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ABSTRACT 

 

Congenital diaphragmatic hernia (CDH) is a developmental defect of the diaphragm that 

is associated with pulmonary hypoplasia. The pathophysiology of abnormal lung 

development in CDH is unknown. MicroRNAs (miRNAs) are small RNA molecules that 

regulate gene expression through post-transcriptional silencing. A previous microarray 

screen in pulmonary tissue from human fetuses with CDH found a 50-fold increase in 

expression of microRNA-200b (miR-200b). In this project we used in situ hybridization 

to detect miR-200b expression in lungs from human postnatal cases and an animal model 

of CDH. In human lungs, CDH was associated with increased miR-200b expression. This 

was most evident in the terminal saccules and alveoli. In rat lungs, nitrofen-induced CDH 

resulted in decreased pulmonary expression of miR-200b. In early lung development, 

miR-200b expression was highest in the undifferentiated splanchnic mesenchyme and in 

distal parabronchial tissue. Its levels dropped in the more proximal parabronchial cells 

and with increasing gestational age. In pulmonary epithelium, miR-200b expression was 

highest at the elongating tips of the bronchial tree. Using immunohistochemistry, we 

detected expression of vimentin, a mesenchymal marker, in the distal epithelium during 

branching morphogenesis. Based on these observations, we propose a model in which 

miR-200b contributes to lung development by balancing epithelial proliferation and 

differentiation through modulation of TGF-β signaling. This model accounts for the 

observed differences between human and nitrofen-induced CDH. 
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CHAPTER 1. INTRODUCTION 

 

1.1. Epidemiology and Current Treatment  

Congenital diaphragmatic hernia (CDH) is a developmental defect of the diaphragm that 

allows herniation of abdominal viscera into the chest cavity. It occurs with an incidence 

of 1 in 2000 to 3000 live births1, 2. Although the diaphragmatic defect can be repaired 

following birth, substantial morbidity and mortality result from pulmonary hypoplasia 

(PH) and persistent pulmonary hypertension of newborn (PPHN). 

The management of CDH has evolved a great deal over time. Initially, CDH was 

seen as a surgical emergency, requiring immediate reduction of abdominal viscera and 

repair of the diaphragmatic defect to allow for normal ventilation3. However, this 

approach was associated with greater than 80% mortality4. A shift in paradigm occurred 

in the 1980s with reports of worsening respiratory compliance and pulmonary 

hypertension following surgical repair5, 6. Multiple factors have been suggested for 

respiratory deterioration following surgery. These include pulmonary vasospasm 

secondary to stress, increased intra-abdominal pressure associated with reduction of 

herniating organs and abnormal respiratory mechanics7. Today, the treatment of CDH 

involves early stabilization in an intensive care unit followed by delayed surgical repair. 

With this approach survival of children born with CDH has improved to greater than 

80%8, 9. 

Early stabilization has also evolved over the past three decades. Initially children 

with CDH were treated with aggressive ventilation in an attempt to improve oxygenation 

of hypoplastic lungs and to reduce pulmonary hypertension through induced respiratory 
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alkalosis10, 11. However, the fragile lungs of CDH patients were particularly susceptible to 

over-distention, leading to iatrogenic lung injury. Wung et al. first described gentle 

ventilation with permissive hypercapnia for treatment of infants with severe respiratory 

failure in 198512. Using this approach, airway pressures were minimized while tolerating 

a certain degree of respiratory acidosis. This strategy has been adopted in preoperative 

stabilization of patients with CDH leading to improved survival compared to historical 

controls13, 14. Over time, ventilation strategies have become more sophisticated with the 

addition of high frequency oscillatory ventilation (HFOV), inhaled nitric oxide (iNO) and 

extracorporeal membrane oxygenation (ECMO). Today, around one-third of neonates 

with CDH are treated with ECMO, for whom short-term survival is near 50%15, 16. While 

advances in critical care have improved short-term survival, long-term morbidity remains 

a major challenge in the management of CDH. In one review from the United Kingdom, 

58% of neonates treated with ECMO survived to hospital discharge. Of these only 37% 

were alive beyond age 1 and only 25% were free of significant morbidity17.  

The prognosis of patients born with CDH depends on the degree of pulmonary 

hypoplasia and presence of associated congenital anomalies (e.g. heart defects). Since the 

1980s a great deal of research has focused on prenatal interventions that might attenuate 

PH and PPHN. The first successful case report of open fetal surgery for CDH was 

published in 199018. The technique was eventually abandoned due to a high rate of fetal 

mortality, mainly from the consequences of premature delivery. Fetal tracheal occlusion 

was proposed as an alternative based on animal studies. Airway obstruction can induce 

fetal pulmonary growth by preventing normal outflow of lung fluid. Tracheal occlusion 

was initially accomplished by means of external clips placed through open or fetoscopic 
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neck dissection. Fetoscopic surgery was associated with fewer preterm deliveries and 

hence better survival. However, a number of survivors suffered from tracheal 

complications, including recurrent laryngeal nerve damage19. The technique once again 

evolved from external clipping to internal occlusion using a detachable balloon placed by 

means of fetal bronchoscopy through a single port. The first randomized controlled trial 

of fetal endoscopic tracheal occlusion (FETO) was stopped early in 2003 due to a lack of 

benefit compared to standardized postnatal care20. Despite this setback, interest in FETO 

continues. Infants with moderate to severe pulmonary hypoplasia are most likely to 

benefit from FETO. These patients are identified based on their lung-to-head ratio and 

liver position on fetal ultrasound or magnetic resonance imaging (MRI). A smaller lung-

to-head ratio (<1) and liver-up position are associated with a worse prognosis. 

Given the risks of fetal surgery, in utero drug therapy is an attractive alternative. 

Currently this approach is only at an experimental stage in animal models. For example, 

Larson et al. found that in utero overexpression of cystic fibrosis transmembrane 

conductance regulator (Cftr) gene can attenuate PH in the nitrofen model of CDH21. 

Overexpression of CFTR has a general effect on lung epithelial differentiation and it is 

not known whether this plays a role in the pathogenesis of CDH. Development of more 

targeted therapies is therefore desired and is the ultimate goal of our research. Achieving 

this goal requires a better understanding of the pathophysiology of CDH and its effects on 

lung development. 
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1.2. Pathophysiology of CDH 

1.2.1. Anatomy 

Anatomically, CDH is a heterogeneous disease. The defect can occur anywhere in the 

diaphragm. A Bochdalek hernia is a posterolateral defect, which accounts for 

approximately 70% of the cases. In about 80% of cases the defect occurs on the left side. 

The severity of lung disease is correlated to the size of the hernia. On prenatal imaging 

this is assessed by calculating the lung-to-head ratio and liver position (up or down). 

Diaphragmatic agenesis occurs in about 14% of neonatal cases and represents the most 

severe form of CDH. In the modern era, these patients have a mortality rate of greater 

than 50% and have the highest risk of requiring ECMO, resulting in long-term 

morbidity22. 

