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Congenital diaphragmatic hernia (CDH) is a common birth defect
that results in a high degree of neonatal morbidity and mortality,
but its pathological mechanisms are largely unknown. Therefore,
we performed a forward genetic screen in mice to identify unique
genes, models, and mechanisms of abnormal diaphragm develop-
ment. We identified a mutant allele of kinesin family member 7
(Kif7), the disorganized diaphragm (dd). Embryos homozygous
for the dd allele possess communicating diaphragmatic hernias,
central tendon patterning defects, and increased cell proliferation
with diaphragmatic tissue hyperplasia. Because the patterning of
the central tendon is undescribed, we analyzed the expression of
genes regulating tendonogenesis in dd/dd mutant embryos, and
we determined that retinoic acid (RA) signaling was misregulaut-
ted. To further investigate the role of Kif7 and RA signaling in the
development of the embryonic diaphragm, we established primary
mesenchymal cultures of WT embryonic day 13.5 diaphragmatic
cells. We determined that RA signaling is necessary for the expres-
sion of tendon markers as well as the expression of other CDH-
associated genes. Knockdown of Kif7, and retinoic acid receptors
alpha (Rara), beta (Rarb), and gamma (Rarg) indicated that RA sig-
naling is dependent on these genes to promote tendonogenesis
within the embryonic diaphragm. Taken together, our results pro-
vide evidence for a model in which inhibition of RA receptor signal-
ing promotes CDH pathogenesis through a complex gene network.
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The diaphragm is an essential organ in mammals that is required
for respiratory and nonrespiratory functions. In humans, con-

genital diaphragmatic hernia (CDH) is a life-threatening birth
defect that occurs at a frequency of 1:2,000–1:3,000 live births (1)
and results in a high mortality rate (2). CDH may occur as an
isolated diaphragmatic defect or part of a larger syndrome with
other congenital defects in multiple systems, including mus-
culoskeletal, cardiac, and CNS (3, 4). In the mouse, the di-
aphragm is believed to develop from transient mesenchymal
tissue often referred to as the pleuroperitoneal folds or
posthepatic mesenchymal plate on embryonic days (E) 11.5
and E12.5 (5–7). This tissue is thought to fuse ventrally with
a mesenchymal structure separating the thorax and abdomen
called the septum transversum (8), producing a complete diaphragm.
The mature fetal diaphragm is made up of muscular regions com-
posedof hypaxial-derived skeletalmuscle, an amuscular region called
the central tendon, and the crural diaphragm (7, 9). Because di-
aphragmatic hernias are believed to occur through a mechanism
that affects nonmuscle mesenchymal cells (10), it is necessary to in-
vestigate the molecular basis controlling diaphragmatic mesenchy-
mal cell proliferation, patterning, and differentiation.
TheHedgehog (Hh) and retinoic acid (RA) signaling pathways are

critical regulators of organogenesis and mesenchymal cell fate de-
termination in mammals (11, 12), and both have been implicated in
CDH pathogenesis. In humans, mutations in the Hh transporter
Dispatched homolog 1 (13), the Sonic hedgehog (SHH) coreceptor
lowdensity lipoprotein-related protein 2 (LRP2) (14), and stimulated

by retinoic acid gene 6 (STRA6) (15) are associated with syndromic
CDH. In mice, diaphragmatic defects are associated with mutations
in the Hh-associated zinc finger transcription factors GLI-Kruppel
family member GLI2 (Gli2) and GLI-Kruppel family member GLI3
(Gli3) (16) and the RA nuclear receptors alpha and beta (Rara,
Rarb) (17). Administration of the herbicide nitrofen to pregnant
rodents is thought to cause diaphragmatic hernias, in part through
down-regulation of RA receptor signaling (18). How these genes
regulate normal diaphragm development in mice and humans
is unknown.
Kinesin family member 7 (Kif7) was recently identified as an es-

sential component of the Hh signaling pathway. Kif7 encodes
a motor protein that functions downstream of the G protein-
coupled transmembrane receptor, Smoothened (Smo), and inter-
acts with zinc finger transcription factors Gli2 and Gli3. These tran-
scription factors are theprimary effectors of theHh signalingpathway
(11). Kif7 is a negative regulator of Hh signaling in early embryonic
development, and loss of Kif7 promotes ligand-independent activa-
tion of the Gli target genes (19, 20).
In this study, we investigated the role of Kif7 and RA signaling in

the development and cellular differentiation of the embryonic di-
aphragm. We found that Kif7 is required for central tendon devel-
opment and necessary for RA-mediated induction of tendon mark-
ers. We also show that RA signaling promotes the development of
the embryonic diaphragm through regulation of Lrp2, nuclear re-
ceptor subfamily2, group F, member 2 (Nr2f2), platelet derived
growth factor receptor, alpha polypeptide (Pdgfra), Wilms tumor-1
(Wt1), and zinc finger protein, multitype 2 (Zfpm2) gene networks.

