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Abstract

The diaphragm is an essential mammalian skeletal muscle, and defects in diaphragm development 

are the cause of congenital diaphragmatic hernias (CDH), a common and often lethal birth defect. 

The diaphragm is derived from multiple embryonic sources, but how these give rise to the 

diaphragm is unknown and, despite the identification of many CDH-associated genes, the etiology 

of CDH is incompletely understood. Using mouse genetics, we show that the pleuroperitoneal 

folds (PPFs), transient embryonic structures, are the source of the diaphragm’s muscle connective 

tissue, regulate muscle development, and their striking migration controls diaphragm 

morphogenesis. Furthermore, Gata4 mosaic mutations in PPF-derived muscle connective tissue 

fibroblasts result in the development of localized amuscular regions that are biomechanically 

weaker and more compliant and lead to CDH. Thus the PPFs and muscle connective tissue are 

critical for diaphragm development and mutations in PPF-derived fibroblasts are a source of CDH.

INTRODUCTION

The muscularized diaphragm is not only a unique and defining character of all mammals1, 

but is an essential skeletal muscle. Diaphragm contraction drives inspiration and is critical 

for respiration2. In addition, the diaphragm has a significant passive functional role, since it 

serves as a barrier between the thoracic and abdominal cavities1. These important functions 

are carried out by the costal diaphragm: a radial array of myofibers, surrounded by muscle 

connective tissue, that extend from the ribs to the central tendon (Fig. 1y). Development of a 

functional diaphragm therefore requires the coordinated morphogenesis of muscle, muscle 

connective tissue, and tendon, and these tissues have been suggested to develop from 
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multiple embryonic sources3. However, our knowledge of how this muscle develops has 

been limited by the inaccessibility of mammalian embryos to classic experimental 

embryological techniques and lack of genetic reagents to manipulate key embryonic sources.

Defects in diaphragm development are the cause of congenital diaphragmatic hernias 

(CDHs), common (1/3,000 of total births) and costly (exceeding $250 million/year in the 

USA) birth defects4,5. In CDH, weaknesses in the developing diaphragm allow abdominal 

contents to herniate into the thoracic cavity and impede lung development. The associated 

lung hypoplasia is the cause of the 50% neonatal mortality and long-term morbidity 

associated with CDH6. Despite the prevalence and severity of CDH, the genetic and cellular 

etiology of this birth defect is incompletely understood. The majority of CDH cases appear 

as isolated defects6, and the low incidence of sibling/familial recurrence suggests that CDH 

generally arises from de novo genetic mutations7. Molecular cytogenetic analyses of CDH 

patients have identified copy number variants (CNVs) in multiple chromosomal regions 

strongly associated with CDH6,8,9, and detailed analyses of these regions and a limited 

number of mouse studies have identified over 50 candidate CDH-causative genes8,10. A 

region that contains recurrent CDH-associated CNVs is 8p23.1 (OMIM 22240)8, and within 

this region variants in the GATA binding protein 4 (Gata4) transcription factor have recently 

been shown to strongly correlate with CDH11–13. Nevertheless, how these candidate CDH 

genes mechanistically cause CDH is not clear. Functional analyses of mouse mutants have 

been severely limited by early embryonic lethality14,15, low or variable incidence of 

CDH16–18, and lack of conditional mutants19,20. Furthermore, the notable incomplete 

penetrance and variable expressivity of CDH-associated CNVs and genetic mutations6,11–13 

suggest that the genetic architecture underlying CDH is complex.

RESULTS

Pleuroperitoneal folds regulate diaphragm development

The diaphragm has been proposed to develop primarily from two embryonic sources. The 

somites are well documented to be the source of the diaphragm’s muscle21–23. Less 

understood, the pleuroperitoneal folds (PPFs) are two pyramidal-shaped mesodermal 

structures located between the thoracic (pleural) and abdominal (peritoneal) cavities and 

hypothesized to be critical for diaphragm development22. However, without genetic reagents 

to label and manipulate the PPFs, it has been unclear what function they play in diaphragm 

development. A third embryonic structure, the septum transversum, has been suggested to be 

a source of the central tendon22,24.

To test the contribution of the PPFs to diaphragm development and structure, we identified 

the first genetic reagent to label the PPFs. Based on the suggestion that the PPFs are of 

lateral plate origin25, we tested Prx1Cre26, a transgene composed of a Prx1-regulatory 

element that drives Cre-mediated recombination in the flank and limb lateral plate 

mesoderm (including the limb muscle connective tissue, tendons and bones). We found that 

when crossed with the Cre-responsive reporter RosaLacZ27 it robustly labels the PPFs, but 

not the septum transversum (Fig. 1a, k–m, s, and data not shown). The PPFs are present at 

embryonic day (E) 11.5 and expand across the surface of the liver to give rise to cells 

throughout the diaphragm at E14.5 (Fig. 1a–d). Although Prx1Cre labels body wall non-
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muscle tissues (Fig. 1a–e), these cells do not appear to contribute to the diaphragm (based on 

two-photon studies, see below). PPF cells are distinct from somite-derived muscle 

