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Abstract 

 

Introduction: Congenital Diaphragmatic Hernia (CDH) is a condition that affects 2.3 births 

every 10,000 and is characterized by an incomplete formation of the diaphragm. As a result of 

the incomplete development of the diaphragm, the abdominal organs will protrude into the 

thoracic cavity, impeding lung growth and causing lung hypoplasia. Due to the complexity of 

this condition, there are still gaps in the understanding of the etiology of CDH. Two main 

explanations are currently used to explain the pathogenesis of CDH: genetic and environmental. 

The retinoid hypothesis has tried to explain the etiology of this condition, and it states that 

abnormal retinoic acid signaling leads to the formation of diaphragmatic hernias. The goal of this 

thesis was to better understand the etiology of CDH, by trying to better understand both the 

genetic and environmental explanations. To fill the gaps in the knowledge in the etiology of 

CDH, we assessed (i) the levels of expression of multiple CDH and retinoid-associated genes in 

the pleuroperitoneal folds (PPF), and (ii) if blocking the retinoic acid signaling cascade in the 

developing diaphragm will cause CDH.  

Methods: To answer the first questions, we performed single cell transcriptomics analysis in the 

developing diaphragm at gestational day (GD)13.5. Clustering analysis was performed utilizing 

Seurat in R. Expression analysis of curated retinoid and CDH-associated genes was performed in 

our scRNA-seq sample to determine the levels of expression of these genes in the different 

clusters present in the developing diaphragm. To test for the second hypothesis, we generated a 

conditional mutant mouse model expressing a truncated version of the retinoic acid receptors in 

the developing diaphragm. We also examined if Dhrs3-/- fetuses develop diaphragmatic hernias. 

The fetuses of our Prrx1-Cre:Rardn and Dhrs3-/- mouse models were collected and dissected via 

light microscopy to assess the incidence of diaphragmatic defects. The lung volumes of the 
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Prrx1-Cre:Rardn fetuses was also determine by utilizing contrast enhanced micro-Computing 

Tomography (micro-CT).  

Results: Based on our single cell expression analysis, we were able to identify 18 different 

clusters and 10 distinct cell populations in the developing diaphragm. Expression analysis of our 

sample revealed that expression of both retinoid and CDH-associated genes is mostly seen in the 

mesenchymal and mesothelial components of the primordial diaphragm. A total of 215 CDH-

associated genes and 30 retinoid-associated genes were analyzed. Our mutant mouse models 

gave us varying results. We found that the Prrx1-Cre:Rardn fetuses present CDH, with a 

penetrance of 100%. The herniations were seen mostly on the left side of the diaphragm, and 

they normally took more than 50% of that side. Our micro-CT analysis revealed that the Prrx1-

Cre:Rardn fetuses have lower left lung volumes compared to control fetuses. This difference was 

not seen in the right lungs. In contrast, our Dhrs3-/- mouse model was not able to produce CDH in 

the fetuses.  

Conclusion: To our knowledge, this is the first time scRNA-seq analysis has been performed in 

the developing diaphragm. We demonstrated that the non-muscular mesenchyme is the primary 

hotspot for expression of both CDH- and retinoid-associated genes. The retinoid hypothesis was 

also validated with our conditional animal model, as blocking the retinoic acid signaling cascade 

utilizing our Prrx1-Cre:Rardn  model led to the formation of CDH in these fetuses.  
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1.1 Congenital Diaphragmatic Hernia (CDH) 

Congenital Diaphragmatic Hernia (CDH) is a life-threatening birth defect with high mortality 

that affects 2-3 in 10,000 newborns (1–3). CDH is characterized by an incomplete formation of 

the diaphragm and associated lung hypoplasia, which contributes to severe neonatal respiratory 

distress (4,5). In high-resource settings, at least 1 in 5 newborns with CDH will not survive the 

neonatal period (~20-30% mortality), with outcomes significantly worse in low-resource settings 

(>90% mortality) (6–8). While it is rare, there is a considerable cost incurred when providing 

newborn CDH patients with intensive care, requiring significant healthcare resources (3,9–11). 

This burden on the healthcare system and patient families is compounded when one considers 

that over half of surviving CDH patients have complex long-term morbidity (12–15). To fully 

grasp the clinical picture of CDH’s impact, the reader is referred to the recent review by Zani and 

colleagues, which provides a comprehensive overview of CDH from a clinical perspective (5).  

The etiology of CDH is as complex and remains largely unknown (5,16). There are different 

aspects of CDH to consider here, including clinical presentation and type of diaphragm defect. 

For example, CDH can present as an isolated defect (~50-60% of cases) or complex CDH, where 

additional abnormalities are present (1,17,18). Moreover, CDH can be thought of as an umbrella 

term incorporating different types of diaphragm defect (19,20). This includes the most 

commonly occurring Bochdalek CDH that is characterized by a hole in the posterolateral 

diaphragm (70% of cases), as well as anterior/parasternal holes (Morgagni hernias, ~10-27% of 

cases), diaphragm eventrations (~2-3% of cases), and central tendon defects (~1-2% of cases) 

(19,21,22). As discussed below, it is important to consider that etiologic factors may vary 

between these different presentations of CDH. It is generally considered that the two main 

factors that contribute to this birth defect are genetic and/or environmental. Approximately 30-
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40% of CDH cases have an identifiable genetic cause (3,23). Of this number, chromosomal 

defects account for about 10% of CDH cases, and de novo mutations account for 10-22% of 

cases (24–26). Environmental risk factors for CDH are varied, and include associations with 

maternal age, alcohol use, and smoking (3,16,27–30). As the major focus of this review, one of 

the leading hypotheses to explain the etiology of CDH is the so-called Retinoid Hypothesis. This 

hypothesis was crystallized in the landmark paper published by Greer, Babiuk, and Thebaud in 

2003, stating that “abnormalities linked with the retinoid signaling pathway early in gestation 

may contribute to the etiology of CDH” (31). The Retinoid Hypothesis is centered on the 

importance of the signaling molecule retinoic acid as a potent regulator of mammalian 

development (32–34).  

1.2 Diaphragm Development and CDH  

To better understand the etiology of CDH, it is necessary to know how the development 

of the diaphragm works. The first stage in diaphragm development is the formation of the septum 

transversum, a thin membrane that lays on top of the liver and functions as a transient structure 

that divides the pleural and peritoneal cavities (35). Due to the lack of markers, this structure has 

not been well studied, and therefore its role in diaphragm development and CDH is poorly 

understood (36,37). The second structure are the Pleuroperitoneal Folds (PPF). This pair of 

transient structures are pyramidal in shape and are located between the pleural and peritoneal 

cavities. This tissue can be seen during weeks 4-6 in human gestation, gestational day (GD) 14-

16 in rats, and GD 11.5-14.5 in mice (35,36). Both myogenic cells as well as phrenic axons 

migrate into the PPF, and later proliferate to form the fully muscularized diaphragm by GD 16.5 

in mice and GD 17 in rats. It is important to note that the expansion of the PPF gives rise to two 

distinct domains. The first one, which occurs laterally in both of the PPFs gives rise to the 
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muscular tissue of the diaphragm. The central domain, where both PPFs meet, is non-

muscularized, and gives rise to the central tendon (36). Muscle precursor cells arise from the 

somites, beginning at GD 9 in mice. By GD 11.5, the muscle precursor cells have fully migrated 

into the PPFs (37). As the PPF expands, it carries the myogenic cells, regulating muscle 

morphogenesis. A diagram of the location of the PPFs is presented in Figure 1.1. Genetic studies 

utilizing markers of the PPF, specifically Gata4, have shown that this tissue gives rise to both the 

central tendon as well as non muscular fibroblasts in the adult diaphragm (38,39). It is also 

known that defects in the PPF can give rise to malformations in the mature diaphragm, the most 

common one being CDH. For example, studies examining muscle proliferation demonstrated 

that in nitrofen-exposed mice there is no disturbances in myogenesis, suggesting that the non-

muscular mesenchyme of the PPF is the source of CDH (40).  Furthermore, teratogen-exposed c-

met null mutants still develop CDH, even in the absence of muscular tissue (41). Mutant mice 

models for multiple CDH-associated genes have demonstrated that it is mutations in genes 

expressed in the mesenchymal and mesothelial components of the PPF that give rise to 

diaphragmatic defects (38,42,43). These studies also demonstrated that defects can be seen prior 

to full muscularization of the diaphragm, at GD12.5, further linking defects in the PPF as the 

main culprit in the formation of CDH. The reader is instructed to read the following literature in 

order to better understand diaphragm development during embryogenesis (35,37).  
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Figure 1.1: Diaphragm development is controlled by the PPF. Location of the PPFs during 

embryogenesis can be seen in A. Higher focus is shown in B, with both PPFs shown with an 

asterisk. Finally, C shows the location of the phrenic nerve with an arrow, as well as muscle 

precursor cells in black via immunological staining of Pax3. This image was adapted from Greer 

& Clugston, 2007 (35). 
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1.3 Vitamin A Metabolism  

 To better understand the retinoid hypothesis, a basic understanding of the vitamin A 

signaling pathway is needed. Vitamin A and other pro-retinoid compounds are obtained through 

the diet and can be stored in the form or retinyl esters (RE) via Lecithin Retinol Acyltransferase 

(LRAT) in the liver (44). When retinol is needed REs can be broken down via Retinyl Ester 

Hydrolase (REH), and retinol itself can be transported in the bloodstream while being bound to 

retinol binding protein 4 (RBP4) (45). RBP4-bound retinol can be taken into the cell via the 

transmembrane transporter STRA6 (46). Once inside the cell, retinol can be metabolized into 

retinaldehyde, a reaction that is catalyzed by members of the retinol dehydrogenase (RDH) 

family (47). This reaction is reversible, as retinaldehyde can be reduced into retinol by members 

of the retinol dehydrogenase/reductase (RRD/DHRS) family. Retinaldehyde can be further 

oxidized into retinoic acid (RA), which is the active component in the signaling cascade (47). 

This reaction is the rate-limiting step and is performed by enzymes of the aldehyde/retinaldehyde 

dehydrogenases family (R/ALDH). It is important to mention that inside the cell, retinol and its 

derivatives are also bound to different proteins. Retinol is bound to RBP1 (48), whereas RA is 

bound to members of the cellular retinoic acid binding protein (CRABP) family (49). 

Different forms of RA send different signaling cues by acting on different receptors. All-trans 

RA acts as a ligand for the retinoic acid receptors (RARs). These receptors can homodimerize or 

heterodimerize with each other or with another group of receptor isoforms, retinoid X receptors 

(RXRs) (50). The RXRs are nonspecific and have multiple ligands, including 9-cis retinoic acid 

(51), although it is unsure if this compound occurs endogenously (52). Both families of receptors 

work in a similar fashion, by binding RA and dimerizing on DNA regulatory sites known as 

retinoic acid response elements (RAREs), leading to modulation of gene expression (53). A 
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schematic of basic vitamin A metabolism can be seen in Figure 1.2. RA itself regulates the gene 

expression of multiple different genes that are involved in a variety of pathways like limb 

formation, lung and heart organogenesis, among others (54). RA is an active metabolite of 

dietary vitamin A, and while its complex biology is beyond the scope of the current review, the 

reader is directed to the following reviews that comprehensively describe vitamin A metabolism 

and retinoic acid signaling (47,55,56). For the purpose of this thesis, whenever RA is mentioned, 

we are referring to all-trans RA. 

 

 

Figure 1.2 Basic Vitamin A metabolism and signaling pathway. Retinols are stored in the 

liver in the form of RE. When needed, RE is broken down into retinol and transported in the 

bloodstream bound to RBP4. Retinol-bound RBP4 can enter the cell via Stra6, where it goes 

through a series of oxidation reactions to generate RA. RA can bind the RARs to modulate gene 

expression. Created with BioRender.com. 

 

https://biorender.com/
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1.4 Hypotheses and Goal of this Thesis 

The overall goal of this project was to better understand the etiology of CDH by 

performing integrative analysis on the developing diaphragm. To achieve this, we were 

interested in proving the following two hypotheses: (i) the non-muscular mesenchyme of the PPF 

will have the highest level of expression of CDH-associated genes and retinoid-related genes and 

(ii) that blocking the RA signaling cascade in the developing diaphragm will cause CDH. Both 

hypotheses aim to strengthen the theory that the PPF is the main tissue involved in the 

development of diaphragmatic hernias, while also providing more evidence to support the 

retinoid hypothesis of CDH.  

1.5 Experimental Plan 

1.5.1 Hypothesis 1 – Gene expression in the developing diaphragm 

The first hypothesis was generated since there are previous studies that have linked the 

non-muscular mesenchyme of the PPF with the development of CDH. Previously, it was shown 

that CDH can occur even in the absence of muscle precursor cells, and independent of 

myogenesis (41). Furthermore, animal models that target genes in the PPF known to cause CDH 

when mutated have shown the development of diaphragmatic hernias (38,57). Based on these 

studies, we suggest that the non-muscular mesenchyme of the developing diaphragm will have 

the highest expression of retinoid and CDH-associated genes. To test this, we performed scRNA-

seq analysis on a PPF sample from a mouse fetus, and we determined the distinct populations of 

cells present in this sample. Expression analysis was then performed to assess the levels of 

expression of multiple genes in the different cell populations of the PPF. 
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1.5.2 Hypothesis 2 – RA signaling in the mesenchyme of the developing diaphragm 

The second hypothesis mostly seeks to further support the retinoid hypothesis, by testing 

if blocking the RA signaling cascade in the mesenchymal component of the diaphragm will 

cause CDH. As stated above, we were interested in the non-muscular mesenchyme since it has 

been heavily implicated with the formation of diaphragmatic defects. To test for this, we 

generated a conditional mutant mouse model utilizing a Prrx1-Cre driver that has been 

previously described to target the mesenchyme of the developing diaphragm (57). To block RA 

signaling, we used a well-characterized RAR dominant negative mutant (Rardn), which is known 

to block RA signaling by disrupting the function of all three RAR (58). By mating both of these 

mutant mice, we generated Prrx1-Cre:Rardn offspring, and the incidence of CDH in these fetuses 

was analyzed via dissection. To determine the degree of lung hypoplasia, contrast enhanced 

Micro-Computer Tomography (micro-CT) was performed. 

1.6 Rationale and Significance 

 Although CDH is a condition that has been highly studied, there are still many gaps in the 

knowledge of the etiology of this disease. This thesis hopes to close some of said knowledge 

gaps, by exploring the role of the non-muscular mesenchyme of the developing diaphragm. This 

thesis will also provide valuable new knowledge in the field, as (i) it is the first time that scRNA-

seq has been performed in the PPF, (ii) we generated a brand-new mouse model that presents 

100% penetrance of CDH and (iii) we added more evidence in support of the retinoid hypothesis. 

Overall, the data generated in this thesis not only provides a better general knowledge about the 

developing diaphragm, but also highlights the importance that retinoids have in the formation of 

diaphragmatic hernias, which can have translational potential for improving CDH incidence.  
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2.1 History of the Retinoid Hypothesis 

 The Retinoid Hypothesis was based on research dating back to the 1940s (59), and drew 

together several threads of evidence to justify the notion that altered retinoid signaling may cause 

CDH (31). The foundation for the Retinoid Hypothesis included lines of evidence from animal 

models of CDH, as well as emerging clinical data. In brief, these studies included: 1) the 

observation that the offspring of vitamin A deficient rats had a high incidence of diaphragmatic 

defects, and when vitamin A was re-introduced into the diet, the rate of herniation decreased 

(60–62). 2) Compound Retinoic acid receptor (Rar) knock-out mice have a low incidence of 

CDH (63,64). 3) Nitrofen, a teratogen widely used to study CDH in rodents, inhibits the retinoic 

acid synthesizing enzyme RALDH2 (also called ALDH1A2) in vitro (65), and suppresses 

activation of a Rar reporter gene (RARE-LacZ) in vivo (65,66). 4) Nitrofen-induced CDH in rats 

can be reduced by the co-administration of large doses of vitamin A (67). And 5) in a small 

cohort of infants with CDH (n = 11), circulating levels of retinol and its carrier protein in the 

blood (RBP) were decreased by ~50% in comparison with controls (22). The balance of this 

evidence led the authors to conclude that altered retinoid signaling may be a contributing factor 

in the etiology of CDH. As reviewed below, the formulation of the Retinoid Hypothesis had a 

significant impact on the field and its direction of research.  