Significance

Human congenital diaphragmatic defects are almost as com-
mon as cystic fibrosis, cause neonatal mortality, and often
result in multisystem morbidity throughout childhood. Re-
search investigating mechanisms of development is needed
to understand the pathogenesis of disease. In this report, we
identified a model caused by a mutation in kinesin motor
family gene kinesin family member 7. We determined that this
gene is required to regulate cell proliferation, patterning, and
differentiation in the embryonic diaphragm. We ascertained
several functions of retinoid signaling in diaphragm de-
velopment and gained insight into how perturbations in this
signaling network promote the pathogenesis of congenital
diaphragmatic hernia.
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Results
Loss of Kif7 Results in Diaphragmatic Hernia, a Central Tendon Patterning
Defect, and Increased Accumulation of Wt1-Expressing Cells in the
Primordial Diaphragm. To identify unique models and mechanisms
of abnormal diaphragm development, we performed a forward
N-ethyl-N-nitrosourea (ENU) mutagenesis screen designed to
recover mouse autosomal recessive mutations affecting the
development and patterning of the embryonic diaphragm.
Because both the central tendon and the muscular diaphragm
can be disrupted in human disease (21), we performed our
screening to detect abnormalities in both areas. Our screen
used a three-generation strategy, in which our mutagenized
strain (A/J) was outcrossed to FVB/NJ (22). We screened
∼2,500 E16.5 embryos from 32 independent families and iden-
tified a mouse line with both left-sided posterior diaphragmatic
hernia and central tendon patterning defects characterized by mus-
cle expansion into the central tendon domain (Fig. 1A; a detailed
description of diaphragmatic anatomy is shown in Fig. S1A). The
diaphragm defects were present in 125/125 mutant embryos exam-
ined. These embryos also possessed other phenotypes associated
with syndromic congenital diaphragmatic hernia, such as neural

tube defects, abnormal cardiac position, ventricular septal defects,
skeletal defects, and pulmonary hypoplasia (Fig. S1 C–J) (23).
We mapped the mutation using a whole-genome SNP array

to identify regions of mutagenized strain homozygosity retained
in mutant embryos. Candidate gene sequencing in the mapped
interval revealed that the disorganized diaphragm allele (dd) was
a unique mutation in Kif7. The mutation is an A-T transversion
at position 2002 in the Kif7 cDNA (NM_010626) (Fig. S2A), and it
is predicted to generate a nonsense mutation producing a 100 kDa
protein instead of the predicted 150 kDa WT protein. To confirm
that the dd mutation generates a truncated protein, an N-terminal
GFP Kif7 fusion construct was generated for the WT Kif7 and the
Kif7dd A-T mutation. Western blot analysis of transfected WT
GFP:Kif7 and GFP:Kif7dd showed that the A-T mutation observed
in Kif7dd/dd embryos generates a truncated protein of predicted size
(Fig. S2B). Genotyping was established using a restriction frag-
ment-length polymorphism 210 bases from the mutation, and the
line was backcrossed to FVB/NJ mice for 11 generations with
continued retention of the phenotype. This backcross assured
us that our phenotype was associated with the Kif7 point muta-
tion and not other parts of the originally mutagenized genome.
We then obtained embryos homozygous for another independent

Fig. 1. Loss of Kif7 results in diaphragmatic hernia, a central tendon patterning defect, and increased accumulation of Wt1-expressing cells in the primordial
diaphragm. (A and B) Whole-mount images of E17.5 control and Kif7dd/dd diaphragms. (C and D) Whole-mount images of E17.5 control and Kif7maki/maki

diaphragms. The defect in central tendon patterning is marked with arrowhead. (E and F) H&E-stained sagittal sections of E14.5 control and Kif7dd/dd dia-
phragms show thickened diaphragmatic tissue in Kif7dd/dd embryos (arrowhead). (G and H) Hoechst nuclear stain of E13.5 embryos shows that thickened di-
aphragmatic tissue is because of increased cell number in Kif7dd/dd embryos (diaphragms outlined with dotted lines). (I and J) Immature diaphragms from E13.0
WT and Kif7dd/dd embryos show an early bilateral accumulation of extra diaphragmatic tissue in mutant embryos (arrowhead). (K and L) Wt1 (green) and
Hoechst (blue) immunofluorescent staining of E13.5 control and Kif7dd/dd diaphragms show an accumulation of Wt1+ cells in the mutant diaphragm. (M and N)
Whole-mount in situ hybridization shows Kif7 expression in the posterior immature diaphragm (inside dotted lines) at (M) E11.5 and (N) E12.5. (O and P) Section
in situ hybridization of Kif7 in (O) E11.5 and (P) E12.5 immature diaphragms (arrowheads point to diaphragm expression). (Q–T) Whole-mount in situ hy-
bridization in E12.5 control and Kif7dd/dd diaphragms. Note that there is increased Gli1 expression in the posterior Kif7dd/dd diaphragm (region delineated by
dotted line), whereas there is no Ptch1 expression in either the WT or mutant. (U) Expression analysis for Gli1, Gli2, and Gli3 in E13.5 diaphragms of control and
Kif7dd/dd diaphragms. Data are means, with error bars representing SE; n = 3 independent experiments, each with three replicates (*P < 0.05, t test).
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mutant allele of Kif7 (matariki or maki), an ENU-generated mu-
tation in the Kif7 motor domain (L130P) (19). Kif7maki/maki mutant
embryos also possessed diaphragmatic hernias and central tendon
patterning defects. Whole diaphragms showing identical pheno-
types in the Kif7dd/dd and Kif7maki/maki embryos are shown in Fig. 1
B and D. Both have left-sided communicating diaphragmatic
hernias (communication between the abdominal and thoracic
cavities) and tendon patterning defects, indicating that Kif7 is re-
quired for normal diaphragm development.
Examination of histology in WT and Kif7dd/dd E14.5 embryos