progenitors, myoblasts, and myofibers (Fig. 1e, k). Instead, the PPFs give rise to two non-

myogenic tissues. First, in contrast to the previous hypothesis that the central tendon derives 

from the septum transversum22,24, the PPFs give rise to the central tendon (Fig. 1e). Second, 

the PPFs give rise to muscle connective tissue fibroblasts. Prx1-derived cells express the 

muscle connective tissue marker Tcf4 (Tcf7l2)28,29 in the E12.5 PPF (Fig. 1l) and in the 

fully developed diaphragm (Fig. 1x) and ultimately reside interstitial to costal (but not 

crural) myofibers (Fig. 1e). Importantly, the PPF cells also strongly express the CDH-

implicated gene Gata4; at E12.5 most Prx1-derived cells express Gata4 (Fig. 1m), and all 

Tcf4+ fibroblasts are Gata4+ (Fig. 1q–s). Thus, we demonstrate that the PPFs are not simply 

transient developmental structures, but ultimately give rise to the central tendon and the 

muscle connective tissue fibroblasts (Fig. 1y). Furthermore, the expression in PPF cells of 

CDH-implicated Gata4 (as also noted in12,16,30) suggests that the PPFs may be important in 

the etiology of CDH.

To trace the contribution of myogenic cells to diaphragm morphogenesis and compare their 

spatiotemporal relationship to PPF cells, we genetically labeled myogenic cells using 

Pax3Cre/+;RosaLacZ/+ mice31, in which Cre-mediated recombination in the somite labels all 

myogenic cells. Myogenic cells migrate from the somite and enter the PPFs by E11.5 (Fig. 

1f, n), then spread ventrally and dorsally (Fig. 1g–i), differentiate into myofibers (Fig. 1h–i), 

and form a completely muscularized diaphragm by E16.5 (Fig. 1j). Comparison of muscle 

and PPF morphogenesis reveals that the PPFs expand ventrally in advance of the muscle 

(Fig. 1d, i). Labeled myogenic cells do not express either Tcf4 or Gata4, but instead are 

surrounded by non-myogenic Tcf4+Gata4+ cells (Fig. 1o–p). The myogenic cells’ migration 

into the PPFs and their subsequent expansion within, but behind the leading edge of the PPF 

cells suggest that the PPFs may guide the morphogenesis of the diaphragmatic muscle (Fig. 

1y).

If PPFs are critical for morphogenesis of the diaphragm’s muscle, we expected that 

formation and morphogenesis of the PPFs should occur independently of muscle. To test 

this, we analyzed Prx1CreTg/+;RosaLacZ/+;Pax3SpD/SpD mice32, which have a muscleless 

diaphragm. We found that indeed, even in the absence of muscle, PPF cells are present and 

express Tcf4 and Gata4 (Fig. 1t–v) at E12.5 and subsequently undergo normal 

morphogenetic expansion (Fig. 1w).

The expansion of PPF cells, even in the absence of muscle, suggests that the morphogenetic 

movement of the PPF cells drives normal diaphragm morphogenesis. While the static 

images of PPF cells suggest that these cells migrate across the surface of the liver, it is 

formally possible that this simply reflects the dynamic activation of Prx1Cre and not cell 

movement. To test this, we cultured ex-vivo E12.5 diaphragms (leaving ribs and underlying 

liver intact) and imaged genetically labeled PPF cells via 2-photon microscopy. We found 

that PPF cells actively migrate across the liver surface (at the rate of 5 µm/hour); although a 

few cells migrate singly, most appear to migrate collectively (Fig. 1b, Supplementary Fig. 1 

and Videos 1–2). This collective PPF cell migration, which occurs independent of muscle, 

likely drives diaphragm morphogenesis.
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CDH originates with defects in PPF-derived fibroblasts

Human genetic studies have shown non-coding variants and missense mutations of Gata4 

are correlated with CDH11–13, but explicit tests of the function of Gata4 in development of 

CDH have been limited by the early embryonic lethality of Gata4 null mice14,15 and the 

reported low penetrance of CDH in Gata4 heterozygous mice16. The strong Gata4 

expression in the PPFs (Fig. 1 and12,16,30), suggests that Gata4 functions in this tissue. To 

test this, we generated Prx1CreTg/+;Gata4Δ/fl mice (using Gata4fl mice33), in which Gata4 

is specifically deleted in the PPFs. Strikingly, we found that 100% of mutant mice (n > 

33/33) develop multiple hernias throughout the diaphragm (Fig. 2a, b). Similar to CDH 

patients6,34, in Prx1CreTg/+;Gata4Δ/fl mice the size and location of hernias varies: most 

(68%) form in the dorsal lateral diaphragm (Bochdalek hernias) and the rest (32%) develop 

in the ventral diaphragm (Morgagni hernias, Fig. 2b). We found that hernias only occur in 

muscle-associated regions and not in the central tendon. Thus although the PPFs give rise to 

both the muscle connective tissue and the central tendon, hernias never arise in the central 

tendon and so it is defects in the PPF-derived muscle connective tissue that cause CDH in 

these mice. Unlike previous reports16, we never observed diaphragm defects in 

heterozygous Gata4Δ/+ mice (n > 66/66, Fig. 2a). In addition, we tested whether Gata4 was 

required in myogenic cells for diaphragm development by analyzing Pax3Cre/+;Gata4Δ/fl 

mice. As predicted based on the lack of Gata4 expression in myogenic cells, diaphragms 

develop normally in these mice (n = 28/28, Fig. 2c). Because Pax3 is also expressed in 

neural crest cells, this rules out neural crest as a source of CDH from Gata4 mutations. Thus 

we definitively demonstrate that Gata4 null mutations cause CDH. Moreover, defects in the 

PPFs and muscle connective tissue are a source of CDH.