1.2.2. Pulmonary Hypoplasia 

Developmentally, PH is characterized by reduced airway branching and decreased gas 

exchange surface area. Several animal models exist to study pulmonary hypoplasia 

associated with CDH23. In the surgical model, a diaphragmatic defect is created during 

fetal development in either sheep or rabbit. Pulmonary hypoplasia then occurs secondary 

to the mass effect of the herniating abdominal organs. The surgical model has been 

particularly useful for evaluating interventional therapies including prenatal surgery and 

FETO. On the other hand, since the diaphragmatic defect is created artificially, the 

surgical model does not reflect the pathogenesis of human CDH. 

In the rat model, pregnant dams are given an oral dose of nitrofen, a herbicide, on 

embryonic day (E) 9 of gestation. Subsequently, around 70% of their offspring will 

develop CDH and other congenital anomalies, including heart defects. In this model 
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pulmonary hypoplasia begins prior to the formation of a diaphragmatic defect and 

continues in lung explants treated with nitrofen ex vivo24. Based on these observations a 

dual-hit hypothesis for CDH has been proposed, in which PH starts prior to formation of 

the diaphragmatic defect and is further exacerbated by herniating abdominal organs. Of 

note, mutations that result in agenesis of lungs are not associated with CDH, indicating 

that pulmonary hypoplasia is not the cause of CDH. It is more likely that PH and CDH 

share a common pathway. For example, children with Fryns syndrome have pulmonary 

hypoplasia with or without CDH25. 

1.2.3. Persistent Pulmonary Hypertension 

Pulmonary hypertension in CDH results from a combination of underdevelopment, 

meaning reduced total cross sectional area of pulmonary vasculature, as well as 

maldevelopment, referring to abnormal thickening of pulmonary arterioles. Pulmonary 

hypertension is further exacerbated by reactive vasoconstriction resulting from post-

delivery hypoxemia and acidosis. Little is known about the pathogenesis of PPHN in 

CDH. The severity of pulmonary hypertension is correlated to the degree of pulmonary 

hypoplasia, suggesting a common contributing factor.  

PPHN is conventionally treated with inhaled nitric oxide, which induces local 

vasodilation through activation of the endothelial nitric oxide pathway. Although iNO is 

sometimes used to treat pulmonary hypertension in CDH, it has never been shown to be 

effective26, 27. In the sheep model of CDH, resistance to iNO is at least partly due to 

altered activity of downstream targets of nitric oxide including guanylate cyclase28, 29. 

Underdevelopment of the vasculature is another reason for resistance to conventional 

therapy. 
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1.3. Embryology of the Diaphragm and the Lungs 

1.3.1. Normal Development of Diaphragm 

In humans, the diaphragm begins to develop at around 4 weeks of gestation30. 

Traditionally the diaphragm is believed to form from the fusion of three embryologic 

structures: the septum transversum, the esophageal mesentery and the pleuro-peritoneal 

folds (PPFs). The septum transversum is an infolding of the ventral body wall that gives 

rise to the anterior portion of the diaphragm. The PPFs are an infolding of the lateral 

cervical wall that form the posterolateral segments of the diaphragm on either side of the 

esophageal mesentery. Recent studies in the rat model of CDH indicate that PPFs 

contribute to the largest portion of the diaphragm. Malformations of the mesenchymal 

tissue within the PPFs lead to the most common form of CDH, namely a Bochdalek 

hernia31, 32. 

1.3.2. Stages of Lung Development 

In humans, the lung anlage originates from the ventral surface of the primitive foregut 

around 5 weeks of gestation. The trachea then undergoes bifurcation and branches off the 

esophagus at around 6 weeks of gestation. From there on, the bronchial tree undergoes a 

series of elongation and branching steps to form the structures of the conducting airways. 

In humans, branching of the first 16 generations of the airways is stereotypical and is 

completed by 16 weeks of gestation. The branching of the last 7 generations is non-

stereotypical and is completed by 24 weeks of gestation. In mice, there are only 12 

airway generations resulting in 4 lobes on the right and 1 lobe on the left. The 3-

dimensional branching pattern of the mouse lung has recently been described in great 

detail, revealing a remarkably stereotypical geometry. This complex structure is created 
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by three simple modes of branching, namely domain branching, planar bifurcation and 

orthogonal bifurcation, that alternate through time33. When errors in branching occur they 

do not seem to affect the future branching pattern, suggesting that the genetic control of 

lung morphogenesis relies on the repeated use of the same branching mechanisms. 

 Histologically, lung development has been divided into four stages (Table 1)34. 

During the pseudoglandular stage the epithelial tube, lined with cuboidal cells, undergoes 

stereotypical branching. At this stage the lung resembles an endocrine gland and is fairly 

undifferentiated. The canalicular stage is heralded by the formation of distal airway 

bronchioles accompanied by proximal to distal epithelial differentiation. Concurrently, 

the mesenchymal layer undergoes differentiation into chondrocytes, fibroblasts and 

myofibroblasts. Terminal saccules develop during the saccular stage. Epithelial cells 

begin to differentiate into type I and type II pneumocytes. The mesenchymal layer 

undergoes apoptosis and extensive vascularization. In the final stage, alveolarization 

occurs through septation of saccules leading to a honeycomb appearance and substantial 

increase in the gas exchange surface area. In humans, the alveolar stage begins during the 

late fetal period and continues into childhood. In rodents, alveolarization is 

predominantly postnatal. 

Table 1. Stages of lung development (E: embryonic day) 

Stage Human age  Rat age  

Pseudoglandular 5-17 weeks E11-17 

Canalicular 16-25 weeks E18-19 

Saccular 24-38 weeks E20-term 

Alveolar 38 weeks – 7 years Postnatal 
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1.4. Molecular Regulation of Lung Branching Morphogenesis 

Normal lung development requires a coordinated crosstalk between epithelial cells and 

their surrounding mesenchyme. Signaling molecules secreted by the mesenchyme guide 

epithelial growth and branching. As the epithelial tube grows, it directs differentiation of 

the surrounding mesenchyme into specialized supporting structures such as airway 

smooth muscle cells and capillary networks. An essential component of lung branching 

morphogenesis is the formation of a distal epithelial phenotype. These “tip” cells are at 

the leading edge of the growing epithelial tube and have the ability to proliferate and 

grow into the surrounding tissue. A multitude of signaling molecules and transcription 

factors have been identified that play a role in lung organogenesis. Here I will focus on 

the most-studied biochemical regulators of lung branching morphogenesis.  

 Sonic hedgehog (SHH) is an evolutionary conserved signaling pathway involved 

in the formation of segmented structures. Shh is expressed in lung epithelium with higher 

levels in the terminal buds35. Homozygous Shh-null mice have profound lung hypoplasia 

associated with increased apoptosis and reduced proliferation of epithelial and 

mesenchymal cells. The receptor for SHH is a transmembrane protein called patched 

(PTC). During lung development Ptc expression is highest in the mesenchyme underlying 

terminal buds. Interestingly, overexpression of Shh using a surfactant protein C (SP-C) 

promoter also results in lung hypoplasia. This phenotype is associated with increased 

expression of Ptc in the mesenchyme and enhanced mesenchymal and epithelial cell 

proliferation leading to interstitial thickening36. These observations indicate that the SHH 

pathway is involved in regulating cell proliferation through epithelial-mesenchymal 

interactions and its proper function requires an optimal dose. 
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The fibroblast growth factor (FGF) family consists of a large group of growth 

factors involved in many biological processes including angiogenesis, wound healing and 

embryonic development. FGF10 is an important member of the FGF family that is 

required for normal development of multiple organs including the brain, lungs and limbs. 