2.2 New insights from animal models of CDH 

 Animal models of CDH continue to be an important tool in improving our understanding 

of how CDH develops and its causes. As discussed below, recent discoveries have helped to 

define the retinoic acid signaling pathway in the developing diaphragm, as well as provide 

important new insight into the role of vitamin A and its derivatives in the development of CDH 

gleaned from teratogenic and genetic models. 
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2.2.1 Defining the retinoic acid signaling pathway in the developing diaphragm 

As the Retinoid Hypothesis has developed it has become increasingly important to define 

the retinoic acid signaling pathway in the developing diaphragm, including identifying which 

specific components of the pathway are expressed in the developing diaphragm, and in which 

specific cells. Given our knowledge of CDH pathogenesis, this work has primarily focused on 

the pleuroperitoneal folds (PPFs); key structures in the developing diaphragm that are known to 

be disrupted in animal models of CDH (35,40). Immunohistochemical and transcriptomic studies 

have helped to define the retinoic acid signaling pathway in the PPF (68,69) ,with additional 

insight gained from other studies (42). Figure 2.1 describes our current understanding of the 

retinoic acid signaling pathway in the PPF, although we recognize that this pathway does not 

discriminate between different cellular subtypes within this structure, an important knowledge 

gap in the field given the suspected importance of specific cell types in the cellular origins of 

CDH, a topic beyond the scope of the current review (35,70). 
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Figure 2.1 Retinoid metabolism and signaling in the developing diaphragm. This 

schematic represents our current knowledge regarding retinoic acid metabolism and signaling 

in the pleuroperitoneal fold (PPF), a key structure in the developing diaphragm. All shown 

genes are known to be expressed in the PPF based on transcriptomic analyses. The schematic 

also highlights cases where protein expression in the PPF has been assessed, as well as 

instances where mouse or human gene mutations are associated with abnormal diaphragm 

development and CDH. Created with BioRender.com. 
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2.2.2 Teratogenic models of CDH 

 Key studies in the original formulation of the Retinoid Hypothesis were based on data 

generated using the nitrofen model of CDH. More recent work has further explored how nitrofen 

produces CDH through the disruption of retinoic acid signaling, and how exogenous retinoids 

can rescue teratogen-induced CDH. The effect of teratogen-exposure on the expression level of 

key components of the retinoic acid signaling pathway has been described, and direct targeting 

of RAR signaling has strengthened the Retinoid Hypothesis.  

2.2.2.1 Mechanisms of teratogen-induced CDH 

 Nitrofen is a well-established model to induce CDH in rodents (71–73). The Retinoid 

Hypothesis was founded on reports that nitrofen can inhibit RALDH2 and suppress activation of 

RAR signaling (65,66). Noble and colleagues conducted a series of mechanistic studies to better 

understand how nitrofen disrupted retinoid signaling to induce CDH (74). This work provided 

further evidence that nitrofen inhibits RALDH2 using a RARE-LacZ reporter system in P19 cells, 

which could be overcome by adding excess enzyme substrate in the form of retinal (74). It was 

subsequently shown in rats, that nitrofen treatment on gestational day 9 significantly decreased 

fetal retinoic acid levels between gestational day 11 and 13, which coincides with a critical time 

in diaphragm development and provided unequivocal evidence that nitrofen treatment could 

inhibit retinoic acid synthesis in vivo (74). This decrease in retinoic acid synthesis complemented 

the previously observed decrease in activation of the RARE-LacZ reported gene in nitrofen-

treated mice (66). Indeed, nitrofen and three other CDH-inducing teratogens that inhibit 

RALDH2 all decrease embryonic retinoid acid signaling throughout the critical period in 

diaphragm development (gestational day 12-14), as subsequently shown in RARE-LacZ mice 
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(68). While alternative mechanisms have been suggested (75,76), the evidence suggests that 

nitrofen primarily induces CDH by inhibiting RALDH2, thereby decreasing retinoic acid 

synthesis and inhibiting downstream signaling through the RARs.  

2.2.2.2 Exogenous retinoids can rescue teratogen-induced CDH 

 Powerful evidence to support nitrofen’s mechanism of action and the importance of 

retinoid signaling in diaphragm development came from the observation that administration of 

vitamin A could lower the incidence of nitrofen-induced CDH in rats (67). Using a dose of 

15,000 IU of vitamin A, Thebaud et al. decreased the incidence of nitrofen-induced CDH by 

over half (67). Using the same dose of vitamin A, other groups confirmed that co-administration 

of vitamin A could lower the incidence of nitrofen induced CDH in rats, with these studies also 

shifting their focus to potential beneficial effects of vitamin A on the developing lung, as 

discussed below (77,78). Based on the model that nitrofen inhibits retinoic acid synthesis, 

subsequent studies tested the hypothesis that administration of retinoic acid would be more 

efficacious than vitamin A (retinol) administration in preventing teratogen-induced CDH (79). 

These studies showed that while vitamin A administration (25,000 IU vitamin A) reduced the 

incidence of CDH by ~40%, retinoic acid had a more potent rescue effect, lowering the incidence 

of CDH by ~80% (79). The potent effect of direct supplementation with retinoic acid to prevent 

CDH was further emphasized in teratogen-treated mice (68). Here, a high incidence of CDH 

(~60% CDH) was almost completely abrogated by co-administration with retinoic acid (~1% 

CDH), with the authors further showing that while teratogen treatment decreased embryonic 

RARE-lacZ expression, RAR signaling was restored by retinoic acid treatment in accord with the 

decrease in CDH incidence (68). 
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A limitation of the rescue studies discussed above was the high dose of vitamin A (e.g., 

15,000-25,000 IU vitamin A) required to reverse the effects of nitrofen. Interestingly, based on 

the observation that low maternal dietary vitamin A intake is a risk factor for developing CDH in 

humans (80,81) , it has been shown that altered dietary vitamin A intake can modulate the 

incidence of teratogen-induced CDH, such that mice consuming a vitamin A deficient diet have a 

higher incidence of CDH (82). This study is important because it shows that high, 

pharmacological doses of vitamin A are not required to prevent teratogen-induced CDH, rather, 

it can be achieved through increased dietary vitamin A intake. As discussed below, this is 

important in the context of low maternal dietary vitamin A intake in humans as a potential risk 

factor for CDH.  

Taken together, several studies have shown the efficacy of high doses of vitamin A to 

prevent teratogen-induced CDH, with more recent work suggesting that adequate dietary vitamin 

A intake can achieve a similar result. These studies highlight the importance of retinoic acid 

signaling in the development of teratogen-induced CDH and the feasibility of preventing CDH, 

at least in animal models.  

2.2.2.3 Directly targeting retinoic acid receptor signaling induces CDH 

 As discussed above, there is strong evidence to suggest that nitrofen induces CDH by 

inhibiting retinoic acid synthesis via RALDH2. Other potential mechanisms of nitrofen’s action 

have been suggested (74–76), representing a potential limitation in the interpretation of these 

studies. On the other hand, studies using the pan-RAR antagonist BMS493 provide direct 

evidence in support of the Retinoid Hypothesis, showing that specific inhibition of retinoic acid 

signaling is a potent inducer of Bochdalek CDH in rats (68). Indeed, a 5 mg/kg dose of BMS493 
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induced almost 100% herniation when given to pregnant dams on gestational day 11. BMS493 

administration was further used to define the critical period of diaphragm development in rats, 

which spanned gestational day 8 to 13. Remarkably, separate critical periods were identified for 

the left and right hemi-diaphragms, with the left side of the diaphragm being preferentially 

affected with BM3493 administration between gestational days 8 and 9, the right side 

preferentially affected between gestational days 11 and 13, and bilateral hernias produced with 

administration on gestational day 10. Thus, direct targeting of RAR signaling on different 

gestational days induced CDH in a temporally and spatially restricted manner (68). While 

BMS493 was first used to induce CDH in rats, subsequent research has shown that this 

compound can also induce CDH in mice, albeit at a lower incidence (~6%) (83). Similarly, <1% 

of mice treated with the pan-RAR antagonist BMS-189453 also developed CDH (84).  

2.2.3 Genetic models of CDH 

 The observation that Rar knock-out mice developed CDH was integral to the original 

formulation of the Retinoid Hypothesis (31). As discussed below, there has been a surprising 

lack of studies genetically dissecting the retinoic acid signaling pathway in the developing 

diaphragm; however, several other mouse models with an indirect relationship to retinoic acid 

signaling pathway have been described that can be interpreted as being supportive of the 

Retinoid Hypothesis.  

2.2.3.1 Genetic models directly related to retinoic acid signaling 

 The only direct genetic evidence supporting the Retinoid Hypothesis obtained from mice 

with targeted mutations in the retinoic acid signaling pathway come from studies of Rar 

compound mutant mice (Figure 2.1). There are three Rars encoded in the mammalian genome, 
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Rara, Rarb, and Rarg (32,53). Single knock outs for each Rar do not produce diaphragm defects; 

however, a low incidence of CDH has been reported in Rara-/-:Rarb-/- compound mutant mice, 

which was not observed in  Rara-/-:Rarg-/- or Rarb-/-:Rarg-/-compound mutants (63,64). 

Interestingly, diaphragm defects were also reported in Rxra transgenic mice that lack their 

activation function domain (AF-2), highlighting the importance of this heterodimeric partner of 

the RARs (85). To our knowledge, there are no other published studies describing diaphragm 

defects in mice carrying mutations in genes directly associated with the retinoic acid signaling 

pathway. Indeed, many knock-out mice in this pathway are grossly normal and viable (e.g. Lrat, 

Crbp1, and Rbp4) (44,48,86). The lack of a diaphragm phenotype in these mice may reflect 

robustness/compensation in the retinoic acid signaling pathway, or evidence that they are not 

essential in diaphragm development. Conversely, some knock-out mice in this pathway are 

embryonic lethal (e.g. Raldh2, Cyp26a1, and Dhrs3) (87–89) precluding an assessment of the 

formation of the full muscularized diaphragm. In this latter case, experimental approaches using 

conditional deletion of specific genes could allow testing of their hypothetical importance in the 

developing diaphragm.  

2.2.3.2 Genetic models indirectly related to retinoic acid signaling 

 In addition to Rar compound mutant mice, numerous other genetic models of CDH have 

been described in mice (90). As discussed below, this includes diaphragm defects in mice 

deficient for several genes that can be indirectly linked to retinoic acid signaling.  

This link is perhaps most clear with Wt1, which encodes a transcription factor with a 

broad expression pattern, including the PPF (43,57,91). The original description of Wt1-/- mice 

emphasized its role in early urogenital development but also mentioned diaphragm defects that 
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were later found to be similar to Bochdalek CDH (92,93). Because of its broad importance in 

embryonic development (94), Wt1-/- mice typically do not survive into late gestation, limiting the 

ability to study diaphragm development (93). This limitation has been overcome by conditional 

deletion of Wt1. Carmona et al., used an enhancer of Gata4 to conditionally delete Wt1 in the 

lateral plate mesoderm, leading to a ~80% incidence of Bochdalek CDH (42). Similarly, Cleal et 

al., conditionally deleted Wt1 in the PPF to generate offspring with an 80-90% penetrance of 

Bochdalek type diaphragm defects (57). Regarding retinoic acid signaling, WT1 regulates the 

expression of the retinoic acid synthesizing enzymes RALDH2 (95), and Wt1 itself is thought to 

be a retinoic acid target gene (96). Most interestingly, dietary retinoic acid supplementation has 

been shown to relieve the incidence of CDH in mice with conditional Wt1 deletion and decrease 

the size of diaphragmatic defects in embryos that still displayed CDH (42).  

Like WT1, COUP transcription factor 2 (COUP-TF2, encoded by Nr2f2) is a 

developmentally important transcription factor with links to the retinoic acid signaling pathway 

(97,98). It has been shown that COUP-TF2 is upregulated by retinoic acid, and it can regulate 

gene expression by modulating the dimerization of RAR/RXR receptors (96,99–102). Global 

Coup-tf2-/- mice are embryonically lethal; however, conditional deletion of Coup-tf2 in the PPF 

induces diaphragm defects that are similar to Bochdalek CDH in ~50% of offspring (103). Two 

other genes that encode transcription factors that functionally interact with each other and have 

been linked to retinoic acid signaling and CDH are Gata4 and Fog2 (also known as Zfpm2). 

GATA4 is involved in many different developmental processes, the most important one being 

proper cardiac development (104–106). Gata4-/- mice are embryonic lethal, but heterozygous 

mutants develop CDH in ~30% of offspring, which presents along the ventral midline of the 

diaphragm and impacts the central tendon (107). FOG2 is thought of as a co-factor of the GATA 
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transcription factors and has been shown to interact with GATA4 in heart development (108). 

Mice with a mutation in Fog2 present diaphragm abnormalities characterized by incomplete 

muscularization of the posterolateral diaphragm in 100% of mutant mice (109). Regarding the 

Retinoid Hypothesis, both Gata4 and Fog2 are thought to be retinoic acid target genes 

(96,99,110,111), and it has been shown that retinoids can regulate downstream gene expression 

by interacting with GATA4 and FOG2 (112). Interestingly, FOG2 has also been shown to 

interact with COUP-TF2, suggesting complex interactions with multiple transcription factors that 

are important in diaphragm development (113).  

 The presence of diaphragm defects in Wt1, Coup-tf2, Gata4, and Fog2 mutant mice 

indicates their individual importance in normal diaphragm development. Links between these 

genes and the retinoic acid signaling pathway provide supporting evidence for the Retinoid 

Hypothesis, as also recently discussed by others (114). Future studies integrating our 

understanding of how these genes interact should provide insight into the cellular pathogenesis 

and etiology of CDH.  

2.3 New Insights from human cases of CDH 

 When Greer and colleagues originally formulated the Retinoid Hypothesis there was 

sparse evidence linking it with CDH in infants (31). This represented a limitation of the 

hypothesis; however, in the intervening 20 years new insights driven by advances in clinical 

genetics, as well as epidemiological studies have strengthened the relevance of the hypothesis to 

CDH in humans.  
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2.3.1 Retinoid status of infants with CDH 

 The only clinical data in support of the Retinoid Hypothesis when it was first formulated 

came from a small study of vitamin A status in 11 cases of CDH (22,31). This study found that 

newborns with CDH had a ~50% decrease in circulating retinol and retinol binding protein 

(RBP) concentrations compared to healthy controls (22). A follow-up study including 22 

newborns with CDH confirmed this observation, reporting significantly lower retinol and RBP 

concentrations in newborns with CDH compared to matched controls; however, the magnitude of 

this decrease was relatively smaller (~20-25% decrease) (115). Importantly, neither study found 

a decrease in maternal markers of vitamin A status, suggesting that maternal vitamin A 

deficiency was not a contributing factor to CDH in these patient populations. Thus, these two 

studies suggest that the vitamin A status of newborns with CDH is somehow impaired, although 

the reason for this remains elusive and requires further study. To our knowledge, there has been 

no other comprehensive examination of vitamin A status in CDH. One autopsy study including 

nine cases of CDH attempted to indirectly measure retinoid stores in the liver and lung via 

CRBP1 immunoreactivity (116). These results were interpreted in the context of “retinoic acid 

status”, which we have questioned has incorrect (117), nevertheless this study hints at the 

possibility of impaired vitamin A status of fetuses with CDH. A physiological decline in 

circulating maternal retinol levels has been reported in human pregnancy, with a rebound to non-

pregnant levels after birth (118–120). A similar pattern is seen in pregnant mice and rats 

(121,122). This has led to the suggestion that these declines correspond with a critical period in 

diaphragm development and may render this structure more susceptible to aberrant retinoic acid 

signaling (31,114). As above, variations in circulating maternal retinol levels, fetal retinoid 

status, and their importance in CDH require further study.  
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2.3.2 The genetics of CDH and the Retinoid Hypothesis 

 As discussed above and reviewed by others at length, the genetic etiology of CDH is 

complex and continues to be an active area of research and discovery in the field (16,90,123). 

When the Retinoid Hypothesis was first proposed our understanding of the genetics of CDH was 

limited; however, since then there has been significant progress in our overall understanding of 

the genetics of CDH, as well as how this new knowledge relates to the Retinoid Hypothesis 

(114,124). Similar to the mouse genetics, two themes emerge from the human genetics of CDH 

as it relates to the Retinoid Hypothesis: a subset of genes associated with CDH are directly 

involved in retinoic acid signaling, while others can be indirectly linked to retinoic acid signaling 

either as target genes or factors that potentially interact with RAR signaling. 