Localized weaker amuscular regions give rise to hernias

Our results demonstrate that, with complete penetrance, loss of Gata4 in PPF-derived 

muscle connective tissue fibroblasts results in diaphragmatic hernias, but what 

mechanistically causes herniation? The most commonly proposed mechanism is that hernias 

are caused by a morphogenetic defect in the PPFs; this defect results in a localized loss of 

PPF-derived tissue, a consequent absence of muscle normally associated with this tissue, 

formation of a hole in the diaphragm, and herniation of growing abdominal tissue through 

this hole24,35. If this hypothesis is true, PPF-derived cells, and associated muscle, should not 

be present in herniated regions. To test this, we examined Prx1CreTg/+;Gata4Δ/fl;RosaLacZ/+ 

mice, in which PPF-derived Gata4 null fibroblasts are β-galactosidase+ (β-gal+) and muscle 

is β-gal-. Surprisingly, β-gal+ fibroblasts are present as a sac covering the herniated regions, 

and thus these regions are not simply holes in this tissue (n = 7/7; Fig. 2g–h). Yet, the sacs 

are devoid of muscle, and muscle surrounding the sacs is aberrantly patterned (Fig. 2g–h). 

Therefore, although muscle is absent in herniated regions, hernias in Prx1CreTg/+;Gata4Δ/fl 

mice are not caused by a failure of the morphogenetic expansion of the PPFs and the 

formation of holes in the diaphragm.

A second hypothesis for how CDH develops is that PPF-derived muscle connective tissue 

alone, without muscle, is weak and allows herniation through the weaker tissue. We tested 

this by examining Prx1CreTg/+;RosaLacZ/+;Pax3SpD/SpD diaphragms, in which muscle is 

absent but PPF-derived muscle connective tissue is present (Fig. 1w). However, in these 
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mice with muscleless diaphragms, hernias never formed (n > 10/10, Fig. 2d, i). This 

demonstrates that PPF-derived muscle connective tissue alone, even in the absence of 

muscle, is sufficiently strong to prevent herniation of abdominal tissues.

These data suggest two additional hypotheses for the mechanism underlying herniation. 

First, the muscle connective tissue produced by Gata4 null fibroblasts may be weaker than 

connective tissue made by wild-type fibroblasts and this weaker tissue allows for herniation 

of abdominal tissue. Alternatively, formation of relatively weak regions of amuscular 

connective tissue juxtaposed to stronger muscularized regions may allow abdominal 

contents to herniate through the localized weak regions. To test this, we generated 

Prx1CreTg/+;Gata4Δ/fl;Pax3SpD/SpD mice, in which diaphragms are muscleless and the PPF-

derived fibroblasts are Gata4 null. If the first hypothesis is correct, then hernias should form, 

while if the second hypothesis is correct, hernias should be absent. Strikingly, no hernias 

develop in these mice (n = 3/3), and the diaphragms are indistinguishable from Pax3SpD/SpD 

mice (Fig. 2d–e, i–j). Thus the loss of muscle rescues the herniation phenotype of 

Prx1CreTg/+;Gata4Δ/fl mice. This demonstrates that the muscle connective tissue produced 

by Gata4 null fibroblasts is not inherently weaker than wild-type connective tissue. Instead, 

hernias only develop when localized regions of amuscular connective tissue develop in 

juxtaposition with muscularized regions; through these amuscular regions that are relatively 

weaker than muscularized regions, abdominal tissue herniates.

To gain further insight into the biomechanics governing herniation, we turned to finite 

element modeling. The amuscular regions of E16.5 diaphragms, prior to overt herniation of 

abdominal tissue, are 25% of the thickness of the muscular regions (see Fig. 4c, g). This 

suggests that the relative weakness of the amuscular compared to the muscular regions could 

simply be due to its decreased thickness. Alternatively, the amuscular regions may be both 

thinner and composed of a more compliant material than muscle. We tested this by creating 

a finite element model. The geometry of the diaphragm was based on the dimensions of an 

E16.5 mutant diaphragm (see Fig. 4c), and a uniform physiologically reasonable pressure 

was applied to the diaphragm to simulate the pressure of the growing liver. Using the FEBio 

nonlinear finite element solver36, when the muscle material behavior is represented by an 

isotropic hyperelastic constitutive equation (based on37) and the amuscular region is made 

significantly more compliant (deforms more in response to an applied force) than the 

muscle, a pressure of 380 Pa induced a bulge in the amuscular region that matched the 

geometry of the hernias in experimental mice (Model B, Fig. 2 k, m, Supplementary Videos 

3–4). In contrast, when the thinner amuscular region was assigned the same material 

properties as the muscle, pressures up to 380 Pa were unable to generate a bulge in the 

amuscular region (Model A, Fig. 2k–l). Together these results indicate that the weakness in 

the amuscular regions is due to both its decreased thickness and increased compliance as 

compared with the muscularized regions.