In lung, FGF10 is a mesenchymal factor that induces epithelial proliferation and 

migration. Isolated lung endoderm will grow towards a bead coated with FGF10 in 

vitro37. In early lung development FGF10 expression is concentrated in the distal 

mesenchyme surrounding the tips of the elongating bronchi. Fgf10-null mice develop a 

normal trachea, but fail to undergo branching morphogenesis including division of the 

trachea into main-stem bronchi38.  

 Another important ligand in lung development is transforming growth factor beta 

(TGF-β). There are three isoforms of TGF-β and these all have a different localization 

during lung development. TGF-β1 is expressed throughout the lung mesenchyme, with 

higher expression in the distal mesenchymal tissue underlying epithelial branch points. 

TGF-β2 is localized to the distal epithelium, while TGF-β3 is mainly expressed in the 

mesothelium and the proximal mesenchyme39. Bone morphogenetic protein (BMP) is a 

member of the TGF-β superfamily. BMP4 plays a central role in distal epithelial 

proliferation and morphology. FGF10-induced epithelial migration is accompanied by 

increased expression of BMP4 in the distal epithelium37. Blockade of BMP4 or its 

receptor in lung results in abnormal morphology including reduced epithelial 

proliferation, extensive apoptosis and formation of large fluid filled spaces40. As 

mentioned previously, lung branching morphogenesis does not occur randomly, but is 
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stereotypical. Inhibitory molecules control the extent of branching. These include Sprouty 

(SPRY), an inhibitor of FGF, and Noggin (NOG), a BMP and TGF-β antagonist.  

 A molecular basis for pulmonary hypoplasia in CDH has not been identified. 

Chromosomal abnormalities are present in 10% of CDH patients and familial occurrences 

have been described. However, the majority of cases occur in isolation with no apparent 

genetic cause41. Environmental factors might contribute to the pathogenesis of CDH. In 

rats, maternal vitamin A deficiency is associated with a high incidence of CDH in pups42. 

In the nitrofen model, administration of vitamin A to pregnant dams reduces the 

incidence and severity of CDH43. Retinoic acid, the biologically active derivative of 

vitamin A, is essential for early lung development. Acute vitamin A deprivation at the 

onset of lung development arrests branching morphogenesis, similar to the Fgf10 

knockout mutation44. Abnormal retinol levels were found in human cases of CDH 

independent of maternal retinol status in a small case-control study45. Vitamin A 

deficiency is unlikely to account for all cases of CDH. More likely, retinoic acid might 

attenuate the phenotype through a related pathway.  

The contribution of epigenetics and microRNA (miRNA) to pathogenesis of CDH 

is unexplored. Epigenetics describes heritable changes in gene expression without 

alteration of DNA sequence. For example, DNA methylation is a major mechanism 

underlying cellular differentiation46. MicroRNAs are a large group of non-coding small 

RNA molecules that regulate gene expression through post-transcriptional silencing of 

messenger RNA (mRNA). MicroRNA function is essential to normal organogenesis 

during embryonic development. For example, targeted deletion of miR-1-2 results in 

congenital heart defects in mice47. The role of specific miRNAs in the pathogenesis of 



	   11 

human congenital disease is unknown. This project is part of a larger effort to investigate 

the role of epigenetics and miRNA in the pathogenesis of CDH.    

1.5. miRNA and Lung Development  

1.5.1. Biogenesis and Function of miRNA 

Related miRNAs are often located in a cluster and share the same promoter. There is 

accumulating evidence that as much as 40% of miRNAs are located within protein 

coding genes48. However, the majority of miRNAs are intergenic and are transcribed as 

independent units49. Initially a long double-stranded primary (pri)-miRNA is synthesized 

in the nucleus by RNA polymerase II. The pri-miRNA is then processed into a ~70 

nucleotide precursor (pre)-miRNA by a ribonuclease III known as Drosha50. Drosha is 

part of a microprocessor complex, which includes a double-stranded RNA binding 

protein known as Pasha. Pasha acts as an anchor molecule that determines the cleavage 

site51. 

 Upon completion of this nuclear processing step, the pre-miRNA travels through 

the nuclear pore into the cytoplasm. There, a riboendonuclease III called DICER cleaves 

the pre-miRNA into a 22-nucleotide double-stranded miRNA. The double-stranded 

miRNA is then separated into two single strands. The antisense strand participates in the 

RNA-induced silencing complex (RISC) as a template for target mRNA, while the sense 

strand is degraded52. MicroRNAs mainly bind to the 3’ untranslated region (3’ UTR) of 

target mRNAs. Inhibition of gene expression can occur in two ways. In plants, miRNAs 

base pair with perfect or nearly perfect complementarity to target sequences and inhibit 

translation by direct destruction or cleavage of mRNA45. In animals, miRNAs usually 

base pair with imperfect complementarity and reduce protein synthesis by inhibiting 
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translation. RISC can inhibit translation initiation or elongation or cause mRNA 

instability through deadenylation53, 54. 

1.5.2. miRNA in Lung Development 

In one of the first studies to demonstrate the significance of miRNA in lung development, 

Harris et al. created a conditional knockout of the Dicer gene in mouse lung epithelium 

using the SHH promoter shortly after the initiation of lung branching. The mutant lungs 

demonstrated arrested branching with abnormal expansion of distal epithelial domains55. 

During lung development members of the Argonaute (Ago) family are localized to 

branching regions. Ago1 is mainly localized in the distal epithelium, while Ago2 is 

localized in the surrounding mesenchyme56. Expression of AGO proteins in several other 

actively developing regions of the embryo suggests a role for miRNA-mediated dynamic 

and localized gene regulation. Recently, Dong et al. performed a systematic profiling 

study of microRNA, mRNA, and protein levels during different stages of lung 

development. They found that while for some miRNAs increased expression directly 

correlated with down-regulation of predicted mRNA targets; in over half of the proteins 

analyzed down-regulation occurred independent of changes in mRNA levels. These 

findings suggest that inhibition of translation without mRNA degradation is an important 

mechanism of miRNA-mediated gene regulation during lung development57. 

 Little is known about the role of specific miRNAs during lung development. It 

appears that different groups of miRNAs are active at different stages of lung 

development. miR-17~92 is a cluster of 7 miRNAs that are transcribed as a single pri-

miRNA. They were first identified in the pathogenesis of B cell lymphoma and many 

solid tumors, including lung cancer58. Expression of the miR-17~92 cluster is highest in 
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early stages of lung development, but declines as development proceeds. Overexpression 

of miR-17~92 using an SP-C promoter results in abnormal lung development 

characterized by increased epithelial proliferation and reduced differentiation59. Deletion 

of miR-17~92 results in severe lung hypoplasia, but normal branching morphogenesis60. 

Hence, the miR-17~92 cluster is believed to play a crucial role in early lung development 

by regulating lung cell proliferation and differentiation.  