showed diffuse defects in morphogenesis (Fig. 1 E and F) with
extremely thickened tissue. A count of cell number after nuclear
fluorescent staining (Hoechst) determined that the abnormal ac-
cumulation of diaphragmatic tissue in Kif7dd/dd embryos was as-
sociated with an increase in cell number rather than cell size (Figs.
1 G and H and 2). To identify the severity of earlier tissue pat-
terning defects in Kif7dd/dd mutants, we examined whole-mount
primordial diaphragms at E13.0. In WT embryos, the immature
diaphragm appears as a thin sheet extending from the posterior
body wall to the sternum. However, in Kif7dd/dd embryos, we ob-
served abnormal accumulation of tissue in the posterior diaphragm
(Fig. 1 I and J). To determine the cell type that contributes to the
diaphragmatic tissue overgrowth, we examined the expression of
myosin heavy chain (MyHC) and Wilms tumor-1 (Wt1) in sections
of Kif7dd/dd embryos; MyHC labels diaphragmatic skeletal muscle,
and Wt1 is expressed in the early mesothelium and throughout the
nonmuscle mesenchymal cells of the diaphragm (24, 25). We de-
termined that the skeletal muscle fiber distribution and orientation
were normal at E13.5, whereas the nonmuscular Wt1+ cells ac-
cumulated throughout the mutant diaphragms (Fig. 1 K and L).
Wt1 is known to be required for normal diaphragm development
(26), but the function of this gene in this organ is unknown. Taken
together, these findings suggest that Kif7 regulates the patterning
and/or proliferation of Wt1+ cells in the developing diaphragm.
Kif7 plays a role in the Shh signaling pathway, and although

diaphragm defects have been reported in the Hh pathway effec-
tors Gli2 and Gli3 mutant embryos (13, 16), neither expression of
Hh ligands nor receptors has been identified during the initial
stages of diaphragm development (13). To further investigate the
potential role of Hh signaling, we examined the expression of

Kif7, Gli2, Gli3, and the Hh target genes Gli1 and Ptch1 in the
developing diaphragm. At E11.5, Kif7 is expressed in both the
anterior and posterior diaphragm (Fig. 1M and O), and by E12.5,
Kif7 expression becomes very prominent in the posterior di-
aphragm (Fig. 1 N and P). This finding is interesting, because the
posterior diaphragm is the site at which we observed both di-
aphragmatic hernias and accumulations of Wt1+ cells. We eval-
uated Gli expression in both WT and mutant diaphragms and
found that Gli1 transcripts, but not Gli2 or Gli3, were elevated in
the E12.5 diaphragms of mutant embryos (Fig. 1 Q, R, and U).
Consistent with previous reports, the expression of Ptch1, the
SHH receptor, was not detected.

Kif7 Is a Negative Regulator of Cell Proliferation in the Primordial
Diaphragm. We reasoned that the bilateral accumulation of Wt1+

cells could arise from either changes in cell proliferation or a pat-
terning defect resulting in isolated accumulations of cells. To dis-
tinguish between the two possibilities, we counted the number of
Wt1+ cells and measured BrdU incorporation in Wt1+ cells of the
E12.5 diaphragms. We determined that Kif7dd/ddmutants exhibited
a twofold increase in the number of Wt1+ cells, an increase in total
cell proliferation, and an increase in the number of proliferating
Wt1+ nonmesothelial mesenchymal cells (Fig. 2 A and B). Cell
proliferation was unchanged in Wt1+ diaphragmatic mesothelial
cells. These results illustrate that Kif7 negatively regulates the
proliferation of Wt1+ nonmesothelial mesenchymal cells of the
immature diaphragm, and the loss of Kif7 results in diaphragmatic
tissue hyperplasia.
Kif7 is a key regulator of Hh signaling in neural tube (19), limb

(20), bone (27), and skin development (28), and Hh signaling
promotes cell proliferation in several systems by regulating the
expression of the cell cycle regulating gene, Cyclin D1 (Ccnd1)
(11). Hence, we examined the expression and counted the num-
ber of Ccnd1+ cells in the E12.5 diaphragms of Kif7dd/dd mutant
embryos, and we determined that the number of Ccnd1+ cells was
increased approximately twofold compared with cells in litter-
mate controls (Fig. 2 C–E). Taken together, these findings sug-
gest that Kif7 regulates cell proliferation in the developing
diaphragm, in part through negative regulation of Ccnd1.