2.3.3 Human genetic disorders directly linking retinoid acid signaling and CDH 

Goumy et al., systematically discussed the retinoic acid signaling pathway and drew links 

of varying strength with several CDH-associated genes (124). The strongest evidence linking the 

retinoic acid signaling pathway and CDH in humans exists for STRA6, RALDH2, and RARB 

(Figure 2.1). STRA6 (OMIM: 610745) encodes the membrane receptor for RBP, which acts as a 

transporter for the cellular uptake of retinol (125). STRA6 mutations cause Matthew Wood 

syndrome, which includes microphthalmia, pulmonary hypoplasia, cardiac malformations, as 

well as diaphragm defects variously reported as CDH/diaphragm eventration in ~25% of cases 

(126–129). Diaphragm defects are frequently associated with STRA6 mutations, and this gene is 

known to be expressed in the developing diaphragm, strongly linking STRA6 with CDH 

(69,129). ALDH1A2 (RALDH2; OMIM: 603687) encodes a protein with the same name in the 

aldehyde dehydrogenase family, which synthesizes retinoic acid (130). Mutations in this gene 
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cause a variety of different phenotypes, including tetralogy of Fallot, absent thymus, kidney 

defects, as well as diaphragmatic eventration/Bochdalek hernia (131,132). A total of four known 

patients with mutations in this gene have diaphragm defects, it is expressed in the developing 

diaphragm, and its inhibition causes CDH in rodents, strongly linking RALDH2 with CDH 

(65,69,74,131–133). RARB (OMIM: 180220) encodes for the β isoform of the RAR, a nuclear 

receptor activated by retinoic acid that regulates the expression of many different genes (134). 

Mutations in this gene are associated with diaphragmatic hernias as well as eventrations (135–

137). RARB mutations have been reported in 9 patients with CDH, its mutation is linked with 

CDH in mice, and it is expressed in the developing diaphragm, strongly linking it with CDH 

(135,136). As discussed by Goumy et al. and others, RBP1, RBP2, RBP5, and LRAT have all 

been linked with CDH, although the evidence is relatively weak at this time (124,138). These 

links are primarily driven by the proximity of these genes to chromosomal regions recurrently 

deleted in individuals with CDH, but to our knowledge no specific gene mutations have been 

described in them directly linking them to CDH.  

2.3.4 Human genetic disorders indirectly linking retinoid acid signaling and CDH 

  Genes that have been linked with CDH in humans that are indirectly involved in retinoic 

acid signaling are numerous and can be broadly categorized as genes whose protein products 

interact with RAR function or they are retinoic acid target genes.  

 Regarding genes encoding proteins that are thought to interact with RAR function (and as 

discussed above) there is significant evidence linking Wt1, Coup-tf2, Gata4, and Fog2 to CDH in 

animal models. Interestingly, all these genes are also associated with CDH in humans. Mutations 

in WT1 (OMIM: 607102) are associated with several syndromes that include diaphragm defects 
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within their phenotypic spectrum, including Denys-Drash syndrome, Frasier syndrome, and 

Meacham syndrome (139). Amongst several other genes, COUP-TF2 (OMIM: 107773) is 

located within the 15q26.1-26.2 cytogenetic hotspot for syndromic CDH (140). The occurrence 

of CDH in mice with a conditional deletion of Coup-tf2 and the later discovery of specific 

mutations in this gene in individuals with CDH support its importance in diaphragm 

development (103,141). GATA4 (OMIM: 600576) is found within the CDH critical region 

8p23.1 (138), with subsequent reports of GATA4 variants in humans causing CDH (142). 

Similarly, FOG2 (OMIM: 603693) was originally linked to CDH as it is in the critical region 

8q22-8q23 (138), with later studies showing specific mutations/deletions of this gene were 

recurrently associated with CDH (109,143). WT1, COUP-TF2, GATA4 and FOG2 are all 

expressed in the developing diaphragm, and all are strongly linked to CDH via both mouse and 

human mutations. As discussed above and in the context of the Retinoid Hypothesis, all four 

genes have also been linked to retinoic acid signaling, providing supporting evidence for the 

importance of this pathway in normal diaphragm development.  

 Interestingly, COUP-TF2, GATA4 and FOG2 are all linked to retinoic acid signaling via 

interactions with the RARs. While the evidence is less strong, there are other genes that can be 

linked to the retinoic acid signaling pathway in this way. Predicted pathogenic variants in NSD1 

have been identified in a cohort of fetuses with CDH (144). This gene is also associated with 

Beckwith-Wiedemann syndrome that infrequently includes diaphragm defects (144–146). 

Moreover, NSD1 is another protein that can interact with nuclear receptors, including the RARs 

(147). Similarly, while there has only been one known report linking it with CDH, SIN3A 

encodes a transcriptional corepressor that interacts with RARs (26,148). Last, while its exact 
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interaction with RAR signaling remains unclear, KIF7 and retinoic acid signaling have been 

linked to the development of diaphragm defects in mice and three cases of CDH (149–151).  

In addition to genes that may interact with retinoic acid signaling at the level of the 

receptor, diaphragm defects have been described in association with mutations in numerous 

retinoic acid target genes. In our past analysis of CDH-associated genes, we identified an 

inclusive list of 218 genes linked with CDH, 44 of which were retinoic acid target genes (21) 

This category includes genes regulated by retinoic acid that also have direct roles in retinoic acid 

signaling (e.g. STRA6, RALDH2, and RARB), and indirect interactions with retinoic acid 

signaling (e.g. WT1, COUP-TF2, GATA4, and FOG2). Thus, it is possible to envisage how 

aberrant retinoic acid signaling in the developing diaphragm could impact the expression of 

multiple genes linked with diaphragm development and precipitate CDH.  

As we learn increasingly more about the genetics of CDH, a common pathway that has 

emerged is retinoic acid signaling, providing support for the Retinoid Hypothesis in human CDH 

(21). As discussed above, many CDH-associated genes can be linked with the retinoic acid 

signaling pathway, the challenge for the future will be to determine how these genes contribute 

to diaphragm development and whether it is possible to construct a gene regulatory network to 

show the relationship between these genes and how aberrant retinoic acid signaling can lead to 

abnormal diaphragm development.  

2.3.5 Epidemiological studies and the Retinoid Hypothesis 

Population-based studies have given some insight into the link between CDH and the 

Retinoid Hypothesis, this primarily relates to the importance of adequate maternal dietary 

vitamin A intake. One of the first epidemiological studies to link vitamin A intake and CDH 
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leveraged maternal nutrient intake data between 1997 and 2003 from the US National Birth 

Defects Prevention Study (152). Vitamin A intake below the 10th percentile was associated with 

isolated CDH in women who did not use periconceptional vitamin supplements (retinol intake, 

odds ratio [95% CI] = 2.1 [1.1, 3.9]), and in women who did use periconceptional vitamin 

supplements (total vitamin A intake, odds ratio [95% CI] = 1.7 [1.2, 2.6]). The authors concluded 

that this data supported the Retinoid Hypothesis, but it is important to note that an expanded 

analysis of the US National Birth Defects Prevention Study including maternal nutrient intake 

data from 1997 to 2011 did not find a significant association between vitamin A intake and CDH 

(153). Despite this lack of agreement, two other studies from The Netherlands and Japan have 

shown that low maternal vitamin A intake confers an increased risk of CDH (80,81). In a Dutch 

population, Beurskens et al., showed that maternal dietary vitamin A intake below the 

recommended daily intake (<800 µg vitamin A per day) in normal weight mothers was 

significantly associated with an increased risk of CDH (odds ratio [95% CI] = 7.2 [1.5, 34.4]). In 

a Japanese population, Michikawa et al., showed that in a similar group of normal weight 

mothers, high total maternal dietary vitamin A intake was associated with a reduced risk of CDH 

(odds ratio [95% CI] = 0.6 [0.3, 1.2]). Taken together there is collective epidemiological 

evidence that low maternal dietary vitamin A intake is a risk factor for CDH, although this 

concept requires further exploration.  

While there is evidence to suggest that maternal dietary vitamin A intake is an important 

factor in the etiology of CDH, it has been observed that there is no evidence to suggest an 

increased incidence of CDH in countries with high rates of vitamin A deficiency (115), although 

a counterpoint to this argument is that birth defect registries in these countries are inadequate, 

and data regarding the global incidence of CDH is incomplete (3). While considering maternal 
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dietary vitamin A intake as a risk factor for CDH it is important to highlight that even in 

developed countries inadequate dietary intake can be prevalent in the general population, and has 

been reported in 15.5% of pregnancies in the USA (n = 1,003), and 10% in Poland (n = 1,764)  

(154,155) . In a separate study, ~7% of women of childbearing age in the USA had low serum 

retinol concentrations, a factor that was linked to lower socioeconomic status (156). While overt 

vitamin A deficiency might not be a major contributor to the occurrence of CDH, we believe that 

inadequate dietary vitamin A intake is a risk factor that may combine with other underlying 

factors (genetic or environmental) to cause CDH (82). Indeed, we echo the recent remarks made 

by Gilbert and Gleghorn (114), supporting adequate maternal vitamin A intake during pregnancy 

at the population level to help prevent CDH, and possibly other birth defects. 

Regarding other environmental risk factors that may intersect with the Retinoid 

Hypothesis, it is interesting to note that others have drawn links between maternal alcohol use 

and cigarette smoking and altered retinoid signaling (157). While these links are speculative and 

require further study, there is experimental evidence that links both alcohol exposure and 

cigarette smoke exposure to alterations in vitamin A metabolism (157–159).  

2.4 The Retinoid Hypothesis and the lung in CDH  

 In CDH, incomplete development of the diaphragm allows the abdominal contents to 

herniate into the thoracic cavity, damaging the growing lungs (5). While beyond the scope of the 

current review, it is important to acknowledge that retinoic acid signaling is important in lung 

organogenesis (160–162). In 2000, Keijzer et al. proposed the Dual-hit Hypothesis to explain 

pulmonary hypoplasia in teratogenic models of CDH (163). This hypothesis posited that lung 

formation was affected twice in CDH, once before the diaphragm develops, and another after 
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abnormal diaphragm formation and herniation. Given the known role of retinoic acid signaling in 

lung development, and its emerging role in the diaphragm, it is possible to surmise that the 

Retinoid Hypothesis is consistent with a dual-hit model of lung damage in CDH. In this scenario, 

abnormal retinoic acid signaling could contribute to abnormal lung development (first hit), and 

this would be compounded by the effects of abnormal retinoic acid signaling on diaphragm 

formation leading to abdominal organ herniation and further damage to the lungs (second hit), as 

explored by others (164–166). Whether altered retinoic acid signaling contributes to both 

abnormal diaphragm and lung development in CDH remains to be established, nevertheless there 

is a literature exploring antenatal vitamin A treatment in preclinical models of CDH to improve 

lung development (167–169).  

2.5 Different types of diaphragm defects and the Retinoid hypothesis 

As introduced, there are different types of diaphragm defects in CDH. It should be 

highlighted that the Retinoid Hypothesis is most strongly linked to Bochdalek CDH. Most of the 

evidence supporting the Retinoid Hypothesis comes from teratogenic, dietary, and genetic 

models that recapitulate this type of CDH. Moreover, in our analysis of CDH-associated genes, 

we identified a link between genes involved in retinoid signaling and Bochdalek CDH, but not 

the other types of diaphragm defects (21). Thus, while the Retinoid Hypothesis helps explain the 

etiology of Bochdalek CDH, there is little experimental evidence to support that this hypothesis 

also explains the etiology of diaphragm eventration, central tendon defects, and Morgagni 

hernias. While Bochdalek CDH is the most commonly occurring and clinically relevant type of 

CDH, there is a gap in our understanding of the etiology of other rare types of CDH that should 

be the focus of future research. 



29 

 

2.6 Alternative hypotheses to explain the etiology of CDH 

While the Retinoid Hypothesis primarily explains Bochdalek CDH, it should also be 

acknowledged that this hypothesis may not be a unifying explanation for all cases of Bochdalek 

CDH, this is most evident when considering CDH-associated genes. For example, in their 

permissive list of 218 CDH-associated genes, Dalmer et al. only identified 24.7% with a 

discernible link to retinoid signaling (21). Indeed, variants in LONP1 have been reported to be 

the most commonly occurring in CDH (170), but this gene has no discernible link to retinoid 

signaling. This raises the questions of alternates to the Retinoid Hypothesis. For example, altered 

thyroid hormone signaling was suggested to contribute to CDH, although experimental evidence 

does not support this (74). Similarly, while it has been suggested that maternal intake of nutrients 

associated with one-carbon metabolism might be associated with CDH (152,153), direct 

assessment of biomarkers of this pathway were not associated with the risk of CDH (171). Other 

alternative hypotheses that remain to be fully explored include a possible role for maternal 

dietary vitamin D intake (172,173), as well as an emerging interest in extracellular vesicles and 

micro RNAs (5,174). 

2.7 Future perspectives on the Retinoid Hypothesis 

As we accumulate knowledge in support of the Retinoid Hypothesis it is important that 

we consider its limitations and be cognizant of alternative hypotheses. As described in the text 

above, there are many gaps in our knowledge regarding the Retinoid Hypothesis. Here, we 

discuss three questions that we believe should guide future studies into the etiology of CDH and 

the Retinoid Hypothesis. 
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First, how does the Retinoid Hypothesis relate to CDH in humans? The strongest 

evidence for the Retinoid Hypothesis comes from animal models, but there is a growing 

literature from CDH in humans that supports the hypothesis. In order to further strengthen this 

evidence base, we think there should be a continued emphasis on studying the importance of 

maternal dietary vitamin A intake as a risk factor for CDH, more attention paid to markers of 

maternal and fetal vitamin A status in cases of CDH, a focus on gene-nutrient interactions at both 

the maternal and fetal level, and last, a continued exploration of intersections between the 

retinoid signaling pathway and genes associated with CDH. 

Second, how does the Retinoid Hypothesis explain abnormal diaphragm development at a 

cellular level? It remains to be determined how disturbed retinoid signaling precipitates abnormal 

diaphragm development at a cellular level. This is confounded by an incomplete understanding 

of the cellular pathogenesis of CDH, as well as the normal contribution of retinoid signaling to 

diaphragm development. It is thought that the non-muscular mesenchymal cells of the PPF are 

important in the development of CDH (39,41,133),  but how the retinoid signaling pathway 

operates in these cells, and what is the fate of the cells when retinoid signaling is disrupted 

remains largely unexplored. Future studies using animal models of CDH can help address these 

gaps, supplemented by studies in PPF-derived cell cultures (175), and patient-derived fibroblasts 

(176). 

Zani and colleagues recently emphasized that by improving our understanding of CDH’s 

etiology we may improve its diagnosis and allow earlier interventions to improve CDH outcomes 

(5). This leads to our third question; how do we leverage our understanding of the Retinoid 

Hypothesis to help lessen the impact of CDH? Primarily because of its known importance in 

lung development, retinoid administration is already being studied as a tool to improve lung 
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development in preclinical models of CDH (167–169), and improving our understanding of 

underlying defects in the retinoid signaling might allow this approach to be optimized. Taking 

this interventionist approach a step further, if early genetic testing revealed mutations in CDH-

associated genes that are linked with retinoid signaling, it might be possible to intervene with 

retinoids to help ameliorate damage to the developing diaphragm and/or lungs, lessening the 

impact of CDH. At the population level, we and others believe that attaining optimal maternal 

dietary vitamin A intake may help lessen the impact of CDH (82,114). This would require Public 

Health efforts highlighting the importance of adequate periconceptional vitamin A intake in 

women, and their potential benefits with respect to CDH and other congenital anomalies. 
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Chapter 3: Single Cell Transcriptomic 

Analysis Provides Insight into Congenital 

Diaphragmatic Hernia 
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3.1 Introduction 

The diaphragm is a mammalian muscle that serves two distinct purposes: serving as the 

primary muscle of respiration, and as a barrier between the abdominal and thoracic cavities 

(36,37).  There are multiple developmental precursors of the diaphragm: the septum transversum, 

the somites, and the pleuroperitoneal folds (PPF). The septum transversum is the first structure 

seen in development and is present in all vertebrates. This thin layer separates the heart and the 

lungs from the abdominal organs (177). Although it is unclear if the septum transversum gives 

rise to any tissue that remain in adulthood, some studies have suggested that this tissue gives rise 

to the central tendon and non-muscular component of the diaphragm (178), although other 

studies contradict this theory (38). The somites are the source of the muscle cells in the 

diaphragm, and this has been confirmed by multiple expression and knockout studies 

(41,179,180). Finally, the PPFs are a pair of transient structures that are pyramidal in shape and 

are present between the pleural and peritoneal cavities on either side of the body. Genetic studies 

utilizing markers of the PPF, specifically Gata4, have shown that this tissue gives rise to both the 

central tendon as well as non muscular fibroblasts in the adult diaphragm (38,39). This tissue is 

also in charge of recruiting and helping with the migration of muscle cells during the 

morphogenesis of the diaphragm (39). It is also known that defects in the PPF can give rise to 

malformations in the mature diaphragm, the most common one being Congenital Diaphragmatic 

Hernia (CDH).  