MicroRNA profiling of embryonic lung tissue and lung cancer often produce 

similar results. As already mentioned, the miR-17~92 cluster is upregulated in both lung 

adenocarcinomas and during early lung development61, 62. In addition, miRNAs with 

higher expression in adult lung compared to embryonic tissue are downregulated in lung 

cancer. The best example of this relationship is the let-7 family, which is downregulated 

in embryonic lung as well as lung tumors compared to normal adult tissue62. In human 

cells, let-7 negatively regulates RAS protein and is therefore considered to be a tumor 

suppressor gene63. Lu et al. investigated the function of miRNAs during the late 

canalicular stage of lung development. They compared the relative expression of 

microRNAs between E11.5 (pseudoglandular stage) and E17.5 (late canalicular stage) in 

mice. The most abundant miRNA at E11.5 was miR-17, while at E17.5, let-7 was the 

most abundant miRNA64. Therefore, transition from early branching morphogenesis to 

later differentiation is accompanied by a switch from the miR-17~92 cluster to the let-7 

family. 
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1.6. Epithelial-to-Mesenchymal Transition (EMT) 

1.6.1. EMT in Development and Disease 

Nitrofen-induced CDH is characterized by pulmonary interstitial thickening and 

increased fibroblast proliferation65, 66. One of the objectives of this project is to determine 

whether epithelial-to-mesenchymal transition contributes to the pathogenesis of nitrofen-

induced CDH. Epithelial cells are characterized by an apical-basal polarity. They are held 

together by cell-cell adhesion molecules and are bound by a basement membrane. These 

architectural constraints are essential for proper functioning of epithelial tissue as barriers 

or in absorption. They also lead to the formation of typical epithelial structures, such as 

sheets, tubes or vesicles. Mesenchymal cells, for example fibroblasts, are characterized 

by an elongated spindle shape, cellular motility and ability to produce extracellular 

matrix (ECM). Epithelial-to-mesenchymal transition is a process by which epithelial cells 

acquire features of mesenchymal cells, namely the ability to lose cell-cell contacts and 

become mobile and invasive. EMT is essential in early embryonic development. During 

gastrulation the primordial mesoderm forms from endodermal progenitor cells. These 

epithelial cells change their shape to a more elongated form, migrate to the midline and 

extend along an antero-posterior axis67. EMT and its reverse process, mesenchymal-to-

epithelial transition (MET), occur several times during organogenesis. Examples include 

development of the neural crest68, kidneys69, 70 and heart71, 72.  

EMT has garnered a great deal of interest in the past decade due to its potential 

role in adult diseases, such as cancer and organ fibrosis. EMT is believed to be one of the 

main mechanisms by which adenocarcinomas progress to invasion and metastasis. Indeed 

many inducers and inhibitors of EMT are considered oncogenes and tumor suppressors, 
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respectively73. Idiopathic pulmonary fibrosis (IPF) is a chronic lung disease characterized 

by progressive interstitial fibrosis. Using a mouse model, Kim et al. have shown that the 

majority of fibroblasts in pulmonary fibrosis arise from alveolar epithelial cells74. 

Similarly in renal fibrosis a substantial number of fibroblasts originate from tubular 

epithelial cells75. Accordingly, markers of EMT are increased in biopsies of patients with 

IPF and renal fibrosis74, 76.  

1.6.2. EMT Signaling Pathway 

Several signaling pathways contribute to activation of EMT. The most important and 

best-studied mechanism involves TGF-β-induced SMAD signaling. Binding of TGF-β to 

its transmembrane kinase receptors, TβRI and TβRII, results in phosphorylation of 

intracellular SMAD molecules. Upon phosphorylation, isoforms of SMAD form trimers 

that translocate into the nucleus, where they function as coactivators or corepressors of 

gene expression. The target genes encode transcription factors, such as members of the 

Snail family and Zeb family, that enhance expression of mesenchymal proteins, while 

repressing expression of epithelial proteins77. EMT can be detected in vivo when 

epithelial cells cease to express transmembrane adhesion molecules such as E-cadherin 

and begin to produce mesenchymal cytoskeletal components, such as vimentin.  

1.6.3. miR-200 Family Inhibits EMT 

MicroRNA-200b is a member of miR-200 family that also includes miR-200a, miR-200c, 

miR-141 and miR-429. These miRNAs have similar sequences and are transcribed in two 

clusters: miR-200b, 200a and 429 share a common transcription start site on chromosome 

1; while miR-200c and 141 are transcribed as a single unit from chromosome 1278. 

Currently little is known about the role of miR-200b in lung development. Based on 
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sequence complementarity and experimental data, the miR-200 family inhibit several 

components of the TGF-β/SMAD signaling pathway including TGF-β, TβR and ZEB79, 

80. ZEB is a zinc-finger transcriptional repressor of E-cadherin. Overexpression of ZEB 

can promote EMT, while its downregulation can induce an epithelial phenotype80, 81. 

miR-200b has strong affinity for the 3’ UTR of ZEB1 and ZEB2. In adults, miR-200b is 

expressed in epithelial tissues. Decreased expression of miR-200b leads to EMT through 

activation of TGF-β/SMAD signaling. On the other hand, increased expression of miR-

200b can effectively reverse EMT in vitro82. The miR-200 family is suppressed in a 

mouse model of pulmonary fibrosis83. In these lungs miR-200b levels are higher in 

alveolar epithelial cells compared to fibroblasts. In addition, the onset of pulmonary 

fibrosis is associated with reduced miR-200b expression.  

1.7. Rationale for The Project and Objectives 

A previous microarray screen, including 319 human miRNAs, in pulmonary tissues from 

fetuses with CDH found miR-200b to be upregulated nearly 50 fold (unpublished data). 

This finding led us to hypothesize that miR-200b is important for lung development and 

that its expression is changed in pulmonary hypoplasia due to CDH. The objectives of 

this project were to: 

1. Develop a robust in situ hybridization (ISH) protocol to investigate the localization of 

miRNAs in tissue sections 

2. Determine the expression pattern of miR-200b in human lungs from CDH patients 

and rat embryonic lungs with nitrofen-induced CDH, and compare the expression 

patterns to that in control lungs 
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3. Use parallel immunohistochemistry (IHC) experiments to propose a model for the 

role of miR-200b in pulmonary hypoplasia associated with CDH  
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CHAPTER 2. MATERIALS & METHODS 

 

2.1. Human Neonatal Lung Tissue 

Sectioned (5 µm) formalin-fixed, paraffin-embedded newborn lung tissues on microscope 

slides were kindly provided by professor Dick Tibboel (Department of Pediatric Surgery, 

Erasmus MC-Sophia, Rotterdam, the Netherlands). Samples had been obtained post-

mortem from three infants with CDH and three age-matched controls (Table 2). Slides 

were given institutional exemption for research purposes. The Research Ethics Board of 

Erasmus MC-Sophia approved the study protocol.  