Fig. 2. Kif7 is a negative regulator of cell proliferation in the primordial diaphragm. (A and B) Wt1 and (C and D) Ccnd1 immunofluorescent staining (red) in
sagittal sections of E12.5 control and Kif7dd/dd embryos. (E) Comparison of relative frequency of numbers of Wt1+ cells, Wt1+/BrdU+ nonmesothelial mes-
enchymal cells, Wt1+/BrdU+ mesothelial cells, BrdU+ cells, and Ccnd1+ within the domains marked by the dotted line in A–D in E12.5 control and Kif7dd/dd

diaphragms. Data represent mean relative frequency of cell number, and error bars represent SE; n = 4 independent experiments (*P < 0.05, t test).
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Kif7 Is Necessary for the Patterning, Differentiation, and Induction of
Scleraxis-Positive Tendon Progenitors in the Central Tendon. The
primary function of tendons within the musculoskeletal system
is to connect muscle to bone. However, in the diaphragm, the
central tendon is responsible for joining together anterior, lat-
eral, and posterior sections of diaphragmatic skeletal muscle.
The myotendonous junction (MTJ) delineates the muscular and
central tendon domains and is the site responsible for anchoring
the muscle fibers of the diaphragm with the central tendon. Tendon
development is believed to begin when SRY Box 9 (Sox9) -positive
mesenchymal cells become specified to become tendon pro-
genitor cells by induction of Scleraxis (Scx). The tendon pro-
genitor cells then assemble and differentiate into tenocytes,
and eventually, they connect muscle to bone (29). The processes
controlling the induction and specification of diaphragmatic
central tendon tenocytes have not been established. To identify
the origin of the central tendon patterning phenotype observed
in Kif7dd/dd mutants, we examined the tendon cell lineage within
the developing diaphragm. Tenascin C (Tnc), a well-described
marker of early tenocytes (29, 30), is expressed strongly at the
MTJ of WT E17.5 diaphragms, whereas skeletal muscle MyHC
labels muscle fibers (Fig. 3 A and C). Expression of Tnc was
decreased in the diaphragm of Kif7dd/dd embryos. In these mutant
embryos, the muscle fibers bypass the MTJ, grow into the central
tendon domain, and make ectopic connections with the cural
diaphragm (Fig. 3 B and D).
Because differentiating tendons may play an important role

in arresting muscle fiber migration and elongation at the MTJ
(29), we examined the expression of the transmembrane protein,
Tenomodulin (Tnmd), a differentiation marker of tenocytes (31).
Tnmd and MyHC coimmunofluorescent staining clearly identified
the MTJ at E17.5 in WT embryos (Fig. 3E). In Kif7 mutants, the
Tnmd-expressing domain was drastically reduced, and expression
at the expected MTJ was undetectable (Fig. 3F). Because collagen
is a major component of connective tissue such as tendons, we
examined the expression of Collagen type 1, α-1 (Col1a1), the
gene encoding the major component of type 1 collagen. Col1a1
is expressed throughout the developing central tendon of con-
trol embryos at E15.5; however, its expression was significantly
decreased in Kif7dd/dd diaphragms (Fig. 3 G–J). Together, these
findings show that the central tendon exhibits reduced differ-
entiation in Kif7dd/dd embryos.
Next, we examined the expression of Scx throughout diaphragm

development. Scx is a basic helix-loop-helix transcription factor
that is expressed in tendon progenitor cells and required for
tenocyte maturation (31, 32). Scx was expressed in the posterior
diaphragm at E12.5; however, the pattern of expression was
slightly abnormal in the mutant (Fig. 3 K and L). By E13.5,
normal diaphragms expressed Scx throughout the central
tendon, with the strongest expression defining the MTJs (Fig. 3
M and O). In mutants, Scx expression was dramatically decreased
and occurred outside of the domain of the central tendon, sug-
gesting compromise of both patterning and induction of Scx in
Kif7dd/dd diaphragms (Fig. 3 M and N). The specification of the
central tendon domain is complete by E14.5 (Fig. 3O), and mutants
show almost no discernable central tendon, MTJs, or Scx expression
(Fig. 3P, arrowhead marks the central tendon midline). These
findings show that Kif7 is required for the patterning and induction
of Scx-positive tendon progenitor cells and that, in the absence of
Kif7, tendon progenitor cells have impaired differentiation into Tnc-
and Tnmd-positive central tendon tenocytes. Collectively, these
defects prevent the arrest of muscle fiber elongation at the MTJ and
allow the diaphragm’s central tendon to become overmuscularized.

Rara, Rarb, and Rarg Regulate the Expression of Scx and Tnc in
Diaphragmatic Cells. Recent studies performed in primary cells
derived from mouse limb bud mesenchyme have shown that
pharmacological inhibition of the RA-metabolizing enzyme, Cy-