CDH is a condition that affects ~2.3 per 10,000 live births (3) and is characterized by an 

incomplete formation of the diaphragm, which results in the herniation of abdominal organs into 

the thoracic cavity. The mortality of this condition varies depending on the severity of the 

herniations, as well as if this condition is present with other comorbidities. Furthermore, 
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although the mortality of CDH in high income countries is approximately 30%, it can reach 

about 90% of cases in low-income countries (6,8). Although the etiology of CDH is not fully 

understood, there are two main explanations: genetic and environmental. It is known that around 

40% of CDH cases have a specific genotype associated with them, and there are multiple genes 

for which mutations are known to cause CDH (17,138,181). The second explanation derives 

from the fact that there are multiple environmental factors that have been associated with a 

higher incidence of CDH, like maternal age, smoking and maternal diet (3,14,27,182). Retinoic 

acid (RA) has also been heavily associated with the incidence of CDH, to the extent that a review 

published in 2003 by Greer et al. gave rise to the retinoid hypothesis in CDH, which states that 

disruptions in the RA signaling cascade causes CDH (31). After the initial publication of the 

retinoid hypothesis, there has been more evidence linking RA and the incidence of CDH. There 

have been multiple studies that have associated low maternal vitamin A intake with a higher 

incidence of CDH in newborns (67,80–82). Furthermore, genetic expression studies have shown 

disruptions in RA signaling in both teratogen exposed animals that develop CDH, and human 

cases of CDH (68,166,183).  

As the diaphragm arises from multiple embryological sources, studies of the pathogenesis 

of CDH have been performed to determine the origin of this condition. Multiple studies have 

shown that the PPF is involved in the formation of CDH. Analysis performed on nitrofen-

exposed rat embryos shows that there are defects in the PPF at GD13.5. Furthermore, rats 

exposed to low maternal vitamin A intake, as well as Wt1-/- mice that develop CDH all show 

defects in the PPF (184). These results are further supported by genetic studies. Mutations in 

both Gata4 and Coup-tfII cause defects in the PPF, that ultimately lead to the formation of CDH 

(38,103). Since the PPF is composed of three main cell types; nerve cells, muscle cells and non-
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muscular mesenchyme, studies trying to determine which cell type gives rise to CDH have been 

performed. It is known that expression of Pax3, a known muscle marker, is not altered in 

nitrofen-induced CDH (185). Furthermore, multiple studies have shown that the non-muscular 

mesenchyme is the main driver in the formation of CDH (38,41,184).  

Transcriptomic analysis has been performed in both the PPF and the diaphragm to better 

understand the genetic expression patterns of these tissues, and to derive candidate genes for the 

formation of CDH (69). However, this analysis was only able to show global expression patterns, 

and therefore was not able to assess the differences in gene expression across different cell types. 

Since the PPF is a cellularly diverse tissue, understanding which populations express different 

genes will provide better insight into the pathogenesis of CDH. In this study, we performed 

single cell transcriptomic analysis to better understand the different cellular populations present 

in the PPF, and the relationship that they have with RA signaling and CDH. We hypothesize that 

the non-muscular mesenchyme of the PPF will have the highest level of expression of CDH-

associated genes and retinoid-related genes, and we hope that through this study we are better 

able to understand the etiology of CDH, and the relationship between distinct cellular 

populations in the PPF and the formation of diaphragmatic hernias.  

3.2 Methods 

3.2.1 Animal Care and Breeding 

All experiments were approved by the University of Alberta Research Ethics Committee 

and were performed in accordance with the Canadian Council on Animal Care guidelines. 

BALB/c mice were obtained from The Jackson Laboratory (Bar Harbor, ME, USA). The animals 

were housed in the University of Alberta conventional animal facility, under standard 

environmental conditions. To generate timed pregnancies, one male mouse and two female mice 
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were set in a cage after 16:00 hrs and left overnight. The following morning at 9:00 hrs the 

presence of a vaginal plug was examined to assess for copulation. Each cage was left for a 

maximum of two nights. After a vaginal plug was seen, noon of that day was considered 

gestational day (GD) 0.5. 

3.2.2 Dam Dissection and Fetus Collection 

One dam at GD 13.5 was euthanized via anesthesia using isoflurane inhalation 

immediately followed by cervical dislocation. An abdominal incision was made in the mice, and 

the entire uterus was removed. The uterus was placed in a petri dish containing ice cold 

Phosphate Buffer Saline (PBS; Sigma-Aldrich, Oakville, ON). To dissect the individual fetuses, 

stereomicroscopy was used (Stemi 508, Zeiss, Oberkochen, Germany). To obtain the PPF, both 

the cranial and caudal section of the fetus were dissected, and the heart and lungs were removed. 

For our scRNA-seq sample, one fetus was utilized, and the PPF from each side of the body was 

obtained and pooled. A sample dissection can be seen in Figure 3.1. The PPFs were kept in ice 

cold PBS for cell suspension and isolation.   
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Figure 3.1: PPF dissection for scRNA-seq analysis.  Superior view of the liver, before (A) and 

after (B) the PPF was removed. The dotted black line represents the area in which the PPF 

spanned the surface of the liver. The scale bars are 0.5 mm. 

  

A B 



38 

 

3.2.3 PPF cell suspension  

Cell isolation was performed modifying a previously described method (175). The PPF 

tissue was transferred to DMEM (Thermo Fisher Scientific, Toronto, ON) with 10% FBS 

(Thermo Fisher Scientific) and 0.25% trypsin-EDTA (Thermo Fisher Scientific) and was 

incubated for 9 minutes at 37°C in 5% CO2. Trypsin neutralization was done by adding 100 µL 

of DMEM media. The solution was centrifuged at 340 g for 5 minutes, and the supernatant was 

decanted. The cells were resuspended in 100 µL of DMEM. To determine the concentration and 

viability of the cells, a mixture containing 5 µL of the cell suspension as well as 1 µL of 0.4% 

trypan blue (Thermo Fisher Scientific) was added to a hemocytometer and the cells were counted 

using an inverted light microscope (Thermo Fisher Scientific). Both the number of alive and 

dead cells were counted in the corner quadrants of the hemocytometer to determine the cell 

concentration and viability of the suspension. The cell suspension was prepared for sequencing 

using the standard 10X Genomics technology (10X Genomics, San Francisco, CA; Figure 3.2). 

Library preparation was performed by the High Content Analysis core at the University of 

Alberta, and sequencing was done by Novogene via Illumina next generation sequencing 

(Sacramento, CA). 

3.2.4 scRNA-seq data analysis  

Feature-barcode matrices, read alignment and other analyses were performed utilizing the 

CellRanger software (10X Genomics). A total of 13,462 cells were in our PPF sample. Data 

clustering and visualization was performed in two different software packages. Clustering via K-

means was performed utilizing Cloupe (10X Genomics). Cells were filtered based on Unique 

Molecular Identifiers (UMIs) (UMIs < 20,000) as well as features (50 < features < 2500). All 

secondary analysis performed for the K-means model was also performed in this software. The 
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second clustering analysis was performed using Seurat V4 in R (186,187). Filtering in Seurat 

was done by features, with cells being excluded if they had less than 200 or more than 2500 

features, as well as mitochondrial counts (percent. mt <5). Identity of the different clusters was 

determined utilizing a three-step method: (i) PanglaoDB, a single-cell sequencing resource for 

gene expression data (188), (ii) gene ontology analysis to determine the top biological processes 

associated with each cluster (189,190) and (iii) expression analysis of known features for certain 

cell types. 

 

 

Figure 3.2: Summary of scRNA-seq workflow.  After (A) the dissection of the PPF, cells 

were suspended via enzymatic dissociation (B). Individual cells were given a barcode and 

sorted (C). Sequencing was performed by Novogene (D). Bioinformatics analysis was 

performed to determine the different cell clusters present in our PPF sample (E). Created with 

BioRender.com 

 

https://biorender.com/
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3.3 Results 

3.3.1 Preliminary Clustering Reveals Distinct Cell Populations in the PPF 

Preliminary K-means clustering was performed at first to determine the major cell 

populations present in our PPF sample. The total number of cells in our sample was 13,462. The 

clustering analysis can be seen in Figure 3.3. There was a total of 7 clusters based on our K-mean 

analysis, with nearly 70% of all cells belonging to the mesenchymal cell cluster. The other 

clusters listed based on the highest percentage of cells were: (i) Erythroblasts (11%), (ii) Muscle 

Precursor Cells (8.2%), (iii) Endothelial Cells (6.0%), (iv) Fetal cardiomyocytes (2.2%), (v) 

Macrophages (2.2%) and (vi) Hepatoblasts (0.3%). Annotation of the clusters was determined as 

described in the methods: Cluster 1 was classified as Mesenchymal cells (CL_0008019), based 

on automated cluster identification (top ranked term = “Fibroblasts”), complimentary 

coexpression data, and multiple relevant enriched GO Biological Processes (e.g. animal organ 

morphogenesis, and tissue morphogenesis). Note, in the context of embryonic development, the 

term mesenchymal cell was preferred over fibroblast. Cluster 2 was classified as Erythroblasts 

(CL_0000765), based on automated cluster identification (3rd ranked term = “Erythroid-like”), 

complimentary coexpression data, and multiple relevant enriched GO Biological Processes (e.g. 

erythrocyte homeostasis, and erythrocyte differentiation). Cluster 3 was classified as Muscle 

precursor cells (CL_0000680). The leading cell type based on automated cluster identification 

was “Unknown”. Analysis of coexpressed genes also returned many poorly defined cell types; 

however, 9 of the top-expressed genes were classified as hallmark genes of myogenesis (Ckb, 

Des, Myl1, Myog, Lama2, Actc1, Mylpf, Tnnt1, Eno3) (191). Moreover, there were multiple 

enriched GO Biological Processes linked with muscle development (e.g. muscle organ 
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development, muscle structure development). As such, this cell cluster was classified as 

representing muscle precursor cells. Cluster 4 was classified as endothelial cells (CL_0000115).  

This classification is based on automated cluster identification (1st ranked term = “Endothelial”), 

complimentary coexpression data, and enriched GO Biological Processes (e.g. angiogenesis, 

blood vessel morphogenesis). Cluster 5 was defined as Fetal cardiomyocytes (CL_0002495). 

This classification is based on automated cluster identification (8th ranked term = 

“Cardiomyocyte”), complimentary coexpression data, and enriched GO Biological Processes 

(e.g. heart contraction, heart process). Cluster 6 was classified as Macrophages (CL_0000235). 

This classification is based on automated cluster identification (top ranked term = 

“Macrophages”), complimentary coexpression data, and enriched GO Biological Processes (e.g. 

regulation of immune system process, and defense response to other organism). Cluster 7 was 

classified as Hepatoblasts (CL_0005026). This classification is based on automated cluster 

identification (4th ranked term = “Hepatocytes”) and complimentary coexpression data. It is 

important to note that the hepatoblasts cluster was removed from further analysis as it was 

considered sample contamination.  
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Figure 3.3: K-means cluster analysis of the PPF. The seven clusters identified can be seen in 

the UMAP based on different colors, shown in the Figure legend (A). The distribution of cells 

per cluster is graphed along tabulated numbers showing the total number of cells, as well as the 

percentage of cells (B). UMAPs highlighting each individual cluster are shown (C-I). Cluster 1, 

‘Mesenchymal Cells’ is in blue (C), cluster 2, ‘Erythroblasts’ is shown in orange (D), cluster 3, 

‘Muscle Precursor Cells’, is green (E), cluster 4, ‘Endothelial Cells’ is red (F), cluster 5 ‘Fetal 

Cardiomyocytes’ is purple (G), cluster 6 ‘Macrophages’ is brown (H), and cluster 7 

‘Hepatoblasts’ is pink (I; highlighted with a red circle). 
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3.3.2 Seurat Analysis Further Characterizes the Distinct Populations Present in the PPF 

To further analyze our scRNA-seq sample derived from the PPF and identify subclusters 

of cells, UMAP clustering was performed utilizing the Seurat package in R. A second method of 

clustering was performed since K-means clustering has limitations in the numbers of clusters it 

can form. UMAP clustering was utilized since it does not have this issue, and it also shows the 

similarity between clusters (186,192). Clusters that are closer together are more similar than 

those farther apart. By utilizing this clustering method, a total of 18 clusters were identified. The 

UMAP clustering performed by Seurat is shown in Figure 3.4. Cluster identification was 

performed in the same three-step process described above. Clusters 1-4, as well as cluster 15, 

were identified as Mesenchymal cells (CL_0008019), due to automated cluster identification 

(“Fibroblasts” was in the top 3 terms for all clusters), coexpression data, and GO biological 

processes (“Tissue morphogenesis”, “Body Morphogenesis”, “Cell-matrix adhesion”). Clusters 5 

and 13 were identified as Erythroblasts (CL_0000765) 1 & 2 respectively. This was based on 

coexpression data, as well as many relevant GO analysis hits (i.e., “Erythrocyte development”, 

“Erythrocyte differentiation”). Cluster 6 was labelled Epithelial Cells (CL_0000066), based on 

coexpression data as well as the GO hit results (“morphogenesis of an epithelium”, “epithelial 

tube morphogenesis”). Cluster 7 was named Smooth Muscle Cells (CL_0000192), due to the 

coexpression data, GO analysis results (“circulatory system development”, “blood vessel 

development”) and the fact that this clusters expresses Myh11, a known marker for smooth 

muscle tissue (193).  Cluster 9 was labelled Mesothelial Cells (CL_0000077), due to the 

expression patterns of mesothelial gene markers like Wt1 andUpk3b in this cluster (194,195). 

Cluster 10 and 16 were identified as Fetal Cardiomyocytes (CL_0002495), based on 

coexpression data, GO analysis hits (“heart contraction”, “cardiac myofibril assembly”), as well 

as expression of Myh6, a known marker for cardiomyocytes, in both clusters (196). Clusters 11 
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and 17 were identified as Endothelial Cells (CL_0000115), due to automated cluster 

identification (“Endothelial Cells” was the top result for both clusters), coexpression data, GO 

analysis terms (“Angiogenesis”, “Vasculature Development”) and expression of multiple 

endothelial cell gene markers like Cd34 and Vwf  (197). Cluster 12 was identified as Myoblasts 

(CL_0000056) due to results from the GO analysis (“Muscle cell differentiation”, “Muscle cell 

development”), as well as expression of Myog and Myod1 (191). Cluster 14 was identified as 

Macrophages (CL_0000235) due to automated cluster identification (top hit for this cluster was 

“Macrophages”), coexpression data, as well as several relevant GO analysis hits (“immune 

effector process”, “innate immune response”). 
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Figure 3.4: Secondary clustering analysis showcases distinct cell populations. UMAP 

clustering of the scRNA-seq data utilizing the Seurat package in R. A total of eighteen clusters 

were found. Cluster labels are organized in order of the number of cells per cluster. Each cluster 

is represented with a different color, which can be seen in the Figure legend on the left side of 

the UMAP.  
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            As seen in Figure 3.4 there were a total of 18 different clusters, and 10 distinct cell 

populations. Some cell populations, like the mesenchymal cells, have multiple cluster IDs. We 

were also able to assess the top markers for each cluster, ensuring that each cluster had distinct 

expression patterns. A heatmap of the top 15 markers per cluster, as well as a dot plot of the top 

gene marker for each cluster is presented in Figure 3.5. As seen in the heatmap, the top 15 

markers are enriched for each cluster, validating our clustering method. Based on the DotPlot, 

some of the top genes for some clusters are known markers for a specific cell type. For example, 

the top expressed gene for the Erythrocyte 1 & 2 clusters were Hbb-bs and Hba-x respectively, 

which are known markers for this type of cells (198).  

             As we performed two different clustering analyses, we were interested in investigating 

the cell fate across the different clustering methods. An alluvial plot representing this is 

presented in Figure 3.6. Some of the clusters, like the cardiac cluster in our K-means analysis, 

translated almost exclusively into either the fetal cardiomyocytes 1 or 2 clusters, demonstrating 

similarities in the different clustering methods. Furthermore, the alluvial plot shows that Seurat 

analysis was successful in determining different subclusters for a specific cell population of K-

means. However, some clusters, like the hematocytes cluster in the K-means analysis, were 

divided into many different clusters for the UMAP performed with Seurat, demonstrating the 

limitations and biases present in the K-means analysis in Cloupe, since the number of clusters is 

predetermined. 
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Figure 3.5: Clustering analysis reveals cell clusters with distinct gene expression patterns. 

The heatmap (A) presents the top 15 markers of each cluster based on the Seurat analysis. 