Table 2. Human tissues used in the study 

Age Control Diagnosis  CDH Diagnosis 

35 weeks Rupture of tentorium cerebelli with 

severe hemorrhage 

Right CDH, both lungs 

hypoplastic 

37 weeks Heart failure due to a large thrombus 

in the left myocardial ventricle 

Left CDH 

40 weeks Epidural hemorrhage Right CDH, hypoplastic left 

lung, agenesis of the right lung 

CDH: Congenital Diaphragmatic Hernia 

2.2. Rat Fetal Lung Tissue  

2.2.1. Nitrofen Model 

Ethics approval for the use of animals in research was obtained from the Bannatyne 

Campus Protocol Management & Review Committee, University of Manitoba. Sprauge-

Dawley rats were kept in a controlled light-dark cycle and food and water were supplied 
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ad libitum. Rats were mated overnight and the finding of a sperm-positive vaginal smear 

was designated day 0 of gestation. The herbicide 2,4-Dichlorophenyl 4-nitrophenyl ether 

(nitrofen) was obtained from Sigma-Aldrich Co. (St. Louis, MO, USA). To induce CDH, 

pregnant dams were given 100 mg of nitrofen dissolved in olive oil by oral gavage on E9. 

Past experience has shown that up to 80% of the offspring will develop a CDH and 100% 

will suffer from pulmonary hypoplasia (Figure 1). Control rats were given an equal 

volume of olive oil without nitrofen. Dams were euthanized by CO2 overexposure 

following a short isoflurane anesthesia. Fetuses were removed at different stages of lung 

development (E13, 15, 18 and 21) using microsurgical techniques. At E13, whole 

embryos were harvested following removal of the head and tail. At E15, only the thorax 

was preserved. At E18 and E21, the chest was opened via a median sternotomy to check 

for the presence of a hernia. We also noted the size of the hernia (unilateral vs. agenesis) 

and the degree of pulmonary hypoplasia. In the nitrofen group, only lungs from fetuses 

with a CDH were preserved.  

 

Figure 1. Nitrofen model – Pulmonary hypoplasia (PH) and congenital diaphragmatic 

hernia (CDH) were induced in rat fetuses by maternal administration of nitrofen on 

embryonic day (E) 9.  
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2.2.2. Tissue Processing 

Whole fetuses and isolated lungs were fixed with 4% paraformaldehyde (PFA) in 

phosphate buffered saline (PBS) for 16-18 hours at 4°C. Post fixation, the tissues were 

dehydrated in a graded alcohol series, cleared in xylene and embedded in paraffin. Serial 

sections (4 µm-thick) were obtained using a microtome and mounted on SuperFrost 

microscope slides (Fisher Scientific, Hampton, NH, USA). Three sections were placed 

per slide to provide a three-dimensional view of the tissue (Figure 2).  

 

 

Figure 2. Serial sectioning – Consecutive 4 µm thick sections of lung tissue were 

mounted on a single microscopic slide to provide a three-dimensional view. 

 
2.3. In Situ Hybridization 

A modified one-day in situ hybridization protocol was developed based on a previously 

described procedure (Figure 3)84, 85. All glassware and metallic trays were heated to 

180°C for 8 hours to reduce RNase contamination. Pipettes and other instruments were 
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wiped with RNase AWAY solution (Ambion, Burlington, ON, Canada). Reagents were 

made with RNase-free water and autoclaved.  

 The slides were first heated to 58°C for 30 minutes to melt the wax. The sections 

were then deparaffinized in xylene, rehydrated through an ethanol dilution series (100% 

to 70%) and transferred to PBS with 0.1% Tween. A hydrophobic barrier was drawn 

around each section using an ImmEdge pen (Vector Laboratories, Burlington, ON, 

Canada). Tissues were partly digested with 20 µg/ml of proteinase K at 37°C for 10 

minutes to facilitate probe penetration and exposure of miRNA species. The reaction was 

stopped with 0.2% glycine followed by post-fixation in 4% PFA for 10 minutes. The 

slides were then washed in PBS twice. Non-specific protein-RNA interactions were 

eliminated by acetylation (66 mM HCl, 0.66% acetic anhydride and 1.5% 

triethanolamine), followed by three washes in PBS. Prehybridization was carried out in a 

sealed chamber humidified with 1X sodium chloride/sodium citrate (SSC) buffer at 50°C 

for 30 minutes. Hybridization solution consisted of 50% formamide, 5X SSC, 500 µg/ml 

yeast tRNA and 1X Denhardt’s solution. Each miRNA was detected using a specific 

locked nucleic acid (LNA) probe double-labeled at the 3’ and 5’ end with digoxigenin 

(DIG) (Exiqon, Vedbaek, Denmark). Different probes were used for detection of miR-

200b in human and rat tissues. A scramble probe was used as negative control and a 

probe against U6 small nuclear RNA (snRNA) was used as positive control (Table 3). 

Rat probes were diluted to 50nM and human probes were diluted to 100nM in 

hybridization solution and applied to sections for 1 hour at 30°C below the predicted 

RNA melting temperature. 
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Table 3. Locked nucleic acid probes used for in situ hybridization 

Probe Sequence Hybridization 

Temperature 

hsa-miR-200b 

(human) 

TCATCATTACCAGGCAGTATTA 52°C 

rno-miR-200b 

(rat) 

GTCATCATTACCAGGCAGTATTA 52°C 

Scramble-miR 

(negative control) 

GTGTAACACGTCTATACGCCCA 57°C 

U6 

(positive control) 

CACGAATTTGCGTGTCATCCTT 54°C 

 

 Post-hybridization, the slides were washed in 5X, 1X and 0.2X SSC buffer at 

hybridization temperature. The sections were then incubated in a blocking solution 

containing 1X Roche Blocking Reagent (Roche, Mannheim, Germany), Tris-NaCl buffer 

(pH 7.5) and 0.1% Tween. DIG-labeled probes bound to target miRNA were detected by 

a sheep alkaline phosphatase (AP)-conjugated anti-DIG antibody (Roche), diluted 1:250 

in blocking solution and incubated at room temperature for 1 hour. Post-antibody, the 

slides were washed three times in Tris-NaCl buffer and three times in NTM buffer (0.1 M 

NaCl, 0.1 M Tris-HCl, pH 9.0-9.5 and 0.05 M MgCl2). Chromogenic reaction was carried 

out in the dark at 30°C for 2 hours using 1-Step NBT/BCIP solution (Thermo Scientific, 

Waltham, MA, USA) containing 1mM levamisole. Slides were washed in double-

distilled water and counterstained with methyl green. At the end, sections were 
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dehydrated in a graded alcohol series, cleared in xylene and coverslipped under Permount 

(Fisher Scientific).  

 

 

Figure 3. In situ hybridization – MicroRNA in tissue sections was hybridized to a 

complementary locked nucleic acid (LNA) probe double-labeled with digoxigenin (DIG). 

The probes were detected by an alkaline phosphatase (AP)-conjugated anti-DIG 

antibody. 

 
2.4. Immunohistochemistry  

IHC was performed using the VECTASTAIN ABC system from Vector Laboratories86. 

