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Abstract
Non-syndromic (NS) cleft lip with or without cleft palate (CL/P) is a common disorder with a strong genetic underpinning.
Genome-wide association studies have detected common variants associated with this disorder, but a large portion of the
genetic risk for NSCL/P is conferred by unidentified rare sequence variants. Mutations in IRF6 (Interferon Regulatory Factor 6)
and GRHL3 (Grainyhead-like 3) cause Van der Woude syndrome, which includes CL/P. Both genes encode members of a
regulatory network governing periderm differentiation in model organisms. Here, we report that Krüppel-like factor 17 (Klf17),
like Grhl3, acts downstream of Irf6 in this network in zebrafish periderm. Although Klf17 expression is absent frommammalian
oral epithelium, a close homologue, Klf4, is expressed in this tissue and is required for the differentiation of epidermis.
Chromosome configuration capture and reporter assays indicated that IRF6 directly regulates an oral-epithelium enhancer of
KLF4. To testwhether raremissense variants ofKLF4 contribute risk forNSCL/P,we sequencedKLF4 in approximately 1000NSCL/
P cases and 300 controls. By one statistical test, missense variants of KLF4 as a group were enriched in cases versus controls.
Moreover, two patient-derived KLF4 variants disrupted periderm differentiation upon forced expression in zebrafish embryos,
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suggesting that they have dominant-negative effect. These results indicate that rare NSCL/P risk variants can be found in
members of the gene regulatory network governing periderm differentiation.

Introduction
Non-syndromic cleft lip with or without cleft palate (NSCL/P) af-
fects about one in 700 newborns in the USA and is the second
most common structural birth defect (after heart anomalies)
(1). The pathogenesis of NSCL/P involves both environmental
and genetic risk factors, as is true for other common diseases
(2). Genome-wide association studies (GWASs) (3–7), linkage
studies (8) and a meta-analysis of these (9) have identified 18
loci in which specific common alleles are associated with
NSCL/P. Despite the success of GWASs, a substantial portion of
the heritability for NSCL/P remains unexplained. Additional
common variants conferring risk for NSCL/P may have escaped
detection by GWASs, for instance, because of a low density of
genotyped SNPs, as in the vicinity of FOXE1 (8). By analogy to
other complex diseases, another portion of missing heritability
is likely derived from rare or de novo sequence variants (10). Can-
didate genes to carry these variants are those pointed to by the
GWASs, i.e. the genes whose expression level or function is al-
tered by common variants associated with NSCL/P (11). However,
the results of sequencing 13 such genes/loci in over 1000 patient–
parent trios were not consistent with coding variants of these
genes, as a group, being over-transmitted to patients; it nonethe-
less remains possible that specific function-altering variants
confer risk for NSCL/P (12). In principle, genes encodingmembers
of the same gene regulatory networks (GRNs) as GWAS-indicated
genes are also candidates to harbour risk variants (13). In this
context, the GRN regulating differentiation of oral periderm is
of special interest.

The periderm is the most superficial layer of embryonic epi-
dermis and oral epithelium. Evidence that periderm develop-
ment is relevant to pathogenesis of cleft palate came from
animal models of Van der Woude syndrome (VWS), which in-
cludes CL/P and, usually, lip pits. This syndrome is caused most
frequently by mutations in IRF6 (14). Moreover, GWASs have re-
vealed that common variants near IRF6 are highly associated
with NSCL/P (12). In murine Irf6-null mutant embryos, markers
of the oral peridermare absent, andmarkers of the outermost su-
prabasal layers of the epidermis are either absent or lower than
that in wild-type mice (15,16). The absence of oral periderm
leads to pathological adhesions between the palate shelves and
the tongue (16). Zebrafish periderm, known as the enveloping
layer in gastrula stage embryos, is derived fromdeep blastomeres
and one of the first lineages to become distinct (17). Later, in ju-
venile zebrafish, the periderm is derived frombasal keratinocytes
(18). In frog and zebrafish embryos injected with an RNA encod-
ing a dominant-negative variant of Irf6 (dnIrf6), the expression of
genes encoding regulatory molecules, including several tran-
scription factors (e.g. grhl3, klf17 and klf2b), and differentiation ef-
fectors (e.g. keratin genes, periplakin and plakophilin), is lower
than normal (19,20). dnIrf6-injected zebrafish embryos rupture
through the animal pole during epiboly (19) possibly because of
weakened cell adhesion between periderm cells.

Interestingly, analysis of the zebrafish periderm GRN and the
hunt for a second cause of VWSconverged on the samemolecule.
Expression of grhl3, encoding a transcription factor necessary
for the development of a permeability barrier in flies (21) and
mice (22), is blocked by dnIrf6, and artificially restoring grhl3 ex-
pression in dnIrf6-injected zebrafish embryos partially restores

the expression of markers of periderm differentiation (20). Muta-
tions in GRHL3 were identified in eight of 45 families with VWS
lacking IRF6 mutations, and missense variants of GRHL3 segre-
gating with VWS mimicked the ability of dominant-negative
Grhl3 to disrupt zebrafish periderm differentiation (23). These
findings highlight the importance of periderm integrity for
correct morphogenesis of the face and suggest that mutations
in genes encoding additional members of the periderm GRN
may influence risk for syndromic and/or non-syndromic forms
of CL/P.