Orange represents higher levels of expression. The dot plot (B) shows the top expressed gene per 

cluster. The circle size represents the number of cells per cluster expressing a certain gene, 

whereas the color represents expression levels. 
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Figure 3.6: Cell identities are conserved following re-clustering of single cell expression 

data. An alluvial plot linking our K-means analysis (left) and re-clustering performed using 

Seurat (right) is shown. How the initial six clusters correspond to the 18 clusters generated by re-

clustering is reflected in the lines linking either side of the alluvial plot. Wider lines represent a 

higher percentage of cells from a K-means cluster going into the cluster for the Seurat UMAP. 

Each color in the alluvial plot represents a different cluster found in the UMAP performed in 

Seurat. 
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3.3.3 Expression Analysis Reveals Important Clusters for CDH Pathogenesis 

        To determine if a cell population might have a higher impact on the pathogenesis of CDH, 

the expression of multiple CDH-associated genes was assessed in our PPF sample. We initially 

utilized a list of 31 different genes that have been highly associated with CDH in either humans 

or mice that was previously described in the literature (199). Expression levels of these genes 

were quantified and can be seen in a heat map in Figure 3.7A. Expression analysis demonstrated 

that these genes are mostly present in the mesenchymal component of the PPF, as well as in the 

‘Smooth Muscle Cells’ cluster. Next, we broadened this analysis of CDH-associated genes by 

using an inclusive list of 218 genes that were previously identified to be associated with 

diaphragmatic hernias (21). Just like with our previous gene list, expression was primarily seen 

in the mesenchymal, mesothelial, and smooth muscle cell components of our PPF sample. The 

heatmap for this list of CDH-associated genes can be seen in Figure 3.7B. To continue our 

analysis, we determined the expression pattern of a subset of genes that are known to cause 

Bochdalek hernias in either mice or humas from the 31 genes highly associated with CDH. This 

subset contained the following genes: Dnase2, Efnb1, Wt1, Gli2, Gli3, Lrp2, Msc, Nr2f2, Pdgfra, 

Rara, Rarb, Stra6, Tcf21. The level of expression of each gene per cluster can be seen in Table 

3.1.  Violin plots were generated if more than 25% of cells of any cluster expressed a specific 

gene (Figure 3.8). As shown, Wt1, Gli2, Gli3, Nr2f2, Pdgfra, and Tcf21 were primarily expressed 

in the mesenchymal and mesothelial components of the PPF sample (Table 3.1 and Figure 3.8). 

Wt1 expression was highest in the ‘Mesothelial Cells’ (59% of cells), ‘Mesenchymal Cells 1’ 

(50% of cells) and ‘Mesenchymal Cells 3’ (46% of cells) clusters. Gli2 expression was highest in 

the ‘Smooth Muscle Cells’ (38% of cells), ‘Mesenchymal Cells 2’ (37% of cells) and 

‘Mesenchymal Cells 4’  (34% of cells) clusters. Gli3 was expressed the highest in the 

‘Mesenchymal Cells 4’, (59% of cells) ‘Mesenchymal Cells 3’ (57% of cells) and ‘Mesenchymal 
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Cells 2’ (56% of cells) clusters. Nr2f2 expression was highest in the ‘Endothelial Cells 1’ cluster 

(55% of cells), followed by ‘Mesenchymal Cells 2’ (53% of cells) and ‘Fetal Cardiomyocytes 2’ 

(46% of cells). The top three clusters expressing Pdgfra were the ‘Mesenchymal Cells 2’ (74% 

of cells), ‘Mesenchymal Cells 1’ (51% of cells), ‘Mesenchymal Cells 5’ (47% of cells). Finally, 

less than 25% of cells expressed Tcf21 in all clusters except for one, the ‘Mesenchymal Cells 5’ 

cluster, in which a total of 56% of cells expressed this gene. Based on our expression analysis it 

is clear that CDH-associated genes are primarily expressed in the mesenchymal and mesothelial 

components of the PPF, revealing cell populations that are of high importance in the 

pathogenesis of CDH.  
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Figure 3.7: CDH-associated genes present varied levels of expression across the PPF. Heat 

maps for different CDH-associated genes. The expression levels for the 31 gene list are 

presented in A. B shows the heatmap from the 215 genes derived from gene ontology analysis. 

High levels of expression are seen in orange, whereas low levels are seen in blue.  
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Table 3.1: Expression analysis for CDH-associated genes. Percentage of cells expressing the different Bochdalek CDH-associated 

genes across all the different clusters. 

  Percentage of cells expressing a gene (%) 

Cluster ID Dnase2a Efnb1 Wt1 Gli2 Gli3 Lrp2 Msc Nr2f2 Pdgfra Rara Rarb Stra6 Tcf21 

Somatic Stem Cells 1 0.2 1.1 2.1 1.1 2.6 0.0 0.8 5.1 1.9 1.7 1.4 0.1 0.8 

Mesenchymal Cells 1 3.9 24.8 50.3 30.0 56.7 0.2 0.2 37.7 51.9 18.0 52.5 5.8 4.0 

Mesenchymal Cells 2 4.7 16.0 27.4 37.7 57.4 0.0 0.0 53.7 74.7 19.4 43.2 0.8 0.7 

Mesenchymal Cells 3 2.6 19.7 46.2 27.2 59.8 0.3 0.2 32.7 45.2 15.1 50.8 2.3 0.3 

Mesenchymal Cells 4 1.3 19.0 15.4 34.7 65.6 0.2 0.1 29.1 43.1 16.8 28.3 1.6 0.2 

Erythroblasts 1 6.4 0.7 2.0 1.3 2.1 0.0 0.2 3.6 2.7 1.1 2.0 0.2 0.0 

Epithelial Cells 1 0.5 1.4 1.4 0.9 0.5 0.0 0.0 1.9 0.5 1.2 0.9 0.2 0.2 

Smooth Muscle Cells 1.7 21.6 1.7 38.2 40.0 0.7 0.2 23.7 7.1 17.3 15.6 1.2 0.2 

Somatic Stem Cells 2 0.7 6.1 11.2 8.0 14.6 0.0 0.2 17.8 21.0 7.6 11.0 0.2 1.0 

Mesothelial Cells 8.1 11.9 59.7 30.9 42.0 17.5 0.3 36.7 6.3 8.9 32.7 1.3 11.9 

Fetal Cardiomyocytes 

1 0.3 1.9 1.6 1.1 1.1 0.5 0.3 7.2 1.9 1.6 2.4 0.3 0.3 

Endothelial Cells 1 1.4 2.8 4.2 0.3 15.1 0.3 0.3 55.2 6.2 11.8 13.7 0.6 0.6 

Myoblasts 0.5 10.1 4.6 13.4 26.3 0.0 10.6 28.1 1.8 25.8 5.5 4.1 0.5 

Erythroblasts 2 2.1 1.6 1.6 0.5 1.1 0.5 0.0 1.1 1.1 0.5 0.0 0.0 0.0 

Macrophages 21.4 2.3 1.7 1.2 2.3 0.6 0.0 4.6 4.6 4.6 1.2 0.6 0.0 

Mesenchymal Cells 5 1.3 19.2 11.5 21.2 59.0 0.6 0.0 29.5 47.4 11.5 48.7 0.6 59.6 

Fetal Cardiomyocytes 

2 0.0 22.6 2.3 10.5 6.8 0.0 0.0 46.6 18.0 10.5 18.0 0.0 1.5 

Endothelial Cells 2 1.0 1.0 2.0 1.0 10.0 2.0 0.0 1.0 6.0 7.0 7.0 0.0 0.0 
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Figure 3.8: CDH-associated genes are primarily expressed in the mesenchymal component 

of the PPF. Violin plots for (A) Wt1, (B) Gli2, (C) Gli3, (D) Nr2f2, (E) Pdgfra and (F) Tcf21, 

which are all Bochdalek CDH-associated genes. Genes were chosen if they had more than 25% 

of cells expressing it in any cluster.   
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3.3.4 Expression Analysis Reveals Important Clusters for Retinoid Signaling in the developing 

diaphragm 

        Given the strong association between the retinoic acid signaling pathway and the 

development of CDH, we were interested in assessing the expression level of genes associated 

with this pathway in our scRNA-seq dataset. We derived a list of 24 genes associated with 

various aspects of the retinoic acid signaling pathway from the literature (200), 8 of which had a 

cluster in which at least 25% of cells were expressing said gene in our PPF dataset (Table 3.2). 

Crbp1 was the top-expressed gene in the PPF, it was expressed preferentially in the 

‘Mesenchymal Cells 2’ (84% of cells), ‘Mesenchymal Cells 1’ (79% of cells) and ‘Mesenchymal 

Cell 5’ (78% of cells) clusters. Aldh1a2 show highest levels of expression in the ‘Mesothelial 

Cells’ (57% of cells), ‘Mesenchymal Cells 1’ (30% of cells) and ‘Mesenchymal Cells 5’ (11% of 

cells) clusters. Crabp1 was expressed the most in the ‘Mesenchymal Cells 4’ (90% of cells), 

‘Mesenchymal Cells 1’ (33% of cells) and ‘Mesenchymal Cells 2’ (29% of cells) clusters. 

Crabp2 was highest expressed in the ‘Mesenchymal Cells 2’ (57% of cells), ‘Mesenchymal Cells 

4’ (40% of cells) and ‘Mesenchymal Cells 3’ (37% of cells) clusters. For Rara, only the 

‘Myoblasts’ cluster met the expression cutoff described, with 26% of cells in this cluster 

expressing this gene. Rarb expression was preferentially seen in the ‘Mesenchymal Cells 1’(53% 

of cells), ‘Mesenchymal Cells 3’ (51% of cells) and ‘Mesenchymal Cells 5’ (49% of cells) 

clusters. Dhrs3 was expressed the highest in the ‘Macrophages’ (39% of cells), ‘Smooth Muscle 

Cells’ (34% of cells) and ‘Mesenchymal Cells 1’ (33% of cells) clusters. Rdh10 was mostly 

expressed in the ‘Mesenchymal Cells 1’ (27% of cells), clusters. Violin plots of the 

aforementioned genes are shown in figures 3.9-3.11.  Similar to our analysis of CDH-associated 

genes, expression of retinoid related genes was primarily seen in the mesenchymal and 
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mesothelial components of our PPF sample, highlighting the importance of RA signaling in the 

same cell populations linked to the pathogenesis of CDH.  

  Percentage of cells expressing a gene (%) 

Cluster ID Dhrs3 Rdh10 Rbp1 Aldh1a2 Crabp1 Crabp2 Rara Rarb 

Somatic Stem 

Cells 1 1.91 0.72 23.05 3.62 19.97 5.02 1.67 1.40 

Mesenchymal 

Cells 1 33.33 27.56 79.70 30.29 32.88 35.93 17.96 52.53 

Mesenchymal 

Cells 2 13.41 20.61 84.62 7.74 29.55 52.45 19.41 43.18 

Mesenchymal 

Cells 3 22.59 15.13 67.98 7.79 18.42 36.73 15.13 50.77 

Mesenchymal 

Cells 4 21.31 7.99 73.81 5.55 90.57 40.40 16.76 28.30 

Erythroblasts 1 1.25 1.96 8.21 1.61 10.00 2.68 1.07 1.96 

Epithelial Cells 1 3.04 0.70 9.35 2.80 10.51 1.87 1.17 0.93 

Smooth Muscle 

Cells 34.83 4.50 63.51 0.95 24.64 20.14 17.30 15.64 

Somatic Stem 

Cells 2 7.56 5.85 35.37 7.07 19.51 14.15 7.56 10.98 

Mesothelial Cells 14.94 8.61 35.95 57.22 9.62 9.11 8.86 32.66 

Fetal 

Cardiomyocytes 1 0.80 0.53 9.89 2.14 12.03 1.87 1.60 2.41 

Endothelial Cells 

1 4.48 4.20 54.34 2.52 10.64 1.12 11.76 13.73 

Myoblasts 5.53 1.84 68.66 1.38 6.91 13.36 25.81 5.53 

Erythroblasts 2 1.60 1.60 11.76 2.67 6.42 1.60 0.53 0.00 

Macrophages 39.31 5.20 7.51 2.31 11.56 2.31 4.62 1.16 

Mesenchymal 

Cells 5 12.18 7.69 78.85 11.54 25.00 5.13 11.54 48.72 

Fetal 

Cardiomyocytes 2 1.50 3.76 12.78 1.50 15.04 1.50 10.53 18.05 

Endothelial Cells 

2 12.00 19.00 54.00 0.00 8.00 15.00 7.00 7.00 

Table 3.2: Expression analysis for retinoid-associated genes in the developing diaphragm. 

Percentage of cells expressing the different retinoid associated genes per cluster. Only genes that 

show expression in more than 25% of cells for any cluster are shown in this Table.  
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Figure 3.9: Genes of retinoid binding proteins show preferential expression in the 

mesenchymal and mesothelial components of the PPF. Violin plots for Rbp1 (A), Crabp1 (B) 

and Crabp2 (C). Each dot represents a cell, whereas the width of the violin plot represents the 

frequency of the expression level per cluster. 
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Figure 3.10: Genes of enzymes in the retinoid signaling pathway show preferential 

expression in the mesenchymal and mesothelial components of the PPF. Violin plots for 

Rdh10 (A), Dhrs3 (B) and Aldh1a2 (C). Each dot represents a cell, whereas the width of the 

violin plot represents the frequency of the expression level per cluster. 
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Figure 3.11: Genes of retinoic acid binding proteins show preferential expression in the 

mesenchymal and mesothelial components of the PPF. Violin plots for Rara (A) and Rarb 

(B). Each dot represents a cell, whereas the width of the violin plot represents the frequency of 

the expression level per cluster. 
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3.4 Discussion 

To our knowledge, this is the first single cell transcriptomic analysis performed in the 

PPFs. Although transcriptomic analyses had been previously performed in both the PPF and 

diaphragm before (69), this microarray analysis was only able to determine the global levels of 

expression in these tissues, whereas our analysis was able to assess gene expression in individual 

cells.  

Overall, we performed different clustering analyses in the PPF to determine the distinct 

cell populations present in this tissue. Seven distinct clusters were identified using the K-means 

analysis. This is due to the fact that this type of algorithm clusters the data set into K clusters, 

with K being a number that can be chosen by the user. Therefore, although K-means clustering is 

a valuable technique for low complexity models, the depth of analysis does not compare to other 

clustering algorithms, like UMAP, in samples with high complexity or a high number of cell 

populations (186,192). Although K-means clustering has its limitations, we were still able to 

identify the different major cell populations present in the developing diaphragm, including 

mesenchymal cells, muscle precursor cells, etc. Reclustering utilizing Seurat was performed to 

try and identify different subpopulations of these cell types, as well as to determine a wider range 

of cell populations than that possible with K-means analysis. A total of 18 clusters and 10 

distinct cell populations were found. Some populations, like the mesenchymal cells, had multiple 

clusters. This might be due to the fact that the PPF is a developmentally active tissue, and some 

of these clusters might be in different developmental stages or have different functions once fully 

developed. Our alluvial plot shows that, even though the clustering algorithms performed gave 

us different results, most cells remained in similar clusters between our different analyses. The 

only clusters that show a wide array of difference between our clustering algorithms were the 
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‘Hematocytes’ and ‘Muscle Precursor Cells’ clusters in the K-means clustering. These two 

clusters were divided among many different clusters in the secondary clustering done in Seurat. 

Based on the Seurat clustering, we were able to assess the levels of expression of both 

CDH- and retinoid-associated genes in the different cell populations, to determine what clusters 

might have a higher importance in the development of CDH. Although CDH-associated genes 

show expression in multiple clusters, the highest percentage of cells expressing Bochdalek CDH-

associated genes was seen in the mesenchymal and mesothelial clusters. Genes like Wt1, Gli2 

and Rarb show expression in more than 50% of cells for at least one mesenchymal cluster. Wt1 

in specific also shows high levels of expression in the mesothelial cluster, with over 60% of cells 

in this cluster expressing this gene. This might indicate that these clusters are more important in 

the pathogenesis of CDH than the other clusters. This agrees with previous results in the 

literature, that have determined that the mesenchymal component of the PPF, which later gives 

rise to the central tendon and connective tissue, are the main drivers in the formation of CDH 

(38). It has also been shown that CDH can occur even in the absence of myogenic tissue (41), 

further implicating the importance of the non-muscular mesenchyme, not the muscle itself, in the 

pathogenesis of CDH. It is important to note that some genes show expression in clusters 

different from the mesenchymal and mesothelial clusters. Nr2f2, for example, shows the highest 

level of expression in non-mesenchymal clusters, like the ‘fetal cardiomyocytes’ and the 

‘endothelial cells’ clusters. This might be due to the fact that there are different types of CDH, 

which might have different developmental origins, and some genes are associated with complex 

or multiple types of CDH. (46,47). Regarding the retinoid-associated genes, we found that the 

expression of these genes is enriched in the mesenchymal and mesothelial clusters, providing 

evidence that these clusters are the ones in charge of modulating the RA signaling cascade in the 
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PPF. As disruptions in the signaling cascade have been correlated with CDH, these results 

further sustain the idea that these cell populations are the main drivers in the formation of CDH.  