Between each step, sections were washed three times in PBS. Tissues were first 

deparaffinized and rehydrated as described above. Antigen unmasking was achieved 

using citrate buffer (pH 6.0) in a boiling water bath over 30 minutes. Slides were allowed 

to cool to room temperature and were blocked with a solution containing 10% goat 

serum, 1X Roche Blocking Reagent and 0.1% Tween in PBS. Endogenous peroxidase 

activity was eliminated by treatment with 3% hydrogen peroxide for 30 minutes. 

Endogenous avidin and biotin molecules were blocked using the avidin/biotin blocking 

kit. Tissues were then incubated with a rabbit monoclonal anti-vimentin antibody (Abcam 

Inc., Cambridge, MA, USA) diluted 1:500 in blocking solution at 4°C overnight. The 
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secondary antibody consisted of a biotinylated goat anti-rabbit antibody (Jackson 

Laboratories, West Grove, PA, USA) diluted 1:400 in blocking solution. Tissues were 

incubated with the secondary antibody at room temperature for 30 minutes. The ABC kit 

was used to bind avidin-conjugated horseradish peroxidase (HRP) to the biotinylated 

secondary antibody. Chromogenic reaction was carried out using the ImmPACT DAB 

substrate (Vector Laboratories) for 30 seconds. Slides were washed in double-distilled 

water and counterstained with methyl green (Thermo Scientific, Rockford, IL, USA). At 

the end, sections were dehydrated in an alcohol series, cleared in xylene and coverslipped 

under Permount. 

2.5. Image Analysis 

Digital microscopy was performed using the ScanScope CS system (Aperio, Vista, CA, 

USA). Images were obtained up to 200X magnification and were viewed and analyzed 

with ImageScope software (http://www.aperio.com). The area of ISH staining was 

quantified using the colocalization algorithm87. The blue and green stains were first 

calibrated with the color deconvolution tool using positive (U6 probe without 

counterstain) and negative (scramble probe with methyl green counterstain) control 

slides, respectively. The average optical densities of each stain in the red, blue and green 

channels were then entered into the colocalization algorithm. The program creates a 

digital map of the slide made up of three colors: blue, green and aqua. Aqua denotes 

colocalized positive and negative staining. This digital map was visually checked against 

the original image to ensure accuracy. The software outputs the area of each color as a 

percentage of all three colors. Positive staining was calculated by adding the percentages 

of blue and aqua (% positive staining).  
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For human samples and E15, E18 and E21 rat embryos the entire lung was 

analyzed. For E13 rat embryos, a line drawn around the epithelial tube and the 

surrounding mesenchymal layer defined the area of analysis. 

2.6. Statistical Analysis 

Each comparative group consisted of three embryos and for each embryo three sections 

were analyzed (n =9). All data are presented as mean ± standard error of mean. When 

comparing two groups, p values were calculated by the two-tailed Student’s t test. When 

comparing three groups, one-way ANOVA with Tukey-Kramer multiple comparisons 

test was utilized. P <0.05 was selected for acceptance of statistical significance. 
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CHAPTER 3. RESULTS 

 

3.1. Evaluation of the ISH Protocol 

The ISH protocol was first tested on E21 rat tissue using U6 and scramble probes (Figure 

4). The staining became darker with increasing concentrations of U6. Incubation with the 

scramble probe resulted in no appreciable signal. 

A.         B. 

 
C.         D. 

 
E. 

 
 
Figure 4. Evaluation of ISH protocol – A. no probe, B. 0.03 nM, C. 0.1 nM and D. 

0.5nM U6 snRNA (counterstained with nuclear fast red; 400X magnification). E. 

Scramble probe at 50 nM (counterstained with methyl green; 200X magnification). 
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3.2. Human Neonatal Lung 

In situ hybridization of human neonatal lung revealed a specific spatial and 

cellular distribution of miR-200b. In conducting airways, epithelial cells were positive for 

miR-200b, while parabronchial smooth muscle cells were negative. In CDH lungs, 

terminal saccules were characterized by thickened septa with an increased number of 

miR-200b-positive cells (Figure 5). When entire lung sections were analyzed, miR-200b 

levels were higher in CDH patients compared to controls (Figure 6). 

Control 

 
 
CDH 

 
 
Figure 5. Distal expression of miR-200b (blue stain) in human neonatal lung (200X 

magnification) – Original images (left) and their corresponding color-coded maps (blue = 

positive staining, green = negative staining, aqua = colocalized positive and negative 

staining). Bronchial epithelial cells are positive for miR-200b (*), while parabronchial 
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smooth muscle cells are negative (arrow). In CDH lungs, terminal saccules (†) are 

characterized by thickened septa with increased number of miR-200b-positive cells. 

 

 

 

Figure 6. Area of ISH staining for miR-200b in human neonatal lung (*P <0.0001). 

 
3.3. Rat Fetal Lung 

3.3.1. Pseudoglandular Stage (E13-E15) 

In the pseudoglandular stage of lung development, miR-200b expression was highest at 

the tips of the growing bronchial tree. This was confirmed by serial sectioning (Figure 7). 

The splanchnic mesenchyme was positive for miR-200b except for the immediate layer 

adjacent to the epithelial tube. This parabronchial mesenchyme became positive more 

distally and surrounding the elongating tips. Nitrofen-treated lungs had lower miR-200b 

expression, particularly in the distal epithelium and its surrounding mesenchyme (Figures 

8 and 9). When entire lung sections were analyzed, nitrofen-treated rats had lower 

expression of miR-200b compared to controls (Figures 10 and 11). 
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Figure 7. miR-200b expression (blue stain) is highest at the tips of the elongating 

bronchial tree (arrows). Serial sections of E15 control rat lung (200X magnification). 
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Control 

 
 
Nitrofen 

 
 
Figure 8. ISH for miR-200b (blue stain) in E13 rat lung (200X magnification) – Original 

images (left) and their corresponding color-coded maps (blue = positive staining, green = 

negative staining, aqua = colocalized positive and negative staining). Undifferentiated 

splanchnic mesenchyme (*) is positive for miR-200b. In control lungs, distal 

parabronchial cells (arrow) are positive for miR-200b, while proximal parabronchial cells 

are negative. In nitrofen-treated lungs, both distal and proximal parabronchial cells are 

negative for miR-200b. Esophagus (†). 
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 Control 

 
 
 Nitrofen 

 
 
Figure 9. Distal expression of miR-200b (blue stain) in E15 rat lung (200X 

magnification) – Original images (left) and their corresponding color-coded maps (blue = 

positive staining, green = negative staining, aqua = colocalized positive and negative 

staining). In control lungs the majority of cells are positive for miR-200b. Nitrofen-

treated lungs have lower expression of miR-200b, especially in parabronchial tissue 

(arrow).   
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Figure 10. Area of ISH staining for miR-200b in E13 rat lung (*P <0.0001). 

 

 

Figure 11. Area of ISH staining for miR-200b in E15 rat lung (*P =0.0001). 
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3.3.2. Canalicular Stage (E18) 

In the canalicular stage, relative to the pseudoglandular stage, expression of miR-200b 

was decreased in the pulmonary mesenchymal tissue. High expression of miR-200b 

continued in the distal tips of the elongating bronchioles. CDH lungs had lower 

expression of miR-200b in both mesenchymal and epithelial layers (Figure 12). In 

addition, there were fewer tip structures per area of the lung in hypoplastic lungs. 

