genes, and clone orientation was verified by Sanger sequen-
cing. Digoxygenin-labeled sense and antisense RNA probes
(DIG RNA labeling kit; Roche, Indianapolis, IN) were prepared
and in situ hybridization was performed according to standard
protocols on jaws from E12.5 to E14.5 time periods after fixation
in 4% PFA in whole mount or on 7 μm paraffin sections.

Antisense morpholino injections

We designed antisense MOs through GeneTools (http://www.
gene-tools.com/) targeting the two D. rerio orthologs of DLX4–
dlx4a (NM_131300.1) and dlx4b (NM_131318.1). We used dlx4a
MO1, targeting the exon 1–intron 1 junction of dlx4a, 5′-TGAATG
AGAGCACACTTTACCTGCA-3′ (exon underlined), dlx4a MO2, tar-
geting the exon 2–intron 2 junction of dlx4a, 5′-CTCAAAAGCA
TGGCAACATACCTGT-3′ (exon underlined), dlx4b MO1, 5′-TGATG

GATATTTACCTGTGTTTGCG-3′, targeting the exon 2–intron 2
boundary (exon underlined of dlx4b) and dlx4b MO2, targeting
the ATG codon, 5′-ATAGACATCATTAACCGTCAAGTCC-3′ (76).
BLAT searches for all MOs did not reveal any similarity to other
sequences that might result in off-target effects (data not
shown). We used a standard control MO (5′-CCTCTTACCTCAGTT
ACAATTTATA-3′) and a scrambled, 5 bp mismatch antisense MO
to dlx4b E2I2 (5′-TGtTcGATAaTTACCTcTcTTTGCG-3′) as controls.

The experiments were performed under a protocol reviewed
by the Institutional Animal Care and Use Committee (IACUC) at
the University of California, San Francisco. Fish weremaintained
and bred under standard conditions at 28°C, and embryos were
staged according to dpf. One to ten nanograms of antisense MO
or control MO were injected into eggs at the 1–4-cell stage, and
the larvaewere examined daily for up to 6 dpf for external defects
and for signs ofMO toxicity. Photographswere takenusing a light
microscopy (Leica, Allendale, NJ) and SPOT imaging software
(http://www.diaginc.com/software/).

RT-PCR to verify gene knockdown for D. rerio dlx4a and dlx4b
was performed according to previous methods (71). RNA was
obtained using Trizol and cDNA was prepared using the High-
Capacity cDNA Reverse Transcription kit (Applied Biosystems,
Foster City, CA). We used primers dlx4aE1Fb: 5′-ACCACCATCCAG
GAGCTTACCTAC-3′ with dlx4aE3Rb: 5′-CAGGTCCACTTGAGCC
ATGTTTC-3′ to amplify across exon 2 of D. rerio dlx4a and we
used primers dlx4bE1F: 5′-ACATGCCTTACCAGCCAAC-3′and
dlx4bE3R 5′-ACCTCCCAGAGCTGAGACAA-3′ to amplify across
exon 2 of D. rerio dlx4b.

We performed histological staining of cartilage and bone in 6
dpf larvae according to modification of a published method (77).
In brief, larvae were fixed in 4% PFA for 1 h (final concentration
2%, v:v), washed and then nutated with 0.04% Alcian Blue 8 GX
(Sigma, St Louis, MO) overnight. After bleaching with 3% fresh
hydrogen peroxide/0.5% potassiumhydroxide, larvaewere neutra-
lized by washing in sodium borate solution for 9–12 h and then in-
cubated with 1% trypsin (w:v) for at least 5 h. Embryos were
preserved in 100% glycerol after incubation in 30% glycerol/70% of
1% potassium hydroxidewith nutation for 1 day at RT and incuba-
tion in 60% glycerol/40% of 1% potassium hydroxide with nutation
for 1 day at RT. Photographs were taken as described earlier.

Sense strandmRNA from both DLX4_LI_WT and DLX4_LI_Mut
was transcribed using themMessagemMachine Sp6 kit (Ambion,
Austin, TX) according to the manufacturer’s instructions. We in-
jected 50–500 pg of human DLX4_LI_WT mRNA into zebrafish
eggs to ensure that therewas no detectable phenotypewith over-
expression of the gene (data not shown). A total of 50–500 pg of
DLX4_LI_WT mRNA and 50–500 pg of DLX4_LI_Mut mRNA were
injected together with MOs into eggs at the 1–4-cell stage, and
the larvaewere scored at 6 dpf. ForD. rerio bmp4mRNA injections,
the full-length cDNA was obtained from RNA extracted from
wild-type embryos at 2 dpf, sequence verified and then the
mRNAwas transcribed as described earlier.

Supplementary Material
Supplementary Material is available at HMG online.
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