In addition to Grhl3 and Irf6, the zebrafish periderm GRN in-
cludes Krüppel-like factor 17 (Klf17). The 17 members of KLF
superfamily of DNA-binding transcriptional regulators share
the structural feature of a C-terminal DNA binding domain
(DBD) with three zinc fingers; depending on the family member,
the cellular context and the presence of co-factors, they regulate
proliferation, differentiation, migration and pluripotency in em-
bryonic development and in cancer (24,25). Among the KLF pro-
teins, KLF2, KLF4 and KLF17 constitute a more-closely related
subgroup (25,26). In zebrafish, klf17 [previously annotated as
biklf or klf4b (27)] is expressed at high levels in the periderm
from 30% epiboly onwards (27,28), whereas klf2a and klf2b are ex-
pressed in a mosaic, salt-and-pepper pattern in the periderm at
this stage; klf4 is not expressed at gastrula stages (27,28). Kot-
kamp et al. (28) showed that Klf17, Klf2a and Klf2b function in a
regulatory network to promote zebrafish periderm differenti-
ation, acting downstream of both Pou5f1 and an additional tran-
scription factor speculated to be Irf6. They found that many
keratin genes are direct transcriptional targets of Klf17 and that
promoters of these genes were enriched in motifs matching the
preferred binding site of the Klf2/4/17 subgroup (28).

Here we show that, as anticipated, Klf17 acts downstream of
Irf6 in the GRN governing zebrafish periderm and that embryos
injected with RNA encoding dominant-negative Klf17, which
likely inhibits Klf17, Klf2a and Klf2b, recapitulate the phenotype
of embryos injected with dnIrf6. Switching to mammalian oral
periderm, in which Klf17 is not expressed, we shift focus to a
member of the same structural subgroup, Klf4, that is expressed
in this tissue (25). Klf4 is essential for differentiation of epidermis
in mice (29), and we find human KLF4 functions like zebrafish
Klf17 in over-expression assays. We show that IRF6 binds an
enhancer of KLF4 that is active in oral epithelium cells, support-
ing the possibility that KLF4 is directly downstream of IRF6 in a
GRN regulating oral periderm differentiation. Finally, we find evi-
dence that rare variants in KLF4 confer risk for NSCL/P.

Results
We previously found that klf17 and klf2b expression is strongly
downregulated in embryos injected with dnIrf6 (20). Embryos de-
pleted of klf17 exhibit lower-than-normal expression of simple
epithelium keratin genes (e.g. krt4, krt5 and krt17), but they live
until at least 24 h post fertilization (hpf) (28). The fact that such
embryos do not die during gastrulation similar to dnIrf6-injected
embryosmay reflect the partially redundant activity of Klf2a and
Klf2b in promoting periderm differentiation; expression of these
genes is upregulated in klf17 knockdown embryos (28). To deter-
mine whether activity of the Klf2a/2b/17 network is essential for
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periderm differentiation and viability during gastrulation, we en-
gineered a cDNA encoding only the Klf17 nuclear localization se-
quence and its DBD. The promoters of deduced direct targets of
all three proteins are enriched for the same binding motif (28),
sowe predicted that Klf17-DBDwould competewith endogenous
Klf17, Klf2a and Klf2b for chromatin binding and thereby act in a
dominant-negative manner (dnKlf17) (Fig. 1A). We also engi-
neered a truncated Klf17 without the DBD (Klf17-△DBD), antici-
pating that this would be non-functional (Fig. 1A). For each
cDNA construct, we synthesized mRNA in vitro and injected it
into wild-type zebrafish embryos at the one-cell stage. Most em-
bryos injected with a control mRNA (lacZ) developed normally,
the majority of embryos injected with dnklf17 mRNA ruptured
at the animal pole starting at ∼6 hpf (Fig. 1B), recapitulating the
phenotype of embryos injected with dnIrf6 mRNA (19). Control
RNA-injected embryos had characteristic expression of krt4 in
the periderm (Fig. 1C), characteristic polygonal shape and pro-
nounced phalloidin staining, revealing polymerized F-actin, at
the cell perimeter (Fig. 1G). In contrast, dnklf17-injected embryos
exhibited widespread reduction of krt4 expression (Fig. 1D). In
such embryos, periderm cells hadweaker-than-normal phalloid-
in staining and were less regularly shaped (Fig. 1H), again recap-
itulating the phenotype of dnirf6-injected embryos (19). Embryos
injected with klf17-△DBD developed normally and exhibited nor-
mal krt4 (Fig. 1E) and phalloidin stain (Fig. 1I); those injected with
intact klf17 will be discussed subsequently. By quantitative re-
verse transcriptase–polymerase chain reaction (RT–PCR), we de-
termined that dnklf17-injected embryos also exhibited reduced
expression of several periderm markers (i.e. krt4, cldne, grhl3
and ovol1) in comparison to control RNA-injected embryos
(Fig. 1K), whereas the levels of irf6 expression were similar in
dnklf17-injected and control mRNA-injected embryos (Fig. 1K).
These findings suggest that the Klf2a/2b/17 network is required
for periderm differentiation and that it acts downstream of Irf6.

It was previously reported that over-expression of klf17 will
induce elevated expression of many markers of the periderm,
but the spatial quality of the ectopic expression was not shown
(28). To test whether exogenous Klf17 expression is sufficient to
induce deep cells to adopt characteristics of periderm cells, we
injected embryos with klf17 mRNA. Such embryos exhibited ec-
topic expression of krt4 in deep cells at 6 hpf (Fig. 1F inset, arrow-
heads); upregulation of other periderm markers was detected
by qRT–PCR, confirming the earlier report (28) (Fig. 1K). Two
qualities of the krt4 expression in klf17-injected embryos were
surprising. First, the pattern of ectopic krt4 in deep cells was mo-
saic, which is in contrast to embryos injected with grhl3 mRNA,
in which ectopic krt4 expression appears to be contiguous in
deep cells (20). Secondly, such embryos exhibited variable loss
of endogenous krt4 expression in the ventral periderm (Fig. 1F,
asterisk) (the ventral position of the loss was confirmed by pro-
cessing such embryos to reveal a marker of the shield, data not
shown). Notably, in contrast to dnklf17-injected embryos, such
embryos had normal phalloidin staining in both the dorsal and
the ventral periderm (Fig. 1J) and did not rupture. Although we
did not pursue these unexpected observations further, we specu-
late that they relate to feedback between Klf17 and Klf2 paralo-
gues: over-expression of klf2b induces ectopic expression of krt4
and over-expression of Klf17 inhibits expression of klf2b (28).
There are many additional examples in which KLF family mem-
bers function in a network with mutual repression (30–33). Be-
cause expression of klf2a and klf2b is confined to the ventral
periderm, it is not unexpected that over-expression of klf17
would have different effects on dorsal and ventral sides. Finally,
although embryos injected with dnirf6 mRNA largely lacked krt4