Herniated tissue physically impedes lung development

The neonatal mortality and long-term morbidity of CDH patients is caused by secondary 

lung hypoplasia, which is thought to arise from the physical impedance of lung growth by 

the herniated abdominal tissue. However, a “dual-hit hypothesis” has also been proposed38, 
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whereby lung hypoplasia can result both from physical impedance by herniated tissue and 

from cell-autonomous effects on lung development by CDH-associated genes. Consistent 

with this hypothesis, mutations in Gata4 can cell-autonomously affect lung development39. 

Similar to CDH patients, Prx1CreTg/+;Gata4Δ/fl mice have low O2 blood saturation (as 

measured by pulse oximetry; data not shown) and most die within a few hours of birth. 

Defects in the lung lobar structure were found in all mice examined (n = 8/8, Fig. 3a–b, e–f, 

i–j) and resulted in up to a 34% reduction in lung volume (as quantified by microCT) of 

lobes adjacent to hernias (Fig. 3i–k; Supplementary Videos 5–6). The tight correlation of 

lung defects with hernias in all mice strongly suggests that the herniated tissue physically 

impedes lung growth in these mice. Furthermore, the absence of lung defects in 

Prx1CreTg/+;Gata4Δ/fl;Pax3SpD/SpD mice (Fig. 3c–d, g–h) argues that herniation precedes 

and causes lung hypoplasia. Thus Prx1CreTg/+;Gata4Δ/fl mice not only develop CDH, but 

also the lung defects and neonatal lethality typically accompanying CDH, and impedance of 

lung growth by herniated tissue is sufficient to induce lung lobar defects. It is also likely that 

Gata4 mutations have additional cell-autonomous effects on lung development (as shown 

by39), although we could not directly evaluate this, as Prx1Cre has limited recombination in 

the lungs and the alveolar structure is largely unaffected in these mutant mice 

(Supplementary Fig. 2a–c).

Aberrant HGF and muscle proliferation and apoptosis in CDH

Our experiments demonstrate that hernias form when localized amuscular regions develop 

within the muscular diaphragm. To determine when hernias and amuscular regions arise, we 

examined a developmental time series of mutant Prx1CreTg/+;Gata4Δ/fl embryos. Overt 

herniation of liver through the diaphragm first occurs at E16.5 (Fig. 4a, e). However, defects 

in muscle are present by E14.5 (Fig. 4b, f), and neither differentiated myofibers nor muscle 

progenitors are present in amuscular regions (Fig. 4c–d, g–h). Even at E12.5 there is a 

profound defect in the number and localization of muscle progenitors (Fig. 4i–j).

A critical early regulator of muscle progenitors migrating into the limb and diaphragm is 

Hepatocyte Growth Factor (HGF)23,40,41 and therefore an attractive candidate downstream 

target of Gata4. We found in control mice that the PPF cells, independent of the presence of 

muscle, robustly express the ligand HGF E12-13.5 (Fig. 5a–c), while the muscle progenitors 

express the HGF receptor, Met (data not shown). In Prx1CreTg/+;Gata4Δ/fl E12.5 

diaphragms, HGF is markedly down-regulated and diminished in regions that consistently 

give rise to hernias (n = 11/11, Fig. 5d).

HGF functions as a mitogen and a cell survival factor42, and therefore we examined whether 

changes in apoptosis and proliferation determine why fewer muscle progenitors are present 

in mutant embryos. At E12.5 in the developing diaphragm of control embryos, few TUNEL

+ apoptotic cells are present (Fig. 6a, c–e, Supplementary Video 7), while nearly all muscle 

progenitors are actively proliferating (Fig. 6i, k–m, Supplementary Video 9). In contrast, in 

mutant embryos there is a marked increase in apoptotic cells, many of which are present in 

regions that are abnormally devoid of muscle and consistently give rise to hernias (Fig. 6b, 

f–h, Supplementary Video 8). In addition, there is a profound decrease in EdU+ proliferative 

cells (Fig. 6j, n–p, Supplementary Video 10). Similar to the heart43,44, we find that loss of 
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Gata4 leads to decreased levels of cell cycle regulators Cyclin D2 and Cdk4 in PPF cells 

(Supplementary Fig. 3a–l). In culture, isolated Gata4 null PPF fibroblasts proliferate at less 

than half the level of wild-type fibroblasts (Supplementary Fig. 4a). Moreover, when 

diaphragm myogenic cells are cultured with PPF cells, Gata4 null fibroblasts (as compared 

with wild-type fibroblasts) fail to support the growth of myogenic cells (Supplementary Fig. 

4b–c).