Some genes in particular give better insight into the relationships between different cell 

populations and the pathogenesis of CDH. For example, Aldh1a2 shows levels of expression 

almost exclusively in the mesothelial cluster, with over 50% of cells in this cluster expressing 

this gene. This gene is of interest for two main reasons; it is implicated in the oxidation of 

retinaldehyde into RA, and it has also been implicated in cases of human CDH when mutated 

(131,132). Furthermore, one of the top gene ontology results for this cluster was ‘diaphragm 

development’, highlighting the importance of this cluster in normal diaphragm morphogenesis, as 

well as how this cell population might be of importance in the development of diaphragmatic 

hernias. Other genes, like Rara and Rarb, which are both CDH and retinoid-associated genes 

(63,136), show highest expression in the mesenchymal clusters. Interestingly, there is a low level 

of coexpression of both Aldh1a2 and Rarb, the main RAR isoform expressed in the PPF. This is 

of importance because Aldha1a2 positive cells would be in charge of producing RA (33), which 

can act and induce signaling on Rarb positive cells. Only 9% of cells in all the mesenchymal 

clusters as well as the mesothelial cluster express both genes.  The clusters with the highest level 

of coexpression were the ‘Mesenchymal Cells 1’ and ‘Mesothelial Cells’ clusters, with 18% of 

cells expressing both genes. This further support the idea that RA signaling during 

embryogenesis mostly occurs in a paracrine fashion based on expression gradients (201). Finally, 

some genes like Wt1, which is known to cause CDH when mutated, is a downstream target of the 

RA signaling cascade, while also providing feedback regulation by controlling the expression of 

Aldh1a2 (42,95,184). These facts further strengthen the retinoid hypothesis of CDH, and further 
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explain the relationship between the retinoid signaling cascade and the formation of 

diaphragmatic hernias.  

3.5 Conclusion and Future Directions 

This first of a kind analysis was successful in determining the mosaic nature of the PPF, 

as there are many distinct cell populations in this tissue. By using multiple clustering analyses, 

we were able to gain a better insight into the distinct components of the PPF, while also 

determining how important these components are in the pathogenesis of CDH. Based on 

expression analysis, we found that the mesenchymal and mesothelial clusters show the highest 

level of expression of CDH- and retinoid-associated genes, and therefore might be the main 

drivers in the formation of diaphragmatic hernias. Since this is a transcriptomic analysis, there 

might be variations between our results and other studies that have measured protein expression 

in the PPF. For example, although both our results and the transcriptomic analysis performed by 

others show expression of Rarb in the PPF, protein expression analysis in this tissue was not able 

to detect expression of RARB (69,133). Therefore, further protein expression analysis in the PPF 

needs to be performed, to fully be able to assess the levels of expression of multiple CDH and 

retinoid- associated genes. Single-cell transcriptomic analysis of a PPF with CDH can also be 

performed, to see the differences in cell populations between our control sample and a CDH 

sample. It is expected that the mesenchymal and mesothelial clusters will show the highest 

differences between samples. Overall, as this is the first time that scRNA-seq was performed in 

the PPF, this study functions as a steppingstone to better understand this tissue, as well as the 

pathogenesis of CDH.  
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Chapter 4: A Prrx1-Cre:Rardn  Animal Model 

Reveals the Importance of Retinoid Signaling 

in the Developing Diaphragm 
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4.1 Introduction 

The diaphragm is a mammalian specific muscle with two main roles in an organism: 

serving as the primary muscle of respiration and providing a barrier between the abdominal and 

thoracic cavities (36). This muscle develops from multiple sources; including the somites, the 

septum transversum and the pleuroperitoneal folds (PPF); a transient structure that is crucial in 

the development of the diaphragm, as it helps with the migration of muscle precursor to form the 

fully developed diaphragm (70,179). In mice, the PPF first starts to appear at GD11.5, although it 

proliferates and fully migrates by GD13.5 (178). Multiple studies have shown that the non-

muscular mesenchymal component of the PPF is the main driver in the formation of 

diaphragmatic defects, like Congenital Diaphragmatic Hernia (CDH) (41,202). 

CDH is a life-threatening condition with high mortality that affects about 1 in 3,000 

newborns (182). This defect is characterized by an incomplete formation of the diaphragm, as 

well as a high degree of lung hypoplasia (203). The rate of survival for this disease is close to 

70%, although it is greatly dependent on severity (size of hernia and degree of lung hypoplasia), 

and complexity (presence of other abnormalities), among other factors (204). Multiple 

phenotypes of CDH can be seen depending on the location of the hernia. Bochdalek hernias, 

which are the most common type, develop in the postolateral side (205). Morgagni hernias 

develop in the anterior part of the diaphragm (205). Central tendon defects are also seen, 

although they are extremely rare (206). Finally, other phenotypes of this syndrome exist in which 

there is a weakening of the musculature of the diaphragm, known as muscular eventration (207).   

Currently, there are two main explanations for the etiology of CDH: (i) genetic and (ii) 

environmental. About 40% of CDH cases have a specific genotype associated with it (69). For 

example, mutations in some specific genes like WT1 and ALDH1A2 have been identified in 
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patients with diaphragmatic hernias (69,208). The second explanation is related to the 

environmental conditions to which the mother and the fetus are exposed during development. 

Multiple factors, like maternal age, maternal smoking and fetal sex  have been associated with a 

higher incidence of CDH (3,29,182). Additionally, multiple studies have shown that lower 

maternal vitamin A intake is associated with a higher incidence of diaphragmatic defects 

(81,82,133,209). A review performed in 2003 by Greer et al. led to the formulation of the 

retinoid hypothesis, which states that a disruption in the retinoid signaling pathway is involved in 

the incidence of CDH (31). 

There have been multiple studies that have assessed the importance of the retinoid acid 

(RA) signaling cascade during the pathogenesis of CDH. For example, it has been shown that a 

teratogen used to induce CDH in animal models, Nitrofen, works by inhibiting ALDH1A2, the 

enzyme in charge of synthesizing retinoic acid from retinaldehyde (183,210). Furthermore, the 

family of Retinoic Acid Receptor (RAR), which modulate gene expression after binding RA, 

have been linked with the formation of diaphragmatic defects. Compound Rar mutant mice 

experiments demonstrated that, although singular knockouts of each RAR isoform do not cause 

CDH, compound knockouts of the different isoforms do (63,64). Specifically, compound 

knockouts of Rara-/-:Rarb-/- show a low incidence of CDH, which is not seen in the                           

Rara-/-:Rarg-/-  or Rarb-/-:Rarg-/- compound mutants (63,64). Likewise, diaphragmatic defects 

were also seen in transgenic mice that lacked the functional domain of the Rxra receptor, 

showcasing the importance of this gene during diaphragm development (85).  

Since retinoid signaling is of paramount importance during development, generating null 

mice for any gene in the retinoid signaling cascade can be challenging. Indeed, many mutant 

animal models of retinoid related genes are not viable, and therefore this can pose a challenge 
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when developing mouse models to study the role of RA signaling in CDH (88,89,211). Because 

of this, conditional mutant mouse models might provide an advantage in studying the effect that 

ablation of different genes have in the formation of the diaphragm. For example, multiple groups 

have shown that conditional mutations of Wt1 in the non-muscular mesenchyme component of 

the PPF leads to the formation of diaphragmatic hernias in animal models (42,57,184). Keeping 

in mind that (i) the mesenchymal component of the PPF is hypothesized to be involved in the 

formation of CDH, and (ii) RA signaling is thought to be important in the formation of CDH, we 

hypothesize that a lack of signaling by the RARs in the mesenchymal component of the 

developing diaphragm will lead to the formation of CDH. To test this hypothesis, we generated a 

brand new conditional transgenic animal model that expresses a well-characterized RAR 

dominant negative mutant (Rardn), which is known to block RA signaling by disrupting the 

function of all three RARs, in the mesenchymal component of the diaphragm by using Prrx1-Cre 

mice.  

4.2 Methods 

4.2.1 Animal Care and Breeding 

All experiments were approved by the University of Alberta Research Ethics Committee 

and were performed in accordance with the Canadian Council on Animal Care guidelines. The 

Prrx1-Cre mice were obtained from The Jackson Laboratory (Bar Harbor, ME, USA), and the 

Rardn mice were a generous gift from Dr. William S. Blaner (Columbia University in the city of 

New York). The characteristics of these mice have been detailed previously by Rosselot et al. 

(58).  The animals were housed in the University of Alberta barrier animal facility. To generate 

timed pregnancies, one male Prrx1-Cre mice and two female Rardn mice were set up in a cage 

after 16:00 hrs and left overnight. The following morning at 9:00 hrs the presence of a vaginal 
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plug was examined to assess for copulation. Each cage was left for a maximum of two nights. 

After a vaginal plug was seen, noon of that day was considered gestational day (GD) 0.5. 

4.2.2 Genotyping 

To genotype the Prrx1-Cre:Rardn fetuses, DNA was extracted from the fetal tails and 

PCR reactions were performed utilizing Cre allele primers (Forward:                                                                          

5’-ACC TGA AGA TGT TCG CGA TTA TCT-3’, Reverse: 5’-ACC GTC AGT ACG TGA 

GAT ATC TT-3’) (Invitrogen, Toronto, ON), as well as the Rardn allele primers (Forward: 5’-

ATG GTG TAC ACG TGT CAC C-3’, Reverse: 5’-CAC CTT CTC AAT GAG CTC C-3’) 

(Invitrogen, Toronto, ON). Sex determination of the embryos was also performed utilizing Sry 

primers (Forward: 5’-CGT GGT GAG AGG CAC AAG T-3’, Reverse: 5’-AAG GCT TTT CCA 

CCT GCA TCC CA-3’). PCR reactions were set by adding 2 µL of DNA, 0.5 µL of each primer, 

as well as 21.5 µL of PCR super-mix (Thermo Fisher Scientific, Toronto, ON). The ProFlex 

PCR system (Applied Biosystems, Toronto, ON) was used for the reactions. Gel electrophoresis 

was performed utilizing a 1.2% agarose gel, which was ran at 100 V for 90 minutes for both the 

Cre and Rardn primers. For Sry a 2% agarose gel was utilized, and gel electrophoresis was ran at 

100 V for 120 minutes. The PCR products were visualized utilizing RedSafe dye (Intron 

Biotechnology, Seoul, KR), as well as the ChemiDoc Touch Imaging System (BioRad, 

Mississauga, ON). The Cre allele PCR product had a size of 374 bp, and the Rardn allele had a 

product of 204 bp. A representative agarose gel used for genotyping can be seen in Figure 4.1. 

The Sry allele PCR product had a size of 106 bp.  
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Figure 4.1: PCR Genotyping of the different fetuses. A representative agarose gel used for 

genotyping the different fetuses is shown. Wild type (WT) fetuses show no bands, and single 

transgenic mice, which carry only one of the alleles, only present one bad, either at 374 bp for 

Cre+ mice, or 204 bp for Rardn mice. Genotyping for Prrx1-Cre:Rardn show two distinct bands, 

at 374 bp and 204 bp respectively. 
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4.2.3 Dam Dissection and Fetus Collection 

Dams at GD 13.5-15.5 were euthanized via anesthesia using isoflurane inhalation 

immediately followed by cervical dislocation. An abdominal incision was made in the abdomen, 

and the entire uterus was removed. Both the number of fetuses and resorptions were recorded. 

The uterus was placed in a petri dish containing ice cold Phosphate Buffer Saline (PBS) (Sigma-

Aldrich, Oakville, ON). To dissect the individual fetuses, stereomicroscopy was used (Stemi 

508, Zeiss, Oberkochen, Germany). The Crown-Rump Length (CRL) of each fetus was recorded. 

To obtain the diaphragm, both the cranial and caudal section of the fetus were dissected, and the 

heart and lungs were removed. Afterwards, the diaphragm was gently collected from atop the 

liver to assess for the incidence of diaphragmatic defects.  The diaphragms were stored in 

formalin for later analysis. The degree of herniation was graded using letters, ranging from A-D, 

following guidelines described previously in the literature (212). A schematic of each herniation 

type can be seen in Figure 4.2. A heat map of the herniations was made utilizing Heatmapper 

(213). 

 

 

  



70 

 

 

 

 

Figure 4.2: Schematic representation of different hernia sizes based on intraoperative 

findings of postolateral hernias. Type A refers to a small hernia that does not touch the body 

wall. Type B refers to a hernia that is less than 50% of one side of the diaphragm and it touches 

the body wall. Type C is a hernia that is more than 50% of one side of the diaphragm and it 

touches the body wall. Type D refers to full herniation in one side of the diaphragm. Figure 

reproduced from Tsao and Lally, 2008 (212). 

  



71 

 

4.2.4 Histology Analysis 

Fetuses at GD 13.5 were taken to the HistoCore at the University of Alberta for 

processing, embedding, and H&E staining. The histology sections were visualized with a Axio 

Zeiss Vert A1 inverted light microscope (Zeiss). Images were acquired with a Zeiss Axiocam 

208 color camera (Zeiss) 

4.2.5 Contrast enhanced micro-Computed Tomography (Micro-CT) 

Fetuses stored in formalin were rinsed with deionized water for 24 hours followed by 

immersion in a 5% Mercury Chloride (Acros organic, Toronto) solution for 3 days. Scans were 

performed on a Bruker Skyscan 1176 Micro-CT with the following scanning parameters: 90 kV 

X-ray tube voltage, 278 µA X-ray current, 1 mm Al filter, 300 ms integration time, frame 

averaging with n=3, and an angular rotation step of 0.7 degrees. Scans were visualized utilizing 

data viewer (Bruker), and the long volume was calculated utilizing the 3D analysis function in 

CTan (Bruker). The 3D renders were made utilizing Ctvox (Bruker). Statistical analysis of the 

volumes was performed utilizing Prism. To determine the significance between the lung 

volumes, student t-tests were performed, where a P value < 0.05 was considered significant.  

4.2.6 scRNA-seq expression analysis 

Expression data for Prrx1 as well as the different RAR isoforms is based on the single cell 

transcriptomic data presented in the earlier chapter. The UMAPs and expression data were 

obtained following the methods previously described in chapter 3. 
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4.3 Results   

4.3.1 Expression of Prrx1 and the Retinoic acid receptors in the developing diaphragm, 

To generate our conditional transgenic mouse model, Prrx1-Cre mice were chosen due to 

a variety of different reasons. First, Prrx1 has been shown to be expressed in the non-muscular 

mesenchyme of the PPF. Prrx1-Cre mice crossed with Cre-responsive reporter RosaLacZ show 

labelling in the PPF but not other transient structures like the septum transversum (38). 

Furthermore, Prrx1 labelling also shows that this gene is still expressed in structures that are 

derived from the PPF, like diaphragmic fibroblasts as well as the central tendon (38). Second, 

Prrx1-Cre mice have been previously used to generate a Wt1 conditional knockout in the 

developing diaphragm that develops CDH (57). Third, our scRNA-seq data shows that 

expression of Prrx1 is primarily seen in the mesenchymal component of the PPF. Similarly, 

expression of the RARs, in particular Rara and Rarb is also seen in the same cell populations. 

scRNA-seq expression data for both Prrx1 as well as the different RARs can be seen in Figure 

4.3. 
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Figure 4.3: Single cell expression data for Prrx1 and the different RAR isoforms in the 

developing diaphragm. The UMAP in A shows the different cell populations present in the 

developing diaphragm, with each cluster being represented by a different color based on the 

legend. B-E show feature plots for Prrx1 (B), Rara (C), Rarb (D) and Rarg (E). Cells colored in 

blue express the different genes, where a darker blue represents higher levels of expression.  
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As seen in Figure 4.3 expression for both Prrx1 as well as the three RAR isoforms is 

primarily confined to the mesenchymal clusters of the PPF. The three different RAR isoforms 

did not have similar expression levels. Based on the feature plots, Rarb was the main isoform 

expressed in the PPF, followed by Rara. The last isoform, Rarg, had low to no levels of 

expression in all cell populations. It is important to note the percentage of cells expressing each 

specific gene per cluster. In the case of Prrx1, clusters ‘Mesenchymal Cells 1’ and 

‘Mesenchymal Cells 4’ had the highest percentage of cells expressing this gene, with values of 

57% and 83% respectively. For these clusters, the percentage of cells expressing Rara was 17% 

and 16% respectively, 52% and 28% respectively for Rarb, and 9% and 14% respectively for 

Rarg. The percentage of cells expressing Prrx1 as well as the respective RAR isoforms per 

cluster can be seen in Table 4.1. Furthermore, the patterns of expression for clusters in which any 

of the genes are expressed in more than 25% of the cells is shown in Figure 4.4. Finally, analysis 

of the scRNA-seq data was performed to determine coexpression of Prrx1 with each of the 

different RAR isoforms. There are low levels of coexpression of Prrx1 with any of the isoforms. 