Fig. 3. Kif7 is necessary for the patterning, differentiation, and induction of
Scx-positive tendon progenitors in the central tendon. (A–D) Whole-mount
immunohistochemical-stained E17.5 control and Kif7dd/dd diaphragms. Mutants
show loss of Tnc expression at the MTJ (arrowheads in A and B) and an
overgrowth of muscle fibers (arrowheads in C and D). (E and F) MyHC (green)
and Tnmd (red) coimmunofluorescent staining in sagittal sections of the an-
terior diaphragm at the plane marked by dashed line in C and D in E17.5
control and Kif7dd/dd embryos. Insets show a zoomed-in view of the MTJ in
control and mutant diaphragms (arrowheads). (G and H) Col1a1 whole-mount
in situ hybridization at E15.5. (I and J) Col1a1 immunofluorescent staining in
frontal sections of the diaphragm at the plane marked by the dashed line in
G and H in E15.5 control and Kif7dd/dd embryos. (K–P) Scx whole-mount in situ
hybridization at E12.5, E13.5, and E14.5 in control and Kif7dd/dd diaphragms.
Arrowheads show reduced induction of Scx in the central tendon domain of
the diaphragm in Kif7dd/dd embryos relative to littermate controls.
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tochrome P450 26B1 (Cyp26b1), results in elevated RA signaling
and increased expression of Scx and Tnc. Additionally, Cyp26b1
null mouse embryos possess Scx patterning defects in their limb
buds (33). To determine whether RA signaling was perturbed in
diaphragms of Kif7dd/dd embryos, we quantified transcripts of
Cyp26b1, Cytochrome P450 26A1 (Cyp26a1), Cellular retinoic acid
binding protein 2 (Crabp2), retinaldehyde dehydrogenase (Aldh1a2),
and the retinoic acid nuclear receptors Rara, Rarb, and Rarg in
E13.5 diaphragms of Kif7dd/dd embryos and littermate controls.
Mutant diaphragms had increased expression of the RA-synthesiz-
ing enzyme Aldh1a2 and RA-signaling molecules Crabp2, Cyp26a1,
and Cyp26b1 compared with controls, whereas expression of RA
nuclear receptors Rara, Rarb, and Rarg was normal (Fig. S3A). The
genes Aldh1a2, Crabp2, Cyp26a1, Cyp26b1, Rara, Rarb, and Rarg all
contain RA response elements and are components and transcrip-
tional targets of the RA-signaling pathway (12). Because a complex
of Meis homeobox 2 and Pre B-cell leukemia homeobox 1,2 (Pbx1,2)
regulates the expression of Aldh1a2 and may be important for
diaphragm development (12, 34), we assayed the expression of
these genes to determine if they were also up-regulated in mutant
diaphragms. Meis homeobox 2 and Pbx1,2 were expressed nor-
mally in mutant diaphragms (Fig. S3A). We then wanted to de-
termine if Aldh1a2 was expressed in the central tendon domain of
the diaphragm and if its expression was altered in Kif7dd/dd em-
bryos. We determined that Aldh1a2 was expressed at this site in
the E13.5 differentiating diaphragm, and its expression was ele-
vated in Kif7dd/dd embryos (Fig. S3 D and E). These findings show
that RA is synthesized in the central tendon domain of the dif-
ferentiating E13.5 diaphragm and that RA signaling is perturbed
in the developing diaphragms of Kif7dd/dd embryos.
RA signaling regulates cell fate determination and differentia-

tion through transcriptional control of large gene networks, and
perturbations in RA signaling are associated with diaphragm
defects in mice and humans (12, 15, 17). The expressions of the
RA nuclear receptors and several components of the RA pathway

have been examined in the developing diaphragm; however, the
function of these genes during diaphragm development is unknown
(35). To assess whether RA signaling is necessary for the induction
of Scx and Tnc in the diaphragm and gain insight into how Kif7 and
other genes known to be required for normal diaphragm deve-
lopment interact with the RA-signaling pathway, we investigated
the function of RA signaling in confluent cultures of E13.0 di-
aphragmatic cells. The composition of disassociated diaphragmatic
cultures was examined, and cultures contained Scx- and Tnc-positive
tenocytes, Zfpm2- and Wt1-expressing nonmuscle mesenchymal
cells, transcription factor 4 (Tcf4)-positive muscle connective tis-
sue fibroblasts, and uroplakin 3B (Upk3b)-positive mesothelial
cells, an expression profile similar to what has been shown in the
developing diaphragm (24, 25, 36–38). In this system, we could
modulate RA nuclear receptor-dependent signaling (RA-RAR) by
addition of either all trans-RA (ATRA) to activate the RA nuclear
receptors Rara, Rarb, and Rarg or a pan-RAR antagonist (BMS493)
to inhibit basal signaling (reviewed in refs. 12 and 39).
Treatment of WT cells with ATRA led to elevated expression

of the tendon markers Scx and Tnc, the RA-signaling molecules
Crabp2 and Cyp26b1, and the CDH-associated genes Pdgfra, Wt1,
and Zfpm2 (Table 1). RA treatment also promoted decreased
expression of Sox9, the RA-synthesizing molecule Aldh1a2, and
the Hh/Gli target gene Gli1. Inhibition of the RA nuclear recep-
tors with BMS493 led to reduced expression of Tnc, the RA-sig-
naling molecules Cyp26b1 and Rarb, and the CDH-associated
genes Nr2f2, Pdgfra, Wt1, Zfpm2, and Lrp2 (Table 1).
Inhibition of RA signaling in WT diaphragmatic cells was asso-

ciated with increased expression of the RA-synthesizing enzyme
Aldh1a2 and decreased expression of the RA-metabolizing enzyme
Cyp26b1. Kif7 mutant diaphragms have elevated expression of both
of these genes, suggesting that the RA pathway is compensating
for a defect in RA-RAR signaling. We found that inhibition of the
RA nuclear receptors caused increased expression of Gli1, a Gli2
and Gli3 target gene, whereas activation inhibited Gli1 expression.