expression (i.e. in the dorsal and ventral periderm), this pheno-
type was partially rescued in embryos that were co-injected
with klf17 and dnirf6mRNAs (Fig. 1MandN). These results further
support a model whereby Klf17 acts downstream of Irf6 in the
GRN that governs periderm differentiation.

Based on the aforementioned findings, we asked whether
klf17 is a direct target of Irf6 in zebrafish periderm. With JASPAR
(34), we found two canonical Irf6 binding sites within 2.2 kb up-
stream of the klf17 transcription start site, suggesting that Irf6
directly regulates klf17 expression. We engineered this promoter
element, either intact or after deleting the two Irf6 binding sites,
into a plasmid upstream of the gene that encodes green fluores-
cent protein (GFP). In embryos injectedwith the plasmid contain-
ing the intact klf17 promoter, GFP expression was present in the
periderm; in embryos injected with the promoter construct lack-
ing the two Irf6 binding sites, GFP expression in periderm was
much lower (Fig. 1G) and was detected in fewer animals (Fig. 1).
To confirm that this promoter responds to IRF6, we engineered
the intact and binding-site-deleted versions (separately) into a
luciferase reporter plasmid and then transfected the resulting
constructs into a human embryonic kidney cell line that lacks en-
dogenous IRF6 expression. Whereas there was modest luciferase
expression in cells transfected with either the intact or Irf6-bind-
ing-site-deleted versions of the reporter construct, co-transfec-
tion with a plasmid encoding zebrafish Irf6 elevated reporter
expression in the cells transfected with former but not with the
latter version (Supplementary Material, Fig. S1). These findings
are consistent with the possibility that Irf6 directly regulates
Klf17 expression in zebrafish periderm.

We wondered whether this aspect of the periderm GRN is
conserved to human keratinocytes. However, in mouse, Klf17
is mainly expressed in the central nervous system (35) and
urothelium (36). In an atlas of murine gene expression patterns,
Klf17 expression appears to be absent from oral epithelium
(www.jax.informatics.org, date last accessed, August 30, 2015).
In contrast, Klf4, the paraloguewith highest sequence similarity
to Klf17 (25), is expressed in the murine epidermis and is essen-
tial for its differentiation (29), and transgenic mice with epithe-
lium-specific over-expression of Klf4 exhibit a cleft palate (37).
We therefore pursued the possibility that KLF4 functions down-
stream of IRF6 in amammalian oral epitheliumGRN. Supporting
this possibility, knockdownof IRF6 expression in primary human
keratinocyte reduced KLF4 expression (38). In wild-type mouse
embryos at E14.5, we detected anti-KLF4 immunoreactivity in
the outer surface of the palate and tongue (i.e. oral periderm),
whereas in the Irf6-null mutant mice such immunoreactivity
was undetectable (Fig. 2A). We also found that over-expression
of full-length human IRF6 in a human oral epithelium cell line
(i.e. GMSM-K) led to the upregulation of KLF4 RNA expression
(Fig. 2B). These results place IRF6 upstream of KLF4 expression
in mammalian oral epithelium.

To test the possibility that IRF6 directly regulates KLF4 expres-
sion, we examined published catalogues of peaks of chromatin
immunoprecipitation with anti-IRF6 and anti-H3K27Ac, an indi-
cator of active chromatin, detected in primary normal human
epidermal keratinocytes (NHEKs) (38,39). Whereas there were
no overlapping peaks near theKLF4 promoter, therewere five pre-
sent nearly 1 Mb downstream from KLF4, with no intervening
genes (Fig. 2C and Supplementary Material, Fig. S2). The se-
quences of these elements are evolutionarily conserved among
mammals (www.genome.ucsc.edu, date last accessed, August
30, 2015), supporting the notion that they are enhancers; here-
after, we refer to them as KLF4 candidate enhancers 1–5 (KLF4-
E1 to -E5). To test whether they are indeed enhancers of KLF4
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expression, we conducted chromatin conformation capture (3C)
in a human oral keratinocyte cell line (i.e. GMSM-K), anchored
with a primer in the KLF4 promoter, and found that KLF4-E1
and KLF4-E5 interact with the KLF4 promoter (Fig. 2C). Notably,
four of the five putative KLF4 enhancers are located within an ex-
tended segment (>12 kb) of chromatinmarked with the H3K27Ac
in NHEKs. This is a feature of so-called ‘super-enhancers’, which
are proposed to regulate the expression of key cell-identity genes
(40,41) (Fig. 2C and Supplementary Material, Fig. S2 and Table S1).
We again performed 3C, with the anchor primer in KLF4-E1, and
found that KLF4-E1 interacts with the other four elements in
NHEK cells (Supplementary Material, Fig. S2). A published ChIA-
PET analysis of MCF7 breast epithelium cells supports the findings
of our 3C studies (42).