Out of the total 4823 cells present in the mesenchymal and mesothelial clusters, 19% express 

both Prrx1 and Rarb, 8% express both Prrx1 and Rara, and only 5% express both Prrx1 and 

Rarg. 
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  Prrx1 Rara Rarb Rarg 

Somatic Stem Cells 1 5.29 1.67 1.40 0.89 

Mesenchymal Cells 1 57.52 17.96 52.53 9.14 

Mesenchymal Cells 2 31.41 19.41 43.18 8.29 

Mesenchymal Cells 3 21.71 15.13 50.77 15.79 

Mesenchymal Cells 4 83.35 16.76 28.30 14.10 

Erythroblasts 1 2.50 1.07 1.96 0.36 

Epithelial Cells 1 0.70 1.17 0.93 0.70 

Smooth Muscle Cells 43.60 17.30 15.64 9.95 

Somatic Stem Cells 2 16.34 7.56 10.98 1.71 

Mesothelial Cells 6.58 8.86 32.66 4.56 

Fetal Cardiomyocytes 

1 3.48 1.60 2.41 0.53 

Endothelial Cells 1 3.36 11.76 13.73 3.64 

Myoblasts 3.23 25.81 5.53 4.15 

Erythroblasts 2 1.60 0.53 0.00 0.53 

Macrophages 4.62 4.62 1.16 3.47 

Mesenchymal Cells 5 53.21 11.54 48.72 5.13 

Fetal Cardiomyocytes 

2 3.01 10.53 18.05 0.00 

Endothelial Cells 2 7 7 7 11 

Table 4.1: Expression of Prrx1 and the RAR in the developing diaphragm. Cells expressing 

Prrx1 and the RARs per cluster. The highest level of expression for Prrx1 was seen in the 

‘Mesenchymal Cells 4’ cluster, where 83% of cells expressed this gene. For Rara the highest 

expression was seen in the ‘Myoblast; cluster, with 25% of cells expressing this isoform. The 

‘Mesenchymal Cells 1’ cluster had a total of 52% of cells expressing Rarb, which was the 

highest amongst all clusters. Finally, expression of Rarg was the highest in the ‘Mesenchymal 

Cells 3’ cluster, with a total of 15% of cells expressing this gene.  
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Figure 4.4: Prrx1 and RAR isoform expression is enriched in the mesenchymal component 

of the developing diaphragm. Expression of Prrx1 or the RAR isoforms is above 25% in eight 

distinct clusters, with the highest level of expression seen in the mesenchymal cell clusters. 
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4.3.2 Prrx1-Cre:Rardn mice develop CDH 

Both microscopy as well as Micro-CT analyses reveal that the Prrx1-Cre:Rardn fetuses 

develop diaphragmatic hernias. A total of 17 Prrx1-Cre:Rardn double transgenic fetuses from 7 

separate litters were analyzed, with all of them presenting diaphragm defects, meaning our model 

had 100% penetrance of CDH. None of the 44 control fetuses, which were either WT or had only 

one of the alleles, had CDH. The distribution of the herniations, as well as the type of herniations 

seen can be seen in Figure 4.5. The general characteristics of the fetuses can also be seen in 

Table 4.2. Overall, hernias in the posterior left side of the diaphragm were more common, as 

roughly half of the Prrx1-Cre:Rardn fetuses had left hernias. This was followed by bilateral 

hernias, with an incidence of 35%.  Finally, although right sided hernias were seen, they were 

rare, with an incidence of ~15%. Most of the hernias seen in the Prrx1-Cre:Rardn fetuses were 

either grade B, meaning that less than 50% of one side of the diaphragm was affected, or grade 

C, meaning that more than 50% of that side of the diaphragm was affected. A total of 7 grade B 

and 11 grade C hernias were seen. Some Grade D hernias, which represent full herniation in one 

side of the diaphragm, were seen, although they were not as common, as only 25% of this type of 

herniation. Interestingly, in bilateral hernias, the left side of the diaphragm always had an equal 

or higher degree of herniation than the right side. It is important to note that in all of the hernias 

seen in the Prrx1-Cre:Rardn fetuses, the liver was pushing into the thoracic cavity.  A heat map 

representing the areas of the diaphragm most can be seen in Figure 4.6D. Representative 

examples of the different types of herniations seen in our animal model can be seen in Figure 

4.6A-C. Finally, although most of the fetuses presented actual diaphragmatic herniation, one of 

the Prrx1-Cre:Rardn fetuses showed an eventration, which speaks to the wide array  of 

diaphragmatic defects that are co-described as CDH.  
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A B 

C D 

The embryological origins of CDH have been traced back to abnormalities in the PPF (38,179). 

Our histology analysis revealed that the diaphragmatic defects in these fetuses can be seen early 

in development, at GD13.5. Compared to the control fetuses, in the Prrx1-Cre:Rardn  fetuses the 

PPF is almost completely absent, and this could explain why diaphragm development is 

disrupted in this mouse model of CDH. Histology analysis for both the WT as well as the Prrx1-

Cre:Rardn  fetuses  can be seen in Figure 4.6G-H. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.5: Prrx1-Cre:Rardn develop CDH. Bar graphs showing the location (A; n = 17) as well 

as the type of herniation (B; n = 24) seen in the Prrx1-Cre:Rardn fetuses. Fetuses with bilateral 

hernias were given two different scores for each side of the diaphragm. In C (n = 8 for males;      

n = 7 for females) and D (n = 12 for males and females), the location and the type of herniation 

of the hernias are divided by sex. 
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   Genotype 

Litter 

No.  

Maternal Age 

(days) No. of fetuses WT Cre Rardn Prrx1-Cre:Rardn  

7 85.5±30 63 20 8 18 17 

Table 4.2: General characteristics of the fetuses analyzed. Litter ID, maternal age, Cre and 

Rardn genotyping are all shown in the Table. 
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Figure 4.6: Prrx1-Cre:Rardn mice present CDH as well as lung hypoplasia. A shows a 

diaphragm of a WT fetus, B and C show the diaphragms of Prrx1-Cre:Rardn  fetuses, where the 

herniations is shown with an asterisk. The diaphragm shown in B has a grade C left hernia. The 

diaphragm in C has a grade B hernia on the right side, and a grade C hernia on the left side. The 

heatmap showing the distribution of all hernias found in our animal model is seen in D. Areas in 

orange had a higher incidence of CDH than areas in blue. E & F show the lungs of a WT fetus 

and a Prrx1-Cre:Rardn  fetus respectively. Hypoplasticity is shown with an asterisk in F. G & H 

show histology for a WT fetus and a Prrx1-Cre: Rardn fetus respectively. The lack of the PPF is 

shown with an asterisk. All scale bars are 0.5 mm.  
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4.3.3 Micro-CT analysis reveals lung hypoplasia in the Prrx1-Cre:Rardn  fetuses 

Micro-CT analysis was also successful in allowing us to see the anatomical differences 

in the liver, lungs and diaphragms of the Prrx1-Cre:Rardn fetuses. As seen in Figure 4.7, both 

the sagittal, coronal, and transverse views of the Prrx1-Cre:Rardn fetus show anatomical 

differences normally seen in CDH compared to the control. For the specific Prrx1-Cre:Rardn 

fetus shown, micro-CT clearly shows that the herniation is only present in the left side of the 

diaphragm. This was later confirmed via dissection which can be seen in Figure 4.8. 

Furthermore, visualization via micro-CT allowed us to observe the liver protruding into the 

thoracic cavity, compressing the ipsilateral lung. The degree of lung hypoplasia, as well as 

the difference in liver position can also be seen in the 3D-renders presented in Figure 4.9A-

B. Compared to the control fetuses, it can be seen that in the Prrx1-Cre:Rardn fetuses the liver is 

elevated, as it is herniating into the thoracic cavity and causing lung hypoplasia. This liver 

elevation is only seen in the left side of the fetus, since the right side of the diaphragm was 

intact.  
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Figure 4.7: Micro-CT scans show CDH and lung hypoplasia in the different anatomical 

planes. A-C shows a control fetus in the transverse, coronal and sagittal sections respectively. D-

E show enhanced versions of the images. G-I show a Prrx1-Cre:Rardn fetus in the transverse, 

coronal and sagittal planes, with J-L showing zoomed-in versions of the images. The herniation 

as well as the liver pushing into the thoracic cavity are represented by asterisks. Scale bars are 1 

mm. For the abbreviations, Li = Livers, Lu = Lungs, He = Heart, L = Left, R = Right. 
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Figure 4.8: Diaphragm dissections from the fetuses confirm micro-CT analysis. The 

diaphragm from the control (A) as well as the Prrx1-Cre:Rardn (B) fetuses show the presence of 

a left side hernia in the Prrx1-Cre:Rardn fetus as seen in via micro-CT. CDH in B is shown with 

an asterisk. Scale bars are 0.5 mm. The white precipitates are due to HgCl staining.  

A B 
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Figure 4.9: Prrx1-Cre:Rardn mice have lung hypoplasia. A & B show 3-D renders of a control 

and a Prrx1-Cre:Rardn fetus respectively. Scale bars are 0.5 mm. The elevated position of the 

liver in the Prrx1-Cre:Rardn fetus is shown with an arrow. C shows the difference in lung 

volumes between the WT and the Prrx1-Cre:Rardn fetuses. Data analyzed by student t-test, 

****p < 0.0001, *** p < 0.001. For the annotations, Lu = lungs  and Li = liver.  
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Visualization of both control and  Prrx1-Cre:Rardn  fetuses via micro-CT allowed us to 

analyze if the Prrx1-Cre:Rardn  fetuses present lung hypoplasia, by measuring the difference in 

the lung volumes compared to the control fetuses. As seen in Figure 4.9C the left lungs of the  

Prrx1-Cre:Rardn  fetuses present a decrease in volume of 34% compared to the controls. The 

average volume of the left lungs of the Prrx1-Cre:Rardn  fetuses was 1.23 mm3, whereas the 

average left lung volume of the control fetuses was  1.90 mm3 (student T-test; p <  0.001). We 

were not able to demonstrate a statistically significant change in volume in the right side of the 

lungs between the  Prrx1-Cre:Rardn  and the control fetuses, as the average right lung volume in 

the Prrx1-Cre:Rardn  was 2.75 mm3, compared to  3.00 mm3 in the controls.  

4.4 Discussion   

By generating a conditional mutant mouse model that blocks signaling of the RARs, we 

were able to target the mesenchymal component of the diaphragm and generate a  Prrx1-

Cre:Rardn  mouse model that develops CDH with 100% penetrance. This shows that RA 

signaling in the mesenchymal component of the developing diaphragm is essential for proper 

diaphragm development, and that disruptions in the RA signaling cascade will cause CDH. As 

CDH was seen in all of the Prrx1-Cre:Rardn  fetuses, this model might provide a powerful tool 

for studying the development of diaphragmatic defects that does not have the limitations that 

teratogenic/pharmacological models have, like off-target effects, timing of dose,  and low 

penetrance (214,215).  It is important to note that this model does not present any co-morbidities 

that are usually seen when disrupting the RA signaling cascade, like facial clefting, limb 

deformities, cranial malformation, etc. (216–218). The only comorbidity seen was oedema, a 
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common comorbidity associated with CDH, thought to be due to obstructions in venous return, 

increasing systemic volume pressure (219,220). 

The Prrx1-Cre:Rardn  fetuses develop CDH in the posterior left side of the diaphragm in 

the majority of the cases, correlating to what is seen in patients with Bochdalek herniation, the 

most common type of CDH (3). This relatedness with humans further highlights the importance 

that this mice model has as a tool for studying diaphragmatic development.  

The micro-CT analysis was successful in showing diaphragmatic hernias in the  Prrx1-

Cre:Rardn  fetuses. Although this technique is normally used to visualize mineralized tissue, like 

bones, we further demonstrate that HgCl staining of the fetuses prior to imaging can be useful 

when trying to visualize soft tissues, like the fetal lung, liver and diaphragm (221). However, 

one drawback of this type of staining is the presence of precipitates forming in the tissue, as seen 

in our diaphragm dissections. Through this technique, we were able to see CDH, liver herniation 

and lung hypoplasia. We were successful in demonstrating that the  Prrx1-Cre:Rardn  fetuses 

have lung hypoplasia compared to the control, albeit only in the left lungs. This might be 

because most of our herniations were on the left side. However, it is worth mentioning that there 

have been previous studies that show that lung hypoplasia can occur in the contralateral lung of 

the herniation, something which we were not able to demonstrate through this analysis (222–

224). It is important to note that there is a statistically significant difference between the 

volumes of the left lungs compared to the right lung volumes, and this is seen in both the Prrx1-

Cre:Rardn as well as the control fetuses, although this is expected, as the right lung is naturally 

larger than the left lung (225). Although unanswered questions remain, it is clear that micro-

CT provides a powerful tool for analyzing the multifaceted effects of CDH in a fetus.  
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Our Prrx1-Cre:Rardn mouse model demonstrates the importance of RA signaling in the 

formation of CDH, further strengthening the retinoids hypothesis, which states that retinoids 

have a role in the incidence of CDH (31). Blocking of RAR signaling in our mouse model 

caused diaphragmatic defects, highlighting the importance that these receptors have in 

modulating the role of RA during development (18,19,46–48). Based on the scRNA-seq data, 

Rarb is the main isoform expressed in the developing diaphragm, and therefore might have the 

most important role in the formation of CDH. Transcriptomic analysis performed by other 

groups have also shown that Rarb is the main isoform expressed in both the PPF and the 

diaphragm (69). However, immunohistochemistry analysis of the PPF failed to show protein 

expression of this RAR isoform, as only RARA had protein expression (133). Furthermore, the 

low levels of expression of Rarg could explain why only the Rara-/-:Rarb-/-  compound knockout 

develop CDH, compared to the Rara-/-:Rarg-/-  and the Rarb-/-:Rarg-/-  mutants that were 

previously described (63). Finally, it is important to note that although our coexpression analysis 

show little coexpression of Prrx1 and any of the RAR isoforms, expression of the genes was 

contained to the mesenchymal component of the developing diaphragm.  

Although previous transgenic animal models have been used to disrupt the retinoid acid 

signaling cascade, there are significant barriers, mainly low penetrance (63,64) as well as 

embryonic lethality (211,226,227). Our animal model provides a powerful tool to analyze fetuses 

that are well into development, and that develop CDH with 100% penetrance. Although there 

have been some knockout studies in which ablation of a specific retinoid-associated gene does 

not lead to the formation of diaphragmatic defects (44,48), our study further demonstrates that 

improper function of some retinoid associated genes lead to CDH (63,64,85). Other groups have 

also determined that mutations in downstream target genes of the retinoid signaling cascade 
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cause CDH, demonstrating the importance that RA signaling has in the development of the 

diaphragm (42,103). Finally, further studying the retinoid signaling cascade, as well as which 

genes are of paramount importance for proper diaphragm development is needed to better 

understand the etiology of CDH. 

4.5 Conclusion and Future Directions   

In conclusion, our Prxx1-Cre:Rardn  model provides a versatile as well as potent tool to 

study diaphragmatic hernias. All of the Prrx1-Cre:Rardn  fetuses analyzed in this study 

present some form of CDH, providing a clear advantage to other techniques previously used in 

the field to induce CDH. Although we saw a wide array of herniations in our fetuses, most of the 

hernias were seen in the posterior left side of the diaphragm. Our micro-CT analysis was also 

successful in letting us visualize the diaphragmatic hernias in a non-invasive way. Furthermore, 

both lung volume determination and 3D rendering demonstrated the presence of lung hypoplasia 

in our Prxx1-Cre:Rardn animal model. Our histology analysis revealed that diaphragm 

development is disrupted early in development, supporting the idea that CDH might occur before 

full muscularization and development of the diaphragm (38,184). 

This model can still be utilized to further study the etiology of CDH. First, treating the dams with 

RA will help us better understand the role of retinoids in proper diaphragm development. It is 

expected that RA intake by the dams will either decrease the penetrance and/or size of the 

hernias. Since the Rardn model affects all RAR isoforms, conditional knockouts of each 

individual isoform can be used to determine which of them is most important for proper 

diaphragm development. Rarb in specific seems of high importance, based on the single cell 

expression analysis, coupled with previous evidence that have linked mutations in this gene with 

rare human conditions that present CDH (137). Overall, our mouse model not only demonstrates 
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the importance of RA in the development of the diaphragm, but also provides a powerful tool to 

study diaphragm development in an animal model and can hopefully lead to a better 

understanding of the etiology of this complex condition. 
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Chapter 5: Dhrs3-/- fetuses present gross 

abnormalities but not CDH 
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5.1 Introduction 

Ever since the retinoid hypothesis, which states that retinoid signaling is involved in the 

incidence of CDH, there has been some interest in characterizing the role that different retinoid 

genes play in the development of the diaphragm. One of the enzymes that plays a role in the 

retinoid signaling cascade, dehydrogenase/reductase (SDR family) member 3 (Dhrs3) is in 

charge of reducing retinaldehyde into retinol, effectively mediating the production of RA 

(228,229). A schematic of the vitamin A pathway was provided in Figure 1.2 of this thesis. 