In mutant diaphragms, the number of muscle progenitors is greatly reduced by increased cell 

death and decreased proliferation, but how do localized amuscular regions develop? In 

control Prx1CreTg/+;Gatafl/+;RosamTmG/+ embryos, muscle progenitors migrate into and 

develop completely surrounded by GFP+ PPF cells (Fig. 6a, i; Supplementary Videos 7, 9). 

As the PPF cells expand they carry with them the proliferating and differentiating myogenic 

cells. In contrast, in Prx1CreTg/+;Gata4Δ/fl;RosamTmG/+ mutants, at E12.5 myogenic cells 

are largely excluded from GFP+Gata4− regions (Fig. 6b, j; Supplementary Videos 8,10). 

These localized amuscular regions likely result from the mosaic deletion of one Gata4 allele 

by the Prx1Cre transgene which does not efficiently recombine in all PPF cells at E11.5–

12.5 (Supplementary Fig. 2d–i; the other Gata4 allele is deleted in the germline); muscle is 

excluded from the PPF regions where Gata4 has been deleted during this early time 

window. Only during this early time are myogenic cells sensitive to Gata4, as deletion of 

Gata4 via Tcf4Cre29, which causes recombination in PPF fibroblasts primarily after E12.5, 

does not result in hernias (n = 16/16, data not shown). Altogether these data indicate that 

early mosaic deletion of Gata4 in PPF cells leads to increased apoptosis and decreased 

proliferation of muscle progenitors and the development of localized amuscular regions, 

which ultimately allow herniation (Fig. 7).

DISCUSSION

Our study establishes that the PPFs and muscle connective tissue fibroblasts, although 

previously underappreciated, are critical for the development of the diaphragm and CDH. 

PPF cells not only give rise to the diaphragm’s muscle connective tissue and the central 

tendon, but the connective tissue fibroblasts control the morphogenesis of the diaphragm’s 

muscle. Our finding that the connective tissue regulates muscle development has 

precedence, as muscle connective tissue fibroblasts regulate the pattern of limb muscles28 

and the fiber-type of limb and diaphragm muscles29. Completely novel is our finding that 

the active, apparently collective, cell migration of connective tissue fibroblasts across the 

liver’s surface controls the expansion of muscle progenitors and overall diaphragm 

morphogenesis.

We also definitively demonstrate for the first time that defects in the muscle connective 

tissue fibroblast component of the PPFs are a cellular source of CDH and Gata4 null 

mutations in these cells cause CDH. Surprisingly, we show that hernias do not result from 

defects in PPF cell migration and the formation of holes in the diaphragm. Instead, PPF 

deletion of Gata4 leads to the development of localized amuscular regions through which 

the growing liver and intestines herniate. In humans, such hernias with connective tissue 

surrounding the herniated tissue are classified as “sac hernias”6, and we hypothesize that 

many hernias are covered by connective tissue early in development. Mechanistically, CDH 
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arises when thinner and more compliant amuscular regions develop within the thicker and 

stiffer muscularized diaphragm and allow herniation. Development of the amuscular regions 

in mutants results from a marked decrease in cell proliferation, an increase in cell death and, 

most notably, the localized exclusion of myogenic cells from regions with early PPF 

deletion of Gata4 and down-regulation of HGF expressed by the muscle connective tissue 

fibroblasts. Thus we elucidate how defects in the muscle connective tissue are a potent 

source of CDH. CDH has been associated with over 50 candidate genes and recently several 

alternative mechanisms of CDH have been described45,46. An important area of future 

research will be to determine whether CDH is of heterogeneous origin or if any cellular or 

molecular defect is common to the etiology of CDH.

Our data suggests a novel genetic hypothesis for the origin of CDH. Our finding that CDH 

derives from localized, weaker amuscular regions that develop specifically where Gata4 has 

been mutated early in muscle connective tissue fibroblasts suggests that somatic mosaic 

mutations in fibroblasts may be a genetic feature of some CDH patients. A potential role for 

somatic mosaicism in CDH has previously been suggested by the largely discordant 

occurrence of CDH in monozygotic twins47, including twins with an 8p23.1 deletion48, and 

the finding of genetic mosaicism in CDH patients49,50. Our hypothesis that CDH can arise 

from somatic mosaic mutations may explain the notable incomplete penetrance and variable 

expressivity of many CDH-associated CNVs and genetic mutations, particularly 

Gata411–13,48. Interestingly, in humans Gata4 haploinsufficiency and in mice 70% reduction 

in Gata4 expression leads with nearly complete penetrance to heart defects12,48,51. In 

contrast, in humans Gata4 haploinsufficiency is incompletely penetrant for CDH12,48, and in 

mice Gata4 heterozygotes either do not develop CDH (our data) or do so with low 

penetrance16,52. In addition, for CDH patients with shared Gata4 missense mutations13 or 

intronic variants11, the location and severity of hernias is highly variable. Our data suggest 

the hypothesis that loss of one Gata4 allele confers susceptibility, but is not sufficient to 

cause CDH; development of CDH requires somatic loss of a second allele in a subset of the 

connective tissue fibroblasts early during diaphragm morphogenesis. When and where this 

second allele is deleted determines the size and location of the amuscular region and hernia 

(i.e. CDH expressivity). In humans, somatic mosaicism in Gata4 mutations and 8p23.1 

polymorphisms are well documented53–56. Alternatively, the second somatic mosaic, CDH-

causative mutation may not be loss of the second Gata4 allele, but another CDH-associated 

gene (resulting in non-allelic non-complementation); multiple CDH-associated genes are 

strongly expressed in the PPF cells, including Zfpm219 and Nr2f218 which are known to 

genetically interact with Gata4. Thus the genetic architecture underlying CDH may be 

complex.