We next cloned KLF4-E1 and KLF4-E5 elements (individually)
into a luciferase reporter vector with a minimal promoter. We
found that both elements have enhancer activity in 293FT cell
line that is elevated when the cells are co-transfected with a

plasmid encoding IRF6 and that the responsiveness to exogen-
ous IRF6 was lost when conserved IRF6 binding sites were de-
leted (Fig. 2D). We then engineered the intact elements into a
GFP reporter vector and found that they have enhancer activity
in the zebrafish periderm and oral epithelium (Fig. 2E and Sup-
plementary Material, Fig. S3). Together, the 3C and reporter
studies suggest that, in mammals, IRF6 directly drives KLF4 ex-
pression in the oral epithelium and in skin and that it does so by
via distal enhancers that may function in a single chromatin
complex.

On the basis of the results from the model systems, we asked
whether mutations in KLF4 predispose individuals to cleft lip
with or without cleft palate. As mentioned earlier, dominant-
negative variants of GRHL3, encoding another member of the
periderm GRN, are present in a subset of VWS patients who
lack IRF6 mutations (23). We sequenced KLF4 exons in 40 in-
dividuals who had been diagnosed with VWS and lacked
mutations in either IRF6 or GRHL3. However, we detected no

Figure 1. KLF17 is an effector of IRF6 during differentiation of the embryonic zebrafish periderm. (A) Schematic of wild-type zebrafish Klf17 and of the variants used in this

study. (B) Representative images of embryos injected at the 1-2 cell stage with RNA encoding dominant-negative Klf17 (dnklf17) shown at 6 hpf and at the indicated

intervals later. Yellow arrows indicate rupture of the embryos. (C–J) Dorsal views of wild-type embryos injected at the one to two cell stage with the indicated mRNA

construct, fixed at 5 hpf and processed to reveal (C–F) krt4 expression or (G–J) polymerized actin (phalloidin stain) (C–F, insets): cross-sections revealing that krt4

expression is confined to the superficial cell layer except in (F), where it is also observed in deep cells in a mosaic pattern, arrows. Asterisk in (F) indicates the ventral

side of embryos. In (H) dnklf17-injected embryos, the overall level of phalloidin stain is lower than that in other groups, and there are occasional gaps in it,

arrowheads. (Embryos dead at 6 hpf over number injected: lacZ, 2/89, dnklf17, 56/85, klf17-△DBD, 4/82, klf17, 6/84.) (K) Quantitation of periderm markers in dnklf17- and

klf17-injected embryos (5 hpf), as assessed by qRT–PCR. Asterisks indicate statistical significance comparedwith the lacZ-injected control groups: *P < 0.05 and **P < 0.01. (L
and M) Dorsal views of wild-type embryos injected with RNA encoding dominant-negative IRF6 (L) alone or (M) together with klf17 mRNA. Numbers at bottom right

represent the ratio of unruptured/total injected embryos. (N) Quantitation of rescue of periderm markers by klf17 in dnirf6-injected embryos. Asterisks indicate

statistical significance compared with the control group: **P < 0.01. (O and P) Representative images of GFP expression in transient transgenic zebrafish embryos

injected with (O) the intact klf17 promoter and (P) one that lacks IRF6 binding sites (ΔI). The number at the bottom right represents the ratio of embryos with five or

more GFP-periderm positive cells over the total number of injected embryos.
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non-synonymous mutations, indicating that KLF4 mutations are
not a common cause of VWS.

Next, to test hypothesis that common sequence variants near
KLF4 elevate risk for NSCL/P, we genotyped common variants
near KLF4 exons in 184 multiplex families from the Philippines.
We found no association with NSCL/P (the lowest P-value was
P = 0.228 for rs149109998, Supplementary Material, Table S4).
Similarly, we did not detect association of common variants
near the distal enhancer with NSCL/P (E.L., unpublished data).
This argues that common variants near KLF4, at least within
the linkage disequilibrium units that we analysed, are unlikely
to contribute risk for NSCL/P.

Finally, we identified KLF4 missense variants and tested for
their association with NSCL/P using several statistical methods.
We sequenced KLF4 exons in 1034 patients with NSCL/P from
the Philippines, USA and Ethiopia and 338 controls from the
Philippines (not all exons were sequenced in every sample, for
details see Supplementary Material, Table S2). We detected
one common coding variant, previously submitted to dbSNP
(rs45520942/ ss70352771, see Materials and Methods), in two US
cases. This variant, a 51 bp deletion resulting in the loss of 17
amino acids from the repression domain of KLF4, is present at a
frequency of 2.6% in Western European samples (i.e. CEPH) cata-
logued atHapMap. Thus, it is unlikely to have a strong pathogenic

Figure 2. IRF6 directly promotes the expression of KLF4 through binding to super-enhancers of KLF4. (A and B) Representative image of anti-KLF4 immunofluorescence

(green) and nuclear DNA (DAPI, blue) in coronal section of mouse E14.5 head of (A) wild-type (Irf6+/+) and (B) Irf6-null mice (Irf6−/−). Arrowheads, immunoreactivity in oral

periderm in wild-types, absent from mutants. P, palate shelf; T, tongue. Bar, 50 µm. (C) Quantitation of KLF4 mRNA in oral epithelial cell line without and with over-

expressed human IRF6. Asterisks indicate statistical significance compared with control plasmid-transfected group: **P < 0.01. (D) Quantitative chromosome

configuration capture (3C) experiment with the anchoring (i.e. bait) primer in the promoter of KLF4. Upper panel: UCSC Genome Browser view of hKLF4 E1-E5, peaks of

IRF6 binding according to ChIP-seq and positions of two NHEK super-enhancers 1000 kb downstream of the KLF4 TSS. Lower panel: results of chromatin conformation

capture experiment in human oral epithelial cell line confirming physical crosstalk between KLF4-E1 and -E5 with KLF4 promoter. Grids in x-axis represent each EcoRI

restriction site. (E) Dual luciferase reporter assays for KLF4 activity in 293FT cells validate that IRF6 can bind to the putative IRF6 binding sites in hKLF4-E1 and -E5 and

increase their activities. Asterisks indicate statistical significance compared with the luciferase activity of empty luciferase reporter co-transfected with IRF6 plasmid:

**P < 0.01. (F–H) Lateral or (I) ventral epifluorescence views of live, wild-type zebrafish embryos at the indicated stage, previously injected with the indicated reporter

construct. Arrowheads, GFP expression in internal, oral epithelium cells.
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effect.We also detected five novelmissense variants: three in the
Filipinos, p.S284L, p.H427Y (in two different families) and p.R94G,
all predicted to be ‘probably damaging’ by Polyphen and ‘deleteri-
ous’ by SIFT; and two in the American cases, p.R309P and p.
V261M, both predicted to be probably damaging by Polyphen
but ‘tolerated’ by SIFT (Supplementary Material, Table S2). In
three families, we sequenced all affected and unaffected indivi-
duals and found that the respective KLF4 variant was present in
all affected individuals (Fig. 3B). In each family, the missense
variant was inherited from an unaffected parent, as opposed to
being de novo. Next we employed two burden tests: the cohort
allelic sums test (CAST) (43) and the variable threshold (VT)
method (44). These tests revealed an apparent trend towards
association that did not reach formal significance (i.e. CAST,
P = 0.058 and VT, P = 0.071). Of note, burden tests assume that
all variants in the analysis have the same effect (i.e. all increase
risk of disease) and have limited power when there are variants
with opposite effects. We also applied two statistical analyses
that do not make this assumption: the replication-based test
(RBT) (45) and the C-alpha test (46). One but not the other revealed
association that reached nominal significance (i.e. RBT, P = 0.026
and C-alpha, P = 0.362). These statistical analyses constitute mild
support for the possibility thatmissense KLF4 variants contribute
to NSCL/P pathogenesis.

Next, to test for potential dominant-negative activity of pa-
tient-derived KLF4 variants, we synthesized KLF4 mRNA that
matched the reference sequence, the common missense variant
(i.e. 51 bp deletion) or the variants predicted to be probably dam-
aging by Polyphen and deleterious by SIFT (i.e. R94G, S284L and

H427Y). As expected, >90% of the embryos injected with the ref-
erence allele KLF4 survived through 24 hpf, and none ruptured
during gastrulation. Similarly, the frequency of survival for em-
bryos injected with the 51 bp deletion and R94G variants was
comparable to that for those injected with KLF4. In contrast,
>30% of the embryos injected with the S284L variant and >70%
of those injected with H427Y exhibited widespread reduction of
krt4 expression in the periderm at 5 hpf and ruptured at ∼6 hpf
(Fig. 3C and D). These observations support the possibility that
S284L and H427Y variants are pathogenic for NSCL/P. The fact
that they were inherited from unaffected parents suggests that
at normal expression levels they are not as severely damaging
as when over-expressed.

Discussion
To identify candidates for genes that when mutated cause CL/P,
we first employed the zebrafish gastrula-stage periderm as a
model of human oral periderm, then pursued the results from
zebrafish with functional tests in an oral epithelium cell line
and finally tested a promising candidate gene by sequencing its
exons in patients with NSCL/P. Previously, we found that in com-
parison to control embryos, embryos injected with dnIrf6 exhibit
reduced expression of several transcription-factor-encoding
genes, including klf17 (20), in addition to genes encoding peri-
derm differentiation effectors such as keratin genes. Here, we
found that forcing expression of klf17 could partially reverse the
effects of dnIrf6, restoring expression of keratin genes. A pro-
moter analysis suggested that this gene is directly regulated by

Figure 3. Rare NSCL/P alleles of KLF4 disrupt development of the zebrafish periderm. (A) Schematic representation of KLF4 protein. Positions of the rare, patient-derived

variants predicted to be damaging by PolyPhen and SIFTare indicated above, and that of the commonvariant is indicated below. (B) Pedigrees of familieswithKLF4 p.S284L

and p.H427Y variants. (C–I) Dorsal views of embryos, injected with the indicated mRNA and fixed at 5 hpf and processed to reveal (C–G) krt4 expression or (H and I)

phalloidin stain. Arrows indicate periderm lacking phalloidin stain. (J) Quantification of embryos that died around 6 hpf when injected with the indicated mRNA. The

numbers in parentheses indicate the total number of embryos for each group.
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Irf6. We found no published evidence that Klf17 is expressed in
mammalian periderm or epidermis. In contrast, KLF4 is a close
homologue of KLF17 and is known to be necessary for epidermal
differentiation (29). Referring to published IRF6-ChIP-SEQ (47)
data, we found that IRF6 binds several distal elements. We es-
tablished that these elements interact with the KLF4 promoter
and that they have epidermal enhancer activity that depends
on the presence of the IRF6 binding sites. Sequencing within
all exons for KLF4 in more than 1000 CL/P probands revealed
five rare coding variants presenting in different CL/P pedigrees,
and with zebrafish periderm as in vivo model, two of them were
functionally identified exhibiting dominant-negative effect. To-
gether with earlier work, this study reveals that mutations in
genes encoding three elements of the oral periderm GRN—i.e.
IRF6, GRHL3 and KLF4—can all predispose individuals to cleft
lip with or without cleft palate.