Table 1. Rara, Rarb, and Rarg regulate Scx and Tnc expression in diaphragmatic cells

Marker type and gene

Treatment

ATRA BMS493 Rara KD Rarb KD Rarg KD Rara Rarb KD

RA-signaling molecules
Rara NSC NSC 0.33 NSC NSC 0.40
Rarb 8.56 0.09 1.75 0.34 0.52 0.43
Rarg 1.85 NSC NSC NSC 0.11 NSC
Aldh1a2 0.80 1.34 NSC NSC NSC NSC
Crabp2 5.25 NSC NSC NSC 0.15 0.63
Cyp26b1 104.9 0.18 NSC NSC NSC NSC

Tendon markers
Sox9 0.33 3.17 NSC NSC NSC NSC
Scx 1.62 NSC NSC NSC 0.43 NSC
Tnc 1.89 0.49 0.62 NSC NSC 0.40

Genes required for diaphragm development
Nr2f2 NSC 0.76 NSC NSC NSC 0.74
Pdgfra 1.61 0.43 NSC NSC 0.52 NSC
Wt1 1.83 0.49 NSC NSC 0.52 0.68
Zfpm2 1.26 0.59 NSC NSC NSC 0.76
Gli1 0.37 1.79 NSC NSC 0.47 2.75
Gli2 NSC NSC NT NT NT NT
Gli3 NSC NSC NT NT NT NT
Lrp2 NSC 0.40 NSC NSC NSC NSC
Kif7 NSC NSC NT NT NT NT

Relative fold change in gene expression in independently treated cultures of primary E13 diaphragmatic cells. RT-qPCR analysis of
RA-signaling molecules, tendon markers, and genes associated with abnormal diaphragm development in cultures of primary di-
aphragmatic cells isolated from WT embryos. Expression changes that were deemed significant (P < 0.05, t test) are plotted as mean
relative fold change over control (bold). Expression changes that were deemed not significant (P > 0.05, t test) are plotted as no
significant change (NSC). Genes not tested are represented as NT. KD, knockdown.

E1902 | www.pnas.org/cgi/doi/10.1073/pnas.1222797110 Coles and Ackerman

http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1222797110/-/DCSupplemental/pnas.201222797SI.pdf?targetid=nameddest=SF3
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1222797110/-/DCSupplemental/pnas.201222797SI.pdf?targetid=nameddest=SF3
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1222797110/-/DCSupplemental/pnas.201222797SI.pdf?targetid=nameddest=SF3
www.pnas.org/cgi/doi/10.1073/pnas.1222797110


These results suggest that RA-RAR signaling may negatively reg-
ulate Gli2 and Gli3 activity in the developing diaphragm.
We next wanted to determine which RA nuclear receptors

specifically mediated the induction of Scx, Tnc, Nr2f2, Pdgfra,
Wt1, Zfpm2, and Lrp2 in diaphragmatic cells. Hence, we knocked
down the expression of Rara, Rarb, Rarg, and Rara and Rarb
together under basal conditions using gene-specific siRNAs. We
determined that Rara is necessary for Tnc expression and that
reduced expression of Rara resulted in increased expression of
Rarb. Depletion of Rarg transcripts revealed that Rarg is neces-
sary for the expression of Scx, Pdgfra, Wt1, Rarb, Crabp2, and
Gli1. Knockdown of both Rara and Rarb together resulted in
decreased expression of Tnc, Nr2f2,Wt1, and Zfpm2 and resulted
in a strong up-regulation of Gli1 (Table 1). These data support
a model in which RA signaling promotes the differentiation of
the central tendon through cooperation of Rara, Rarb, and Rarg.

Kif7 Is Necessary for the RA-Mediated Induction of Scx and Tnc.
To determine if Kif7 regulates diaphragmatic tendon cell dif-
ferentiation, we transfected siRNAs against Kif7 into E13 di-

aphragmatic cells and then assayed the expression of Sox9, Scx,
and Tnc. Knockdown of Kif7 had no effect on the expression of
these genes; however, it did promote an increase in Gli1 ex-
pression (Fig. 4A). Because we observed that RA signaling was
perturbed in the developing diaphragm of Kif7dd/dd embryos and
that RA-RAR signaling was necessary for Scx expression, we
hypothesized that Kif7 was required for RA-mediated induction
of Scx and Tnc in diaphragmatic cells. To test this hypothesis, we
knocked down Kif7 and then treated diaphragmatic cells with
RA for 48 h. RA treatment of control cells (transfected with
scrambled siRNA) resulted in an up-regulation of Scx and Tnc
and a down-regulation of Sox9 (Fig. 4B). When this experiment
was repeated using cells transfected with Kif7-specific siRNA,
RA treatment did not change transcript expression levels of Scx,
Tnc, or Sox9 (Fig. 4B). Because these experiments evaluated
total transcript levels in a mixed cell population, we wanted to
determine whether RA signaling promoted the accumulation of
Tnc protein within individual tenocytes and whether Kif7 was
required for this event. We treated nontransfected, scrambled
siRNA-transfected, or Kif7 siRNA-transfected diaphragmatic