Dhrs3 has been previously studied to determine its role during development in multiple tissues as 

well as models (211,228,230). Previous work has demonstrated that loss-of-function of this 

enzyme can lead to excess RA, causing multiple abnormalities as well as late embryonic lethality 

(211,229,231). Furthermore, one group in particular determined that Dhrs3-/- mice had a 

defective coronary vasculature and myocardium, as well as modified protein expression in the 

epicardium (230).  

As CDH often presents comorbidity with different heart defects (232,233), we were 

interested in determining if Dhrs3-/- fetuses presented any incidence of diaphragmatic hernias. 

Our hypothesis was that the null fetuses will develop CDH, due to alterations in the retinoid 

signaling cascade in the developing diaphragm. 

5.2 Methods 

5.2.1 Animal Care and Breeding 

All experiments were approved by the University of Alberta Research Ethics Committee 

and were performed in accordance with the Canadian Council on Animal Care guidelines. Dhrs3 

heterozygous breeders were a generous gift from Dr. Alexander Moise (Northern Ontario School 
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of Medicine) which were previously described in 2018 by Wang et al. (230). The animals were 

housed in the University of Alberta barrier animal facility. To generate timed pregnancies, one 

male Dhrs3+/- mice and two female Dhrs3+/- mice were set in a cage after 16:00 hrs and left 

overnight. The following morning at 9:00 hrs the presence of a vaginal plug was examined to 

assess for copulation. Each cage was left for a maximum of two nights. After a vaginal plug was 

seen, noon of that day is considered gestational day (GD) 0.5. 

5.2.2 Dam Dissection and Fetus Collection 

  Dams at GD 13.5-15.5 were euthanized via anesthesia using isoflurane inhalation 

immediately followed by cervical dislocation. An abdominal incision was made in the mice, and 

the entire uterus was removed. Both the number of fetuses and resorptions were recorded. The 

uterus was placed in a petri dish containing Phosphate Buffer Saline (PBS) (Sigma-Aldrich, 

Oakville, ON). To dissect the individual fetuses, stereomicroscopy was used (Stemi 508, Zeiss, 

Oberkochen, Germany). The Crown-Rump Length (CRL) of each fetus was recorded. To obtain 

the diaphragm, both the cranial and caudal section of the fetus were dissected, and the heart and 

lungs were removed. Afterwards, the diaphragm was gently collected from atop the liver to 

assess for the incidence of diaphragmatic defects.  The diaphragms were stored in formalin for 

later analysis.  

5.2.3 Genotyping  

To genotype the Dhrs3 fetuses, DNA was extracted from the fetal tails and PCR reactions 

were performed utilizing Dhrs3 WT (Forward: 5’-CTG AGG GTA AAG GGA CTC TGG-3’,         

Reverse: 5’-AAT AGC CAG CGA GAT ACC AAT C-3’) (Invitrogen, Toronto, ON), as well as 

the null allele (Forward: 5’-GCA GCG CAT CGC CTT CTA TC-3’, Reverse: 5’-AAT AGC 



93 

 

CAG CGA GAT ACC AAT C-3’) (Invitrogen) primers. PCR reactions were set by adding 2 µL 

of DNA, 0.5 µL of each primer, as well as 21.5 µL of PCR super-mix (Thermo Fisher Scientific, 

Toronto). The ProFlex PCR system (Applied Biosystems, Toronto, ON) was used for the 

reactions. Gel electrophoresis was performed utilizing a 1.2% agarose gel, which was ran at 100 

V for 90 minutes. The PCR products were visualized utilizing RedSafe dye (Intron 

Biotechnology, Seoul, KR), as well as the ChemiDoc Touch Imaging System (BioRad, 

Mississauga, ON). The WT allele PCR product had a size of 242 bp, and the null allele had a 

product of 308 bp.  

5.3 Results 

To determine the effect of Dhrs3KO in the developing diaphragm, multiple Dhrs3+/+, 

Dhrs3+/-, and Dhrs3-/- fetuses were analyzed. The distribution of each genotype, as well as 

general information for each litter can be seen in Table 5.1. Contrary to our initial hypothesis, 

Dhrs3-/- fetuses do not present diaphragmatic hernias. None of the null fetuses analyzed 

presented any sort of diaphragmatic defects, although they did present heart malformations like 

previously described by other groups (230). Representative images of the diaphragm and heart 

dissected from Dhrs3+/+ and Dhrs3-/- fetuses can be seen in Figure 5.1.  
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 Fetal Genotype 

  

Litter  Gestational 

Day (GD) 
Average CRL 

(mm) 
+/+ +/- -/- Total No. of Resorptions 

1 13.5 10.5 0 5 3 8 0 

2 15.5 14.5 2 2 0 4 2 

3 15.5 14 2 1 2 5 3 

4 14.5 12.5 4 1 3 8 1 

5 14.5 12.5 1 4 2 6 1 

6 14.5 14 1 3 2 6 1 
 

Fetal genotype 

distribution (n) 
10 16 12 38 

 

Fetal Genotype 

Distribution (%) 
26 42 32 NA 

No. of fetuses 

with CDH 

0 0 0 0 

 

Table 5.1: General information for the Dhrs3 fetuses. A total of 6 litters were used for our 

studies, with a total of 10 WT, 16 heterozygous, and 12 null fetuses analyzed. None of the 

fetuses analyzed had CDH. 
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Figure 5.1: Dhrs3-/- mice do not develop CDH. Representative images of the diaphragm (A and 

C) and heart (B and D) from Dhrs3+/+, Dhrs3+/- and Dhrs3-/- fetuses are shown, respectively. All 

scale bars are 0.5 mm. 
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5.4 Discussion 

Dhrs3 is an important member of the retinoid signaling cascade during development and 

has been implicated with multiple congenital abnormalities (211,230); however, contrary to our 

initial hypothesis, loss-of-function of this gene does not cause CDH, since there is no difference 

in the diaphragms of WT fetuses compared to the Dhrs3-/- fetuses. It is important to note that we 

were able to see heart anomalies just like previous studies (230), demonstrating the importance 

of this gene during cardiac development. We did not observe any gross abnormalities in the 

diaphragm, as all fetuses analyzed had a fully muscularized diaphragm and no herniation, 

although is possible that there is an effect in the Dhrs3-/- fetuses that is not observable through 

microscopy. A key limitation to this study is that Dhrs3-/- animals present embryonic lethality 

after GD 15.5 (87,211,230), meaning that we were not able to dissect a fully muscularized 

diaphragm.  

Single-cell transcriptomic studies could be used to test the differences between the 

diaphragms of WT and KO fetuses, and to assess if any specific cell population is affected in the 

Dhrs3-/- mice. Furthermore, even though based on our evidence this gene does not cause CDH, 

there are many different genes in the retinoid signaling cascade. Therefore, more transgenic 

studies can be done to test the effect that knocking out different retinoid-related genes might 

have on the proper development of the diaphragm. Another possible limitation would be that 

Dhrs3 has a low penetrance, and the number of fetuses analyzed (n=12) was not sufficient to see 

diaphragmatic defects. However, this seems unlikely as other animal model experiments with 

low penetrance saw the formation of CDH in a similar sample number (63). 
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Chapter 6: Conclusion 
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6.1 Overall Conclusion 

The relationship between vitamin A and CDH has been a topic of research for more than 

70 years. Since the first studies that linked this micronutrient with diaphragmatic defects 

(234,235), to the formulation of the retinoid hypothesis in 2003 (31), it is clear that there is a link 

between retinoic acid (RA) signaling and CDH. Through this thesis, we hoped to answer two 

different questions to better understand the etiology of CDH; (i) if blocking the RA signaling 

cascade in the mesenchymal component of the diaphragm will cause CDH and (ii) which cellular 

populations of the developing diaphragm express both retinoid and CDH-associated genes. We 

were successful in answering both questions, by utilizing mutant mice studies for the first 

question, and single cell expression studies for the second question. Overall, we found that (i) the 

mesenchyme of the PPFs is highly important for proper organogenesis of the diaphragm, as 

disrupting the RA signaling cascade in this tissue leads to diaphragmatic hernias, as well as (ii) 

the fact that the non-muscular mesenchyme of the developing diaphragm has the highest 

percentage of expression of both retinoid and CDH-associated genes.  

6.2 Overview and Discussion of Results 

To determine which cellular populations of the developing diaphragm might be of higher 

importance for the incidence of CDH, we performed scRNA-seq on PPF tissue. Based on this 

expression analysis, we were able to identify 18 distinct clusters, with 10 unique cell 

populations. The majority of the cells were determined to be mesenchymal cells, and a total of 

five different mesenchymal clusters were identified. Furthermore, we determined the level of 

expression of both retinoid and CDH-associated genes through this analysis. In general, the 

expression of retinoid associated genes was mostly seen in the mesenchymal and mesothelial 

component of the diaphragm. For example, Aldha1a2 is highest expressed in the ‘Mesothelial 
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Cells’ cluster. For Rarb, the ‘Mesenchymal Cells 1’ cluster had the highest level of expression 

The same type of analysis was performed for CDH-associated genes. These genes were curated 

based on previous studies (21,199). Overall, the same pattern of expression was seen for CDH-

associated genes, with the mesenchymal and mesothelial clusters having the highest number of 

genes expressed. For example, Wt1, a gene that is known to cause CDH when mutated 

(42,57,184) had highest expression in the ‘Mesenchymal Cells 1’, ‘Mesenchymal Cells 3’ and 

‘Mesothelial Cells’ clusters. However, not all CDH-associated genes had the highest level of 

expression in the mesenchymal or mesothelial components. Nr2f2, for example, had the highest 

level of expression in the ‘Endothelial Cells 1’ cluster. Since this was the first time scRNA-seq 

analysis was performed in the PPF, we were not only able to determine that the mesenchymal 

and mesothelial component of the PPF show the highest level of expression of both retinoid and 

CDH-associated genes, but we were also able to better understand the composition of this tissue, 

and how it plays a role in the development of diaphragmatic defects.  

To test if disrupting the RA signaling cascade will cause CDH, we generated a 

conditional mutant mouse model that express a truncated version of the RAR receptor (RARdn) in 

tissues that express Prrx1, by using a Cre recombinase system. As Prrx1 is highly expressed in 

the mesenchyme, this system aims to test if blocking RA signaling in the mesenchyme of the 

diaphragm will cause CDH. Based on our studies, this Prrx1-Cre:Rardn system generates fetuses 

that develop CDH with 100% penetrance. The most common location of the hernias was on the 

left side of the diaphragm, and most of said hernias were type C, were more than 50% of one 

side of the diaphragm was missing. We also performed micro-CT analysis on these Prrx1-

Cre:Rardn fetuses, and determined that the lung volume of the ipsilateral lung is lower in fetuses 

with CDH than it is in the control by around 30%. This decrease in volume was not seen in the 
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right lungs of the Prrx1-Cre:Rardn fetuses compared to the control. Overall, this mouse model 

confirmed our hypothesis that disrupting the RA signaling cascade in the mesenchymal 

component of the diaphragm causes CDH.  

6.3 Limitations  

There are several limitations to this study. Regarding our conditional mouse model, one 

key limitation is the formation of Prrx1-Cre:Rardn fetuses. A total of 61 fetuses were collected, 

but less than a third of them were Prrx1-Cre:Rardn fetuses, meaning that a high number of dams 

and fetuses were required for this study. Furthermore, a total of 6 Prrx1-Cre:Rardn fetuses and 6 

control fetuses were analyzed via micro-CT. The low number of fetuses analyzed might explain 

why we were not able to see volume differences in the right lung of the Prrx1-Cre:Rardn fetuses 

compared to the control. Analyzing a higher number of fetuses would have given us higher 

statistical power, and we might have been able to see a significant difference in the right lung 

volumes. Regarding our scRNA-seq analysis, the biggest limitation is the fact expression data is 

based on RNA levels. Since RNA levels and protein expression is not fully correlated, it is 

possible that our analysis under or overrepresented some genes, and therefore we were not able 

to fully assess the expression pattern of both retinoid and CDH-associated genes.  

6.4 Future Directions 

Further studies can be done to further assess the important of RA signaling in the 

mesenchymal component of the diaphragm. To start, the Rardn system used in our conditional 

mutant mouse models sequesters RA, meaning the activity of all three RAR isoforms will be 

blocked. Utilizing mutant versions of each isoform individually might provide a better idea of 

which isoform is most important during development, and therefore most likely to cause CDH. 
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Based on both animal and human data, Rarb seems to be the most important isoform, as 

mutations in humans are known to cause CDH, and compound Rara-/-:Rarb-/- mutant mice also 

develop CDH (63,64,137). Our scRNA-seq data also supports this statement, as Rarb shows the 

highest level of expression out of the three RAR isoforms, and it is mostly contained in the 

mesenchymal and mesothelial components of the PPF. Another plausible study with our Prrx1-

Cre:Rardn model might be to supplement the diets of the dams with RA, to see the effect that this 

has in the Prrx1-Cre:Rardn fetuses. As low vitamin A intake by the dam has been implicated with 

a higher incidence of CDH (82), it is possible that RA supplementation will lead to a decrease in 

the incidence of CDH in the Prrx1-Cre:Rardn fetuses, or that this supplementation will cause 

changes in the size as well as the type of CDH seen in the Prrx1-Cre:Rardn fetuses.  

Regarding our scRNA-seq studies, we could test for protein expression of key genes 

highlighted through this analysis, to determine if RNA levels correlate to expression in the PPF. 

Studies that assessed protein expression in the PPF have been previously performed, although 

there are some discrepancies in the results. For example, Wt1 showed high levels of expression 

in our single cell expression analysis as well as in the protein expression studies (133). In 

contrast Rarb did not show protein expression, even though it is the main isoform expressed in 

the developing diaphragm based on our scRNA-seq analysis (133). Further protein expression 

analysis is therefore needed to solve some of these discrepancies. Single cell expression analysis 

can also be performed in a PPF sample with CDH, to determine how different it is from our 

control PPF sample. As the mesenchymal component of the PPF is necessary for proper 

diaphragm development, it is expected that scRNA-seq data of a PPF with CDH will have major 

differences in the mesenchymal and mesothelial components compared to our sample. We also 
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expect that the expression patterns of both retinoid and CDH-associated genes to be highly 

different, as the mesenchymal and mesothelial component will be different in a PPF with CDH. 

6.5 Clinical Relevance 

CDH is a disease with a high level of occurrence (2.3 births per 10000) that puts high 

strain in the health system. The average cost for the hospitalization and management of CDH is 

more than $350,000 in the US (11,236), and more than $50,000 in Canada (237). Furthermore, 

although the survivability of this condition is high in developed countries, the etiology of this 

syndrome is poorly understood. Through this thesis, we added knowledge into the already 

existing research trying to better understand the etiology and pathogenesis of CDH. We were 

able to further strengthen the link between RA signaling and CDH, as we showed that disrupting 

the RA signaling cascade in the mesenchymal component of the diaphragm causes diaphragmatic 

defects. Furthermore, we determined that retinoid related genes are mostly expressed in the 

mesenchymal and mesothelial components of the developing diaphragm. We were also able to 

better understand the PPF, the main source of CDH. Via our scRNA-seq analysis, we were able 

to show 10 distinct cell populations in the developing diaphragm, while also showing that the 

non-muscular mesenchyme shows the highest levels of expression of both retinoid and CDH-

associated genes. Our analysis not only helps us better understand the basic physiology of the 

PPF, but also the relationship between RA signaling in the non-muscular mesenchyme and the 

incidence of CDH.  
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6.6 Final Remarks  

Overall, this thesis further supports the retinoid hypothesis and the idea that the non-

muscular mesenchyme is the main driver in the formation of diaphragmatic defects. Both of our 

hypotheses were validated as (i) disrupting the RA signaling cascade in the mesenchymal 

component of the diaphragm causes CDH and (ii) the mesenchymal and mesothelial components 

of the PPF are the ones with highest expression of retinoid and CDH-associated genes. Further 

studies based on this thesis can be performed to better understand the etiology of CDH and to 

better supplement the retinoid hypothesis.  
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