GWASs (3–7), linkage studies (8) and a meta-analysis of these
(9) have identified at least 18 loci in which specific common al-
leles are associated with NSCL/P at genome-wide significance.
The high ratio of the numberof risk-associated loci identified ver-
sus the number of samples sequenced makes NSCL/P one of the
most successful applications of GWASs; together, the loci ac-
count for more than half of the overall population-attributable
risk for this disorder (48). The remaining ‘missing heritability’
may reside in rare variants of large effect size, among other pos-
sibilities (e.g. gene interactions, structural variation andmisdiag-
nosis (49)]. Supporting this view, two rare KLF4 variants we
identified inNSCL/P cases have the potential to havea large effect
size, based on the in silico analysis and on zebrafish-based func-
tional studies. The fact that they were inherited from unaffected
parents indicates they are not sufficient to cause disease on their
own, consistent with the diagnosis of NSCL/P in the patients.
Additional rare variants pathogenic for NSCL/P may be found in
other candidate loci with strong biological support either through
direct sequencing (as we have done here) or through exome and
whole-genome sequencing efforts.

This work indicates that fish Klf17 andmammalian Klf4 share
the function of promoting differentiation of superficial epithelia.
Phylogenic analysis shows that klf17 groups with klf2 and klf4
(25,26). In zebrafish, klf2a, klf2b and klf17 function in a network
to promote periderm differentiation (28). Our work extends the
earlier study to show that excess klf17has the potential to repress
expression of some peridermmarkers on the ventral side, but not
to disrupt cell adhesion in the periderm as is induced by dnklf17,
perhaps by repressing klf2b expression (28). Zebrafish klf4 is not
expressed in gastrula-stage embryos (28), but embryos depleted
of klf4 exhibit abnormal differentiation of intestinal epithelium
(50), as do murine Klf4 mutants (51–53). Indeed, in mouse, Klf4
has an essential role in the differentiation of many epithelia, in-
cluding epidermis, by stimulating expression of CDKN1A (25). We
found that a human Klf4 enhancer drives a periderm expression
pattern that resembles zebrafish klf17, not zebrafish klf4, and that
human Klf4 functioned equivalently to zebrafish klf17 in an over-
expression assay. A parsimonious evolutionary scenario consist-
ent with these data is that an ancestral gene, encoding a KLF
orthologue that promoted periderm differentiation, was dupli-
cated, giving rise to KLF2, KLF4 and KLF17. Differential loss of
regulatory elements or changes in protein function (both forms
of subfunctionalization) (54) in different taxa resulted in reten-
tion of periderm differentiation function in distinct paralogues
in distinct taxa. Supporting this model, in the mammalian but
not in the fish lineage, KLF17 has evolved rapidly, consistent
with protein subfunctionalization (25,26). It has been proposed
that Klf family members are especially prone to evolvability by

virtue of their quality of being co-regulated by the sameupstream
regulators (28).

Exploring the zebrafish periderm GRN has led us to two genes
that appear to contribute risk for orofacial clefting (i.e. GRHL3 and
KLF4); we anticipate that other members of this GRN will contain
the rare variants that contribute to the missing heritability of
NSCL/P. It is noteworthy that among the 18 genes presumed to
be associated with NSCL/P in genome-wide studies, at least six
are expressed in the oral epithelium (i.e. ARHGAP29, FOXE1,
IRF6, MAFB, NOG1, and SPRY2). VAX1, also identified in such stud-
ies, is expressed in the brain but is essential for normal pattern-
ing of oral epithelium (55). Zebrafish embryonic periderm is a
tractable model for deducing the architecture of the regulatory
networks containing these proteins, and for testing the function
of patient-derived variants. Combined with ChIP and analyses of
chromatin interactions in cell lines or primary periderm cells, it
should be possible to assemble the periderm GRN, including
the direct regulatory interactions, at high resolution.

Materials and Methods
Human samples and study approval

Patients with NSCL/P were recruited from sites in the Philippines,
Ethiopia and the USA. Individuals with additional congenital
malformations or developmental delays suggestive of a syn-
drome were excluded. Patients in the US cohort with self-re-
ported race/ethnicity as Asian, Hispanic or Black were also
excluded. Controls with no known history of craniofacial anom-
alies were recruited from the Philippines. Informed consent was
obtained for all participants, and the study was approved by the
Institutional Review Board at the University of Iowa (approval
numbers 199804080, 199804081 and 201102785).

Animal models

BreedingDanio rerioweremaintained as described (56) in the Uni-
versity of Iowa Animal Care Facility. Zebrafish embryos were
staged according to Kimmel et al. (57) at 28.5°C by hours or days
post fertilization (hpf or dpf).

The Irf6 mutant allele (Irf6−/−), which was maintained in a
C57BL/6 background, has been described previously (58). C57BL/
6 mice were used as wild-type control. Murine embryos were ob-
tained from pregnant female mice at 14.5 days after conception
(E14.5). Animal use protocols were approved by the Institutional
Animal Care and Use Committees at the University of Iowa.

Zebrafish KLF17 and human KLF4mRNA injection and in
situ hybridization

Full-length, wild-type zebrafish klf17 cDNA (RefSeq: NM_
131723.1) was cloned from zebrafish 6 hpf cDNA and inserted
into pCS2+ plasmid. Different functional domains of Klf17 were
determined by comparing its amino acid sequence with human
KLF4 (UniProtKB: O43474). Different truncated forms of zebrafish
KLF17 were generated by overlapping PCR. Sanger sequencing
confirmed that no variants were present in the clones. Full-
length, wild-type and p.S284L mutant human KLF4 cDNAs (Re-
fSeq: NM_004235.4) were obtained from Stratagene company.
Other mutations from NSCL/P patients were generated via PCR-
mediated mutagenesis. All the KLF4 variants were engineered
into pCS2+ plasmid.

Capped mRNA was synthesized in vitro (mMESSAGE
mMACHINE SP6 kit, Ambion) and purified with RNeasy® mini kit
(Qiagen, Valencia, CA, USA), and ∼1 ng of mRNA was injected
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into wild-type zebrafish embryos at one-cell stage. Whole-mount
in situhybridization forkrt4wasperformedasdescribedbefore (19).