Fig. 4. Kif7 is necessary for RA-mediated induction of Scx and Tnc in primary diaphragmatic cells. (A) RT-qPCR analysis of tendon markers Sox9, Scx, and Tnc in
primary E13 diaphragmatic cells transfected with either a scrambled control siRNA or Kif7-specific siRNAs. (B) RT-qPCR analysis of tendon markers in di-
aphragmatic cells after transfection with either a scrambled control siRNA or Kif7-specific siRNAs and then treatment with 500 nM ATRA for 48 h. (C) RT-qPCR
analysis of Kif7 and Gli1 expression in diaphragmatic cells after siRNA transfection with either the scrambled control siRNA or Kif7-specific siRNAs and then
treatment with ATRA or vehicle control. Note that there is equal knockdown of Kif7 under both ATRA-treated and control conditions. (D) Tnc immunostaining
(green) in diaphragmatic cells after treatment with ATRA, transfection with either a scrambled control siRNA or Kif7-specific siRNAs, and then treatment with
500 nM ATRA for 72 h. (E and F) RT-qPCR analysis of Sox9, Scx, Tnc, and Gli1 expression in diaphragmatic cells after treatment with 150 nM Hh/Smo agonist SAG
or vehicle control. All data are means, with error bars representing SE; n = 3–4 independent experiments performed in triplicate (*P < 0.05, t test).
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cell cultures with RA for 72 h and examined the expression of
Tnc. Indeed, RA treatment promoted increased accumulation of
Tnc protein in WT and scrambled control cells but not Kif7-
depleted cells (Fig. 4D). Because altered knockdown efficiency
between treatment groups could confound results, Kif7 transcript
levels were ascertained in both control and RA-treated groups.
Transcript expression was the same between groups, and both
groups showed the equal induction of Gli1 expression (Fig. 4C).

Activation of Gli Is Sufficient to Inhibit the Expression of Scx and Tnc
in Diaphragmatic Cells. In the chick, overexpression of Shh inhibits
Scx induction in the developing sclerotome (32). Because Kif7dd/dd

mutant diaphragms have both elevated Gli1 expression and
decreased Scx induction, we wanted to determine whether mis-
activation of Gli would alter the expression of Scx and Tnc in
diaphragmatic cells. Hence, we treated diaphragmatic cells with
the Smo agonist (SAG) for 48 h and examined the expression of
Gli1, Sox9, Scx, and Tnc transcripts by quantitative RT-PCR (RT-
qPCR) (Fig. 4 E and F). Treatment with SAG led to both a robust
induction of Gli1 and a down-regulation of Sox9, Scx, and Tnc
expression. These findings show that ligand-independent activa-
tion of Gli is sufficient to inhibit the expression of Scx and Tnc in
diaphragmatic cells.

Discussion
In this study, we identified a mouse model of syndromic congenital
diaphragmatic hernia with a mutation in a gene encoding a cilia-
associated kinesinmotor protein,Kif7. This discovery allowed us to
assign several functions to this important gene and investigate
mechanisms of diaphragm development. Kinesin family member
genes have been associated with a wide range of diseases (40);
however, they have not been recognized in defects of the di-
aphragm. In our study, we used two independent mutant Kif7
mouse lines to identify diaphragmatic phenotypes that are highly
similar to phenotypes seen in some human patients. Our findings
both clarify and bring to the forefront a topic of confusion in di-
aphragm development research (that is, the contribution of po-
tentialHh signaling in diaphragm development). Although a subset
of compound Gli mutant mice has diaphragmatic defects (16),
neither phenotypic details nor mechanisms has been described. At
the same time, evidence for the expression ofHhpathway ligands or
receptors in the developing diaphragm has been negative or in-
complete (13). In this study, we found that the loss of Kif7 leads to
the inappropriate activation of Gli signaling in the developing di-
aphragm, which was seen by elevated expression of the Gli target
gene, Gli1. Previously, Kif7 was shown to negatively regulate the
activity ofGli2 andGli3 transcription factors, and in the absence of
Smo (and thus, Hh signaling), the loss of Kif7 can lead to ligand-
independent activation of theHh pathway downstreamof Smo (19).
Together, these data may suggest that Kif7/Gli cooperate to pro-
mote diaphragm development in the absence of theHh/Ptch signal,
possibly through Gli repressor, and that the diaphragm defects
present in these mutants are caused by impaired differentiation of
the mesenchymal cells within either the primordial diaphragm or
the parental cells that give rise to this structure. Future inves-
tigations using theKif7 ddmouse line will allow us to determine the
precise role of a Hh pathway in diaphragm development.
We have provided a description of the patterning and organi-

zation of the diaphragmatic central tendon, and we determined
that Kif7 is required for the differentiation of this structure. To
verify this role and investigate the complex requirement of mul-
tiple genes, we developed methodology for dissection and culture
of primordial diaphragm cells. We determined that RA is a nec-
essary and sufficient inducer of tendon marker gene expression
and that Kif7, Rara, Rarb, and Rarg are required for this process.
This tendon structure is often compromised in human congenital
diaphragmatic hernia (21); however, the causative mechanisms
are unclear. It is interesting that the Kif7 mutant diaphragm has

a hernia, tissue hyperplasia, and decreased mesenchymal cell dif-
ferentiation. Previously, diaphragmatic hernias have been associ-
ated with a decrease in the mass of the primordial diaphragm (5,
10); however, it is possible that these defects may also arise from
increased proliferation with decreased differentiation, because
both were observed in our model and both may occur in defects of
organogenesis associated with mutations in cilia-related genes (41).
In humans, KIF7 is located 2 Mb from a common 15q26.1–26.2

cytogenetic hotspot for syndromic congenital diaphragmatic hernia.
Neither evaluation of candidate gene expression in the primordial
diaphragmatic tissue (25) nor resequencing of hotspot candidate
genes has identified a probable mechanism or human gene–disease
association (42). KIF7 should be considered as a human CDH
candidate gene, because it is in close proximity to this region, and
transcriptional regulation of genes may occur through long-distance
enhancers (43). In other patient cohorts, KIF7mutations have been
associated with developmental defects of the CNS, craniofacial
structures, and limb abnormalities (44, 45). Because KIF7 is a large
gene with multiple functions, there is potential to associate many
different genetic aberrations to a variety of human phenotypes. An
association of syndromic CDH with KIF7 mutations would provide
evidence that a subset of syndromic diaphragm defects may, in-
deed, be cilia-related, perhaps justifying investigation as to whether
some comorbidities in these patients could be related to respiratory
or primary ciliary dysfunction.