In blood vessels, endothelial cells stained positive for miR-200b, while the 

surrounding smooth muscle layer was predominantly negative. In CDH rats, endothelial 

cells were mostly negative for miR-200b. Mesothelial cells were strongly positive for 

miR-200b in both control and CDH rats (Figure 13). This pattern continued into the 

saccular stage. When entire lung sections were analyzed, CDH rats had lower expression 

of miR-200b compared to controls (Figure 14). 
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Control 

 
 
CDH 

 
 
Figure 12. ISH for miR-200b (blue stain) in E18 rat lung (200X magnification) – 

Original images (left) and their corresponding color-coded maps (blue = positive staining, 

green = negative staining, aqua = colocalized positive and negative staining). CDH lungs 

have lower expression of miR-200b and contain fewer tip structures (arrow in control 

lung).  

 
 
 
 
 
 
  



	   35 

 Control       CDH 

 

Figure 13. Proximal miR-200b expression (200X magnification) – Bronchial epithelial 

cells are positive for miR-200b (*), while parabronchial cells are negative (arrow head). 

In blood vessels, endothelial cells are positive for miR-200b (straight arrow), while the 

surrounding smooth muscle layer is negative (†). In CDH lungs endothelial cells were 

predominantly negative for miR-200b. Mesothelial cells are positive in both control and 

CDH lungs (curved arrow). 

 

Figure 14. Area of ISH staining for miR-200b in E18 rat lung (*P <0.0001). 
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3.3.3. Saccular Stage (E21) 

The spatial and cellular distribution of miR-200b in the saccular stage was similar to 

human tissue as described above. Expression of miR-200b was higher in the epithelial 

cells of proximal airways compared to distal bronchioles and terminal saccules (Figure 

15, blue vs. aqua in color-coded maps). In terminal sacs, cells facing the luminal side 

were predominantly positive for miR-200b. On the other hand, negative cells were more 

often found within the walls of the sacs. 

At E21 60% of the offspring treated with nitrofen developed CDH. In the hernia 

group two distinct phenotypes were recognized: a mild phenotype associated with a small 

unilateral hernia and a severe phenotype associated with diaphragmatic agenesis. The 

severe phenotype had much lower expression of miR-200b in terminal saccules, where 

there was an increase in the number of green cells (Figure 15). When both phenotypes 

were combined, CDH lungs had lower expression of miR-200b compared to control 

lungs (Figure 16). When analyzed separately, the difference between control lungs and 

the mild phenotype was not statistically significant. Both control lungs and the mild 

phenotype had higher expression of miR-200b compared to the severe phenotype (Figure 

17).  
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Control 

 
 
Mild CDH 

 
 
Severe CDH 

 
 
Figure 15. ISH for miR-200b (blue stain) in E21 rat lung (200X magnification) – 

Original images (left) and their corresponding color-coded maps (blue = positive staining, 

green = negative staining, aqua = colocalized positive and negative staining). Expression 
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of miR-200b is higher in proximal airways (arrow) compared to terminal saccules (arrow 

head). The severe CDH phenotype is characterized by abundance of miR-200b-negaive 

cells in terminal saccules (*). 

 

Figure 16. Area of ISH staining for miR-200b in E21 rat lung with all CDH lungs 

combined (*P =0.0174). 

 

 

Figure 17. Area of ISH staining for miR-200b in E21 rat lung with CDH lungs separated 

into mild and severe phenotypes (*P <0.001). 
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3.3.4. Immunohistochemistry 

To further explore the role of EMT in lung development, the spatial and temporal 

expression of vimentin in embryonic rat pulmonary tissue was determined through IHC. 

Vimentin was expressed in mesenchymal tissue throughout lung development. In the 

pseudoglandular stage vimentin was also expressed in distal, but not proximal epithelium 

(Figures 18 and 19). This pattern continued into the canalicular stage. In the saccular 

stage vimentin was absent from epithelial cells and was found exclusively in 

mesenchymal tissue. 

 

 

Figure 18. Immunohistochemistry for vimentin (brown stain) in E13 rat lung. Vimentin 

is expressed in the distal epithelium (arrow), but is absent from the proximal epithelium 

(*) (200X magnification). 
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Figure 19. Immunohistochemistry for vimentin (brown stain) in E15 rat lung. Vimentin 

is expressed in the distal epithelium below the dashed line, but is absent in the proximal 

epithelium above the dashed line (200X magnification). 
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CHAPTER 4. DISCUSSION 

 

4.1. miR-200b & Mesenchymal Differentiation 

The pattern of ISH staining suggests that expression of miR-200b during lung 

development parallels cellular differentiation (Figure 20). In mesenchymal tissue, miR-

200b expression decreases with increasing differentiation (e.g. into myofibroblasts). In 

early pseudoglandular stage (E13), miR-200b is expressed widely in the undifferentiated 

splanchnic mesenchyme. In parabronchial tissue, which is differentiating into airway 

smooth muscle, a distal-to-proximal gradient is observed (Figure 8). In control lungs, 

distal parabronchial cells are strongly positive for miR-200b, while proximal 

parabronchial cells are negative. Mailluex et al. have shown that distal parabronchial 

cells are smooth muscle progenitors that express high levels of FGF1088. In nitrofen-

treated rats, expression of miR-200b in mesenchymal tissue is reduced. In addition, the 

distal-to-proximal gradient is diminished, with distal parabronchial cells being negative 

for miR-200b. Coleman et al. have shown that mice treated with nitrofen have increased 

expression of α-smooth muscle actin (α-SMA)66. This finding suggests that nitrofen 

accelerates mesenchymal differentiation into airway smooth muscle, associated with 

decreased expression of miR-200b.  

In the late pseudoglandular stage (E15), the lungs separate from the surrounding 

splanchnic mesoderm as distinct organs inside the pleural cavity. Much of the lung 

mesenchyme remains positive for miR-200b, except for the proximal parabronchial 

tissue. Distal parabronchial cells, which are less differentiated progenitors, are positive 

for miR-200b in control rats and negative in nitrofen-treated rats (Figure 9).  
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As lung development advances into the canalicular stage, the population of 

differentiated fibroblasts increases and concurrently expression of miR-200b is reduced 

(Figure 12). In parabronchial cells, expression of miR-200b is restricted to distal 

bronchioles near the elongating tips. In CDH rats, the mesenchymal layer appears 

thickened with markedly reduced miR-200b expression. Specialized mesenchymal cells 

with epithelial features, including the mesothelium and endothelium, express miR-200b 

(Figure 13). Mesothelial cells, which line the pleural cavity, are strongly positive for 

miR-200b expression. In CDH rats, endothelial cells are less likely to stain positive. 

Whether this contributes to the pathogenesis of PPHN in nitrofen-induced CDH remains 

to be determined. In this study endothelial cells were identified based on histologic 

appearance of lining the inside of blood vessels. Confirmation of the role of miR-200b in 

endothelial differentiation requires further study including combined ISH and IHC using 

specific markers for endothelial cells. Another possible mechanism for PPHN in nitrofen-

induced CDH is increased muscular thickening through upregulation of α-SMA as 

suggested by Coleman et al.66.  