RNA isolation and quantitative RT–PCR

Total RNAwas isolated using RNeasy mini kit (Qiagen) and trea-
ted with RNease-free DNaseI (Promega, Madison, WI, USA). RT
was performed by High Capacity cDNA Reverse Transcription
Kits (Applied Biosystems, Foster City, CA, USA). Real-time PCR
was performed in CFX96 Touch™ Real-Time PCR Detection Sys-
tem. For zebrafish and human mRNA expression assays, beta-2-
microglobulin and glyceraldehyde 3-phosphate dehydrogenase
were used as an internal control, respectively.

Cell culture, luciferase reporter constructs, transfections
and dual luciferase assay

The 293FT cell line (human embryonic kidney cell line) was pur-
chased from Invitrogen (Carlsbad, CA, USA) and was maintained
in Dulbecco’smodified Eagle’smedium (Life Technologies, Carls-
bad, CA, USA), supplemented with 10% fetal bovine serum (Life
Technologies) and 1% antibiotic-antimycotic (Life Technologies).
GMSM-K human embryonic oral epithelial cell line (a kind gift
from Dr Daniel Grenier) (59) was maintained in keratinocyte
serum-freemedium (Life Technologies), supplemented with epi-
dermal growth factor human recombinant (Life Technologies)
and bovine pituitary extract (Life Technologies). All cells were in-
cubated at 37°C in 5% CO2.

For zebrafish klf17 promoter assay, about 2.2 kb upstream of
zebrafishklf17 (GRCz10, chr2:33 341 076–33 343 238)was cloneddir-
ectly from zebrafish genomic DNA, two IRF6 binding motifs were
deleted subsequently using overlapping PCR as described previ-
ously (60). For human KLF4 potential enhancers reporter assay,
H3K27Ac ChIP-seq peaks containing IRF6 ChIP-seq peaks were
cloned (KLF4-E1: NCBI36/hg18, chr9:110 344 050 –110 346 209;
KLF4-E2: NCBI36/hg18, chr9:110 352 710–110 356 644; KLF4-E3:
NCBI36/hg18, chr9:110 367 137–110 368 773; KLF4-E4: NCBI36/
hg18, chr9:110 435 915–110 438 546; KLF4-E5: NCBI36/hg18,
chr9:110 472 889–110 476 694). Truncations of IRF6 binding sites
in KLF4-E1 and KLF4-E5 were performed with overlapping PCR. All
the cloned elements were engineered into pTol2-cFos-FLuc as re-
ported before (12). To verify whether these elements are IRF6-de-
pendent, we co-transfected these reporter plasmids with full-
length zebrafish or human IRF6 over-expression plasmids. pCS2+
plasmid which harbours these insertions was used as empty plas-
mid control. Transient transfection in 293FT cells was performed
using Lipofectamine® 3000 (Life Technologies), according tomanu-
facturer’s instructions. Transient transfection inGMSM-Kcellswas
performed using Nucleofector™ II system (Lonza, Cologne, Ger-
many), according to manufacturer’s instructions.

For each reporter construct, three independent transfections
were carried out with Renilla luciferase plasmid (pTol2-cFos-
RLuc) co-transfection. The Dual-Luciferase Reporter Assay Sys-
tem (Promega) and 20/20n Luminometer (Turner Biosystems,
Sunnyvale, CA, USA) were used to measure luciferase activity in
cell lysates. Relative luciferase activities were calculated by the
ratio between the read for firefly and renilla. Three measure-
ments weremade on every three biological replicates. All quanti-
fied results are presented as mean ± SEM. One-way analysis of
variance test was used to determine statistical significance.

Immunofluorescent staining

Zebrafish embryos were fixed at dome stage in 4% paraformalde-
hyde/phosphate-buffered saline (PBS) at 4°C overnight. For

F-actin staining, 0.165  Phalloidin Alexa 546 (University of
Iowa Central Microscopy Research Facility, Iowa City, IA, USA)
was used as described previously (19). Confocal images of peri-
derm cells in Phalloidin-stained embryos were collected with a
20×/0.5 NA objective lens (Carl Zeiss).

Immunodetection for mouse Klf4 was performed on coronal
sections of 4% formaldehyde-fixed, paraffin-embedded E14.5
mouse heads. After blocking with 3% goat serum (Vector Labora-
tories, Burlingame, CA, USA), sections were incubatedwith rabbit
anti-human KLF4 (Abcam, Cambridge, MA, USA, ab72543),
washed in PBS and incubated in goat anti-rabbit Alexa-Fluor
488. DAPI (LifeTechnologies) was used as a nuclear stain. Images
were viewedwith aNikon Eclipse E800 (Melville, NY, USA) and ac-
quiredwith a SPOTRT Slider Diagnostic Instruments CCD camera
using Spot Advanced software (Diagnostic Instruments, Sterling
Heights, MI, USA). Black and white images were pseudocolour-
ized and merged.