In summary, although muscle connective tissue has often been relegated to a role supporting 

muscle structure and function, we demonstrate that muscle connective tissue fibroblasts 

dynamically control diaphragm morphogenesis and their interactions with muscle 

progenitors critically regulate the development of the diaphragm’s muscle and are a source 

of CDH. The role of mosaicism in human disease has received increasing attention in recent 

years57. Here we show in mice that mosaic mutations in muscle connective tissue have 

profound cellular and biomechanical consequences and lead to hernias. We hypothesize that 
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early somatic mosaic mutations are critical for the etiology of CDH in humans, and this 

hypothesis will be tested in future experiments.

Online Methods

Materials and Methods

Mice—All mice have been previously published. We used Prx1Cre26, Pax3Cre31, and 

HPRTCre58 Cre alleles; RosaLacZ27 and RosamTmG59 Cre-responsive reporter alleles; and 

Pax3SpD32, Gata4fl33 mutant alleles. Gata4del/+ mice were generated by breeding Gata4fl 

mice to HPRTCre mice. Mice were back-crossed on to C57/Bl6J background. No statistical 

method was used to predetermine sample size; all animals were included; and the 

experiments were not randomized. Animal experiments were performed in accordance with 

protocols approved by the Institutional Animal Care and Use Committee at the University of 

Utah.

Immunofluorescence, β-Galactosidase staining, and microscopy—For section 

immunofluorescence, embryos were fixed, embedded, cryosectioned, and immunostained as 

described previously29. EdU (Life Technologies) was detected per manufacturer’s 

directions. For whole mount immunofluorescence, embryos were fixed 24 h in 4% PFA, 

dissected, incubated 24 hours in Dent’s bleach (1:2 30% H2O2:Dent’s fix), and stored in 

Dent’s fix (1:4 DMSO:MeOH) for at least 5 days. Embryos were washed in PBS, blocked 

1h in 5% serum + 20% DMSO, incubated in primary antibody at room temperature 48 h, 

washed in PBS, incubated in secondary antibody 48 h, washed in PBS, and subjected to EdU 

reaction 1 h. Diaphragms were cleared in BABB (33% Benzyl Alcohol, 66% Benzyl 

Benzoate). AP-conjugated mouse IgG1 α My32 was incubated for 48 h and detected with 

250 µg/ml NBT and 125 µg/ml BCIP (Sigma) in NTMT.

Cultured cells were fixed for 20 minutes in 4% PFA, blocked in 5% serum in PBS with 

0.1% Triton X-100 for 1 h, incubated in primary antibody at 4°C overnight, washed with 

PBS, and incubated for two hours in secondary antibody. Following antibody staining, EdU 

was detected as above. Cells were incubated in 0.4 ug/ml Hoechst for 5 minutes and 

mounted with Fluoromount-G.

Antibodies are listed in Supplementary Table 1.

For whole-mount β-galactosidase staining, embryos were fixed 1.5 hours in 4% PFA + 2mM 

MgCl2. Diaphragms were dissected, washed in PBS and rinse buffer (100mM Sodium 

Phosphate, 2mM MgCl2, 0.01% Na Deoxycholate, 0.02% Ipegal) and stained 16 h at 37°C 

in X-gal staining solution (5mM potassium ferricyanide, 5 mM potassium ferrocyanide, 1 

mg/ml Xgal).

Fluorescent images were taken on a Nikon A1 confocal. Optical stacks of whole-mounts 

were rendered using FluoRender60. β-galactosidase stained embryos were imaged with a 

Qimaging camera. All analyses were performed blinded.
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Cell Culture—Fibroblasts were isolated from E15.5 Gata4fl/fl;RosamTmG/+ or RosamTmG/+ 

diaphragms, cultured, and expanded 3 weeks. 4 µM TAT-Cre (M Hockin, MR Capecchi) 

was added to induce recombination. EdU was given 4 h prior to fixation and 

immunofluorescence. For co-cultures, fibroblasts and myoblasts were isolated from E15.5 

Prx1CreTg/+;Gata4del/fl;RosamTmG/+ or Prx1Cre+/+;Gata4del/fl;RosamTmG/+ diaphragms, 

cultured 2 days, and given EdU 1 h prior to fixation and immunofluorescence. Statistical 

significance was performed with 2-tailed Student’s t test.

Diaphragm Explants—E12.5 Prx1CreTg/+;RosamTmG/+ mice were harvested and 

trimmed to only include the diaphragm with attached ribs, hind limbs, and liver. Explanted 

diaphragms were cultured 2–6 h in 100% horse serum, at 37°C, in the presence of 5% CO2. 