Materials and Methods
Mouse Strains.A/J (JAX 000646) and FVB/NJ (JAX 001800)micewere purchased
from Jackson Laboratory. Kif7Maki/Maki (MGI: 4355980) mutant embryos were
provided by Kathryn V. Anderson (Developmental Biology Program, Sloan
Kettering Institute, New York, NY). All animal studies were performed in
accordance with the guidelines set by the University Committee on Animal
Resources at the University of Rochester Medical Center.

Identification of the dd Mutation. ENU mutagenesis injections, breeding,
and screening were performed using techniques developed to identify
autosomal recessive mutations that cause human birth defect phenotypes
(22, 36). Screening was conducted on third-generation embryos from 32
G1 families derived from 12 injected G0 A/J mice. Genomic DNA from six
phenotypically mutant embryos was used for mapping with the Illumina
mouse medium density SNP chip. The dd mutation mapped to chromo-
some 7 between SNPs rs3719311 (35.0 Mb) and rs3673653 (114.2 Mb).
Sequencing of candidate gene exons and flanking genome in the region
revealed one homozygous mutation in the Kif7 gene. The dd mutation is
an A-to-T nonsense mutation that created a premature stop in exon 8.
To confirm that the dd mutation generates a truncated protein, an N-
terminal GFP-tagged fusion construct was generated by cloning both the WT
Kif7 and Kif7dd/dd cDNAs into the pEGFP-C3 vector (Clontech). Primer sequences
used were as follows: forward-CGGGTACCGATGGGGCTGGAGGCCC and reverse-
GCGGGGCGTCTAGAGTACAAGGGGT. Either pEGFP-Kif7 or pEGFP-Kif7dd/dd was
transfected into HEK293T cells using X-tremeGENE HP (Roche). Cell extracts
were analyzed by Western blots using standard methods.

Establishment of Primary Mesenchymal Diaphragmatic Cultures. Whole dia-
phragms were microdissected from E13.5 FVB/NJ embryos. Tissue was resus-
pended in 1× trypsin EDTA (Gibco), minced into 1 mM pieces, and proteolytically
digested for 30 min at 37 °C to generate single-cell suspensions. Cells were
seeded at 5.0 × 104 cells/mL in 12-well dishes and cultured in DMEM (Gibco) with
10% (vol/vol) FBS (HyClone) and 1× antibiotic-antimycotic (Gibco) until confluent.
Cultures were then treated independently with vehicle control, 150 nM SAG
(Santa Cruz), 500 nM ATRA (Sigma), 1 μM BMS493 (Sigma), 100 nM Rara siRNA,
100 nM Rarb siRNA, 100 nM Rarg siRNA, or 75 nM Rara and 75 nM Rarb
siRNAs (Dharmacon) together. RT-qPCR and siRNA transfections were per-
formed using standard techniques. Details are provided in SI Materials
and Methods.

Skeletal Preparations, Histology, in Situ Hybridization, and Immunostaining.
E18.5 mouse skeletal preparations were performed using standard tech-
niques. For histology, embryos were fixed in 4% (vol/vol) paraformaldehyde,
embedded in paraffin wax, and sectioned at 7 μM. Sections were stained
with H&E or processed for in situ hybridization using standard methods.
Whole-mount in situ hybridization and immunostaining were performed on
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fixed whole diaphragms using the methods previously described in refs. 41
and 46. A description of how the Kif7 in situ plasmid was created and a list of
antibodies and dilutions used in this report can be found in SI Materials
and Methods.

Detection of Cell Proliferation. To detect cell proliferation within the pri-
mordial diaphragm, pregnant females were injected i.p. on E12.5 with 50 μg/g
body weight BrdU (Sigma); 1 h later, dams were killed, and embryos were
harvested and processed for coimmunofluorescent staining for Wt1 and
BrdU. In control and mutant embryos, comparable sections were selected
between the right posthepatic mesenchymal plate and the medial diaphragm
at the esophageal mesentery. Mesothelial Wt1+ and nonmesothelial Wt1+
mesenchymal cell counts were recorded separately in at least six consecutive
sections from each embryo. Immunopositive cells were counted in at least
three embryos using ImageJ software. Cell counts were normalized to control

counts to provide a relative rate of cell proliferation, and statistical signifi-
cance was determined as described below.

Statistical Analysis. All experiments were performed in at least three bi-
ological replicates, and statistical analysis was performed by the two-tail
t test. Data are plotted as mean ± SE and were considered statistically sig-
nificant at levels of P < 0.05.
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