Chromatin conformation capture (3C)

The 3C-qPCR assay was performed as described (61) for at least
two replicates. The 1×107 GMSM-Koral epithelial cellswere cross-
linked with 1% formaldehyde at room temperature for 10 min,
followed by glycine quenching and cell lysis. Nuclei were resus-
pended in 500 µl 1× EcoRI Buffer and then lysedwith 0.2% sodium
dodecyl sulphate (SDS), followed by SDS sequestration with 1.2%
Triton X-100. Lysates were digested overnight at 37°C with EcoRI
(NEB, Ipswich, MA, USA) and the restriction enzyme then inacti-
vated for 1 h at 65°C with 1.6% SDS. Ligation was performed with
NEB T4 ligase in 1.15× T4 Ligase buffer at 16°C for 4 h. Finally, the
ligation products were purified with phenol-extraction protocol.
3C ligation products were quantified with three replicates by
SYBR Green qPCR. The 3C signals at the each locus were normal-
ized first to a loading control (primers located in the GAPDH gene
and that do not flank any EcoRI digestion site), and second to a
random collision control, a region 8.1kb from the KLF4 TSS, cho-
sen because it lacks chromatinmarks in NHEK). Primerswere de-
signed using Primer3 Plus online software (http://www.
bioinformatics.nl/cgi-bin/primer3plus/primer3plus.cgi) and
tested against EcoRI-digested, ligated BAC templates (RP11-
150J11 andRP11-589C8) by serial dilution andmelt-curve analysis
to ensure specific and linear amplification. Digestion efficiencies
were determined with SYBR Green qPCR by comparison of ali-
quots taken pre- and post-digestion using primer pairs that amp-
lified a region in each interrogated fragment spanning an EcoRI
digestion site.

Genomic interval manipulation

Identification of super-enhancers of NHEK cells was performed
according to the algorithmdescribed before (41). Briefly, constitu-
ent enhancers in NHEKs were defined as ChIP-seq peaks of
H3K27ac in NHEK (39), with exclusion of 3 kb in the vicinity of
TSS for each gene. H3K27ac ChIP-seq raw reads were sorted
and indexed using SAMtools (v. 0.1.18) (62). About 1470 super-
enhancers in NHEKs were defined. Intersections between NHEK
super-enhancers and IRF6 ChIP-seq peaks (38) were carried out
in Bedtools (v. 2.24.0) (63), and the positive intersection flanking
KLF4 was visualized in UCSC Genome Browser.

Zebrafish enhancer in vivo reporter assay

Human KLF4 potential enhancers KLF4-E1 to KLF4-E5 were cloned
as described earlier and engineered into the zebrafish enhancer
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detection (ZED) vector (64). ZED vectors (25–30 ng/μl) were in-
jected along with the tol2 mRNA (20–30 ng/μl) into 200 one-cell
stage embryos. The embryoswere screened at 6 and 72 hpf for en-
hancer activity in periderm and oral epithelium, respectively. A
consistent GFP expression pattern in a minimum of 10% of in-
jected fish (i.e. F0) was the criterion for tissue-specific enhancer
activity, as this usually predicts a given element’s expression pat-
tern in F1 animals. Embryos with periderm enhancer activity
were photographed in bright field, epi-fluorescent illumination
on a Leica DMRA2 compound microscope with a colour 12 bit
‘QIClick’ camera (QImaging). Embryos with oral epithelium en-
hancer activity were photographed in a Zeiss 700 confocal micro-
scope with a 20×/0.5 NA objective lens (Carl Zeiss).

Human sample genotyping

Three common SNPs (rs2236599, rs149109998 and rs77275043)
were genotyped using Taqman SNP Genotyping Assays (Life
Technologies, Grand Island, NY, USA) on the ABI Prism 7900HT
and analysed with SDS 2.4 software (Applied Biosystems). Fam-
ilies with Mendelian errors were excluded from analyses.

Human sample sequencing

Primers were designed with Primer3 (http://biotools.umassmed.
edu/bioapps/primer3_www.cgi) to cover all exons of KLF4 (Sup-
plementary Material, Table S1). For technical reasons, only the
375 bp of the 5′-UTR upstream of the start codon and the first
500 bp of the 3′-UTR were sequenced. PCR products were Sang-
er-sequenced using ABI BigDye v3.1 on an ABI 3730×l instrument
(Functional Biosciences, Inc., Madison, WI, USA). The chromato-
grams were transferred to a Unix workstation, base-called with
PHRED (v. 0.961028), assembled with PHRAP (v. 0.960731),
scanned by POLYPHRED (v. 0.970312) and visualized using
CONSED program (v. 4.0). We used the Variant Effect Predictor
tool from Ensemble (http://www.ensembl.org/tools.html) to pre-
dict the functional effects of missense variants (65).

The rs45520942 variant was deleted from the dbSNP database
because of mapping or clustering errors. The original dbSNP sub-
mission can be found with the submission identifier ss70352771.
It has also been found in the exomes of the Exome Aggregation
Consortium, although it has been flagged as a lower quality
site. This variant appears to be a polymorphism, although the
frequency is unclear, which may be due to difficulty mapping
this region of the genome.

Genetic statistical analysis

Association with rs2236599, rs149109998 and rs77275043 in the
Filipino families was tested using the family-based association
test (FBAT) (66). We used the -e option in FBAT, which allows
for the adjustment for multiple affected individuals or multiple
nuclear families within a pedigree by adjusting the variance
used in the Z-score calculation.

From the sequencing data, we considered a variant ‘novel’ if it
was absent from dbSNP137, the 1000 Genomes Project and the
NHLBI Exome Variant Server. We performed case–control ana-
lyses on two groups of rare variants (MAF <1%): (i) all coding var-
iants and (ii) all missense variants. Associationwith rare variants
was tested using several burden and non-burden statistical
methods. Burden tests collapse all of the rare variants in a region
into a single ‘score’ and test for association between that score
and the phenotype. We employed two burden tests: the CAST
(43) and the VT method (44). Burden tests assume that all

variants in the analysis have the same effect (i.e. all increase
risk of disease) and have limited power when there are variants
with opposite effects. We also employed two non-burden tests:
the C-alpha test (46) and the RBT (45). All rare variant analyses
were implemented in R using the AssotesteR software package.

The Exome Aggregation Consortium catalogue (URL: http://
exac.broadinstitute.org) was accessed on July 23, 2015.

The URL for the HapMap project is http://hapmap.ncbi.nlm.
nih.gov.
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Supplementary Material is available at HMG online.
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