Explants were imaged on a Bruker (Prairie) 2 Photon microscope, and 4-dimensional 

datasets were rendered and visualized using FluoRender60. Individual cells were tracked 

using FluoRender.

Modeling—To gain insights into the biomechanics of herniation, we used finite element 

modeling, a computational method for assembling the response of a complex system from 

individual contributions of discrete elements36. The finite element model of hernia 

development was based on an E16.5 Prx1CreTg/+;Gata4Δ/fl herniated mouse diaphragm. 

The geometry of the diaphragm was based on surfaces created from segmenting microscopy 

images. Surfaces were discretized with quadratic-tetrahedral elements, and adequacy of the 

spatial discretization was confirmed with a mesh convergence study. Meshes were created 

with ANSA software (BETA CAE Systems USA) and analyzed with FEBio36. For the 

simulations, the rib cage surrounding the diaphragm was rigidly constrained in the model 

(kept immobile), while a uniform pressure of 380 Pa was applied to simulate the pressure 

applied by the liver. The pressure was chosen so that the bulge height of the muscle region 

predicted by the model matched the height measured in the experiment. The muscle was 

represented with an isotropic hyperelastic Veronda-Westmann constitutive equation61 with 

coefficients (C1 = 2.1 MPa, C2 = 0.1, K = 10) based on published data37. The connective 

tissue of the hernia was represented with an isotropic hyperelastic Mooney-Rivlin 

constitutive equation62 using either the coefficients C1 = 0.003 MPa, K = 1 or C1 = 0.01 

MPa, K = 10.

MicroCT Analysis of Lungs—Embryos were fixed in 4% PFA in PBS overnight. Lungs 

were removed, pre-treated with 25% Lugol’s solution for 1 hour, and then soaked in PBS for 

1 hour prior to imaging. CT images consisting of 360 degrees and 600 projections were 

acquired by using an Inveon trimodality PET/SPECT/CT scanner (Siemens Preclinical 

Solutions, Knoxville, TN). The exposure time was 2.9 seconds with detector settings at 80 

kVp and 150 µA. Data was reconstructed onto a 1792×1792×2688 image matrix using the 

COBRA software package (Exxim Computing Corporation, Pleasanton, CA). The effective 

image voxel size was 33.6 µm isotropic. Reconstructed images were analyzed using Osirix 

software.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. PPFs contains Gata4+ muscle connective tissue fibroblasts that migrate independently 
and in advance of myogenic cells
(a–e) Prx1CreTg labels PPF cells (a) that expand throughout diaphragm (d) and contribute 

to the central tendon (e) and costal muscle connective tissue fibroblasts (inset e) As 

expected, Prx1CreTg labels limb and body wall lateral plate mesoderm. (f–j) Pax3Cre labels 

myogenic cells (f) that give rise to crural and costal muscles (j). (k–m) Prx1CreTg does not 

label Pax7+ muscle progenitors or MyoD+ myoblasts (k), but labels Tcf4+ (l) and Gata4+ 

(m) fibroblasts in the PPFs. (n–p) Pax3Cre labels Pax7+/MyoD+ myogenic cells (n), but not 

Tcf4+ (o) or Gata4+ cells (p). n > 3/time point. (q–v) Gata4+ cells are Tcf4+ muscle 
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connective tissue fibroblasts (q–s) and present in the absence of muscle (t–v). w–x, Prx1-

derived cells expand in absence of muscle (w, n = 4/4) and are Tcf4+ (x). (y) Model of 

diaphragm development. (a–j). n > 5 for each time point and genotype. Whole-mount β-

galactosidase staining. (k–v) Sections through E12.5 PPFs. (x) Section through E16.5 

diaphragm. Asterisk in b shows location of Video S1. Arrow in s shows Gata4+ septum 

transversum. (a–j, w) Dorsal at top. Heart and lungs removed. (k–v) Dorsal at top, medial at 

left. Scale bar = 100 µm (k–v), 20 µm (insets k–p), 500 µm (w), 50 µm (x). CT, central 

tendon; E, esophagus; Lu, lung; NT, neural tube; PPFs, pleuroperitoneal folds; So, somite, 

ST, septum transversum.
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Fig. 2. Deletion of Gata4 in the PPFs produces localized amuscular regions that are weaker than 
juxtaposed muscular regions and results in CDH
(a–d) CDH develops in mice with Gata4 null PPF cells (n > 33/33; Bochdalek hernias 

labeled with white and yellow asterisks and Morgagni hernia labeled with red asterisk in b), 

but not in Gata4 heterozygotes (n > 66/66; a), mice with Gata4 null muscle (n = 28/28; c), 

or mice with muscleless diaphragms (n > 10/10; d). (e, j) Loss of muscle in diaphragms with 

Gata4 null PPF cells rescues herniation, indicating that juxtaposition of amuscular with 

muscular regions is required for CDH (n = 3/3). (g–h) In herniated regions PPF cells are 

present, but muscle is not (n = 7/7). (k–m), Finite element modeling shows that a hernia 

only develops when the amuscular region is more compliant than the muscular region. 

Models are lateral views (c, f–j) Whole-mount β-galactosidase staining. (a–j) Dorsal is at 

top. Scale bar = 1 mm (a–g, i–j), 0.5 mm (h).
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Fig. 3. In CDH, physical impedance by herniated tissue causes lung hypoplasia
(a–b, e–f) As compared with lungs in mice with a normal diaphragm (n > 50; a, e), 

development of lung lobar structure is impeded by liver herniated through a defective 

diaphragm (n = 8/8; white asterisks show equivalent herniated region in b, f). (c–d, g–h) 

Lungs develop normally in mice with a muscleless diaphragm (n > 5/5; c, g) or with a 

muscleless diaphragm with Gata4 null PPF cells (n = 2/2; d, h). (i–k) MicroCT scans show 

that lungs (i–j) are greatly reduced in presence of hernia (red asterisks show herniated region 

j–k; n = 3). (i–j) Lateral right view of lungs, right lungs shown in blue. (k) Lateral view of 

diaphragmatic hernia associated with malformed lungs (j). (a–b, e–f, i–k) E18.5. (c–d, g–h) 

E17.5. Scale bar = 1 mm (a–d), 1 mm (e–h, k).
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Fig. 4. CDH results from early defects in the localization of muscle progenitors
(a, e) Overt liver herniation through diaphragms with Gata4 null PPF cells first appears at 

E16.5 (* in e, n = 3/3). (b–d, f–h) At E14.5 differentiating myofibers are aberrant (* in f; n = 

7/7; b, f) and myofibers (c, g) and Pax7+/MyoD+ muscle progenitors (d, h) are absent in 

localized regions (n = 1/1). (i–j) At E12.5 Pax7+/MyoD+ muscle progenitors are absent in 

localized regions, particularly in the region (box) that consistently gives rise to hernias (n = 

7/7). Pleuroperitoneal folds are outlined in yellow (outline derived from GFP 

immunofluorescence shown in Fig. 6a and b) and costal muscle is outlined in white dashed 

lines. (a, b) Whole-mount β-galactosidase staining. (b, f) Whole-mount myosin-alkaline 

phosphatase staining. (c–d, g-–h) Section immunofluorescence. (i-j) Whole-mount 

immunofluorescence (same diaphragms shown in Fig. 6a and b). (a–b, e–f, i–j) Dorsal is at 

the top. Scale bar = 500 µm (a, e), 500 µm (b, f), 100 µm (c–d, g–h), 200 µm (i–j). VC, vena 

cava; body wall mm, body wall muscles.
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Fig. 5. HGF is strongly expressed in PPF cells and down-regulated in Gata4 null fibroblasts
(a–c) HGF is expressed in PPF cells independent of muscle. PPFs are outlined in black. (d) 

Deletion of Gata4 in PPF cells leads to HGF down-regulation, particularly in the region 

(box) that consistently give rise to hernias. (n = 11/11). Dorsal is at top of all panels. Scale 

bar = 100 µm (a, b), 250 µm (c, d) and 125 µm (insets c, d).
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Fig. 6. Early defects in proliferation, apoptosis, and localization of muscle progenitors lead to 
CDH
(a–h) At E12.5 there is a marked increase in apoptotic cells in diaphragms with Gata4 null 

PPF cells (b, f–h versus a, c–e), particularly in the region (boxes a and b, magnified c–e, f–
h) that consistently gives rise to hernias (n = 3/3). (i–p) There also is a marked decrease in 

EdU+ proliferating cells in mutant diaphragms (n = 7/7). (j, n–p versus i, k–m). In the 

region (boxes i and j, magnified in k–m, n–p) destined to give rise to hernias the few 

myogenic cells are EdU−. (a–p) Costal muscle progenitors are surrounded by GFP+ PPF 

cells in control diaphragms but are excluded from regions with GFP+ Gata4 null PPF cells 

in mutant diaphragms, particularly in destined hernia regions (boxes b, j magnified f–h, n–
p). (a–p) Whole-mount immunofluorescence. (a–b, i–j) Pleuroperitoneal folds are outlined 

in yellow and costal muscle is outlined in white dashed lines. (a–p) Dorsal is at top. Scale 
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bar = 200 µm (a–b, i–j), 50 µm (c–h, k–p). PPF, pleuroperitoneal fold; NT, neural tube; E or 

esoph, esophagus; So, somite; ST, septum transversum, VC, vena cava, body wall mm, body 

wall muscles.
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Fig. 7. Model of CDH development
Our data supports a model whereby CDH arises from early genetic mutations in a subset of 

PPF-derived muscle connective tissue fibroblasts (a; mutant fibroblasts are yellow, wild-

type fibroblasts are green). Mutant fibroblasts clonally expand and inhibit muscle 

progenitors from developing in these regions (via decreased proliferation and increased 

apoptosis of muscle progenitors) and results in local regions (shown in yellow) that are 

amuscular, but contain connective tissue fibroblasts and their associated extracellular matrix 

(b–d). Amuscular regions are thinner and more compliant than surrounding thicker and 

stiffer muscularized diaphragm and allow herniation of abdominal contents into the thoracic 

cavity (d–e).
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