In the saccular stage, much of the lung mesenchyme has fully differentiated into 

fibroblasts and airway smooth muscle cells. These cells are devoid of miR-200b. 

Terminal sacs also contain a population of negative staining cells, which are much more 

numerous in nitrofen-induced CDH, particularly in the severe phenotype (Figure 15). The 

identity of these cells and whether they are of epithelial or mesenchymal origin is 

unknown. For example, these cells could represent abnormal proliferation of 

lipofibroblasts, which appear during the alveolar stage and play a role in the production 

of ECM and as accessory cells to type II pneumocytes89.  
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Figure 20. Expression of miR-200b favors an epithelial phenotype – In mesenchymal 

tissue, miR-200b expression decreases with increasing differentiation into parabronchial 

smooth muscle. In epithelial tissue, miR-200b expression is highest at the elongating tips 

(epithelial progenitors) and remains high during differentiation into proximal epithelium. 

 
4.2. miR-200b & Epithelial Differentiation 

In early lung development (pseudoglandular to canalicular stage) expression of miR-200b 

is highest at the tips of the elongating bronchial tree. These structures are quite prominent 

in ISH staining and their location was confirmed through serial sectioning (Figure 7). 

Interestingly they are more numerous in control lungs compared to CDH lungs, 

particularly at E18 (Figure 12). This is expected, since hypoplastic lungs have fewer 
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elongating tips per square area of lung due to reduced bronchial branching. Recently, 

Rawlins et al. have shown that distal tip cells are epithelial progenitors that give rise to 

the more differentiated proximal cells90. Unlike mesenchymal tissue, miR-200b 

expression continues in proximal epithelium.  

In the saccular stage, proximal epithelial cells have higher expression of miR-

200b compared to the more distal alveolar cells (Figure 15). In addition, tip structures are 

distinctly absent. This is an expected finding, since bronchial branching has ceased by the 

saccular stage.  

4.3. Role of EMT/MET in Lung Development 

This is the first study to suggest a role for EMT/MET in embryonic lung development. 

Evidence for this phenomenon comes from IHC experiments showing expression of 

vimentin, typically a mesenchymal marker, in distal epithelium throughout the 

pseudoglandular and canalicular stages (Figures 18 and 19). Initially this finding was 

surprising, because distal epithelium also expresses high levels of miR-200b, which 

normally inhibits expression of vimentin through downregulation of TGF-β/SMAD 

signaling. Explanation for this paradox came from concurrent studies of interactions 

between miR-200b and TGF-β in cultures of bronchial epithelial cells (unpublished data). 

Mimics of miR-200b decreased TGF-β/SMAD signaling, while nitrofen and inhibitors of 

miR-200b increased it. On the other hand, exogenous TGF-β resulted in a multifold 

increase in expression of miR-200b, while nitrofen decreased miR-200b expression. 

Taken together, these results indicate that miR-200b functions as a regulator of TGF-

β/SMAD signaling through a negative feedback loop. In addition nitrofen decreases miR-

200b levels independent of TGF-β (Figure 21). 
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Based on these observations we have proposed a working model for the role of 

miR-200b in early lung development (Figure 21). In the pseudoglandular and canalicular 

stages, distal epithelial progenitor cells have mesenchymal features that allow them to be 

invasive and grow into the surrounding tissue. This is an example of epithelial-to-

mesenchymal transition. This phenotype is imparted upon them by growth factors, such 

as FGF10 that are released by mesenchymal progenitor cells. FGF10 is essential for 

induction of EMT during myocardial development91. During lung branching 

morphogenesis, BMP4, a member of the TGF-β superfamily, is expressed in high 

amounts in distal epithelium in response to FGF1037. In addition to facilitating 

elongation, epithelial progenitor cells must also differentiate into more proximal 

epithelial tissue. This process is an example of mesenchymal-to-epithelial transition and 

is initiated by miR-200b through a negative feedback mechanism. 

Support for this hypothesis comes from the pattern of staining for vimentin in 

IHC slides. Vimentin is expressed in high amounts distally and drops gradually in more 

proximal epithelium (Figure 18). There is likely a delay between activation of miR-200b 

and its effect on downstream targets such as vimentin through production and inhibition 

of various transcription factors. This delay would be essential to allow epithelial growth 

before the process of differentiation takes over. MET might also occur in other aspects of 

lung development. As mentioned above endothelial and mesothelial cells, which are of 

mesenchymal origin, express miR-200b (Figure 13). Interestingly these cell types have 

epithelial features, such as lining tubular structures or forming sheets. 

There is accumulating evidence that EMT is not conversion of epithelial cells into 

fibroblasts, but rather conversion of differentiated epithelial cells into less differentiated 
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progenitor or stem cells with mesenchymal features (see review by Thiery et al.73). What 

distinguished EMT during development from EMT in carcinogenesis is the presence of a 

robust regulatory system mediated at least partly through action of miRNA. Indeed, many 

aggressive cancers have reduced expression of members of the miR-200 family, which 

allows them to escape this regulatory mechanism92-94. Given its effects on miR-200b, it is 

not surprising that nitrofen is a carcinogen in adult rats95.  

 

 

Figure 21. Role of miR-200b in early lung development (blue to green denotes transition 

from high to low miR-200b expression) – Distal mesenchymal progenitor cells induce 

epithelial proliferation and migration through FGF10-induced activation of TGF-

β/SMAD signaling. miR-200b facilitates epithelial differentiation through a negative 

feedback loop. Nitrofen delays epithelial differentiation through inhibition of miR-200b. 
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4.4. Human vs. Nitrofen-induced CDH 

Increased expression of TGF-β1 and TβRI in nitrofen-induced CDH has previously been 

demonstrated using IHC and real-time quantitative polymerase chain reaction (qPCR)96, 

97. There are two possible mechanisms for lung hypoplasia in this context. First, 

accelerated mesenchymal differentiation would decrease the pool of progenitor 

mesenchymal cells that are required for FGF-10 production. Ramasamy et al. have shown 

that FGF10 dosage is critical for amplification of epithelial progenitor cells98. Second, 

fibroblast differentiation can lead to increased ECM production, hindering epithelial 

growth. In mice, overexpression of TGF-β1 results in lung hypoplasia characterized by 

decreased epithelial differentiation, thickened pulmonary mesenchyme and altered 

distribution of parabronchial α-SMA to more distal expression99, 100. According to this 

model the primary reason for lung hypoplasia in nitrofen-induced CDH is a defect in 

mesenchymal tissue, which has been shown in recombinant experiments using fibroblasts 

isolated from nitrofen-treated lungs65.  

 In the saccular stage, ISH identified two groups of CDH lungs based on amount 

of miR-200b staining (Figures 15-17). The severe phenotype was associated with larger 

hernias and smaller lungs, although we did not formally measure lung-to-body weight 

ratio, as this was an unexpected finding. One possible explanation for this outcome is a 

dose-response effect. It is known that not all embryos in a litter are affected equally by 

nitrofen administration. For example, only 60% of embryos in our nitrofen group 

developed CDH. Embryos that end up with bigger hernias and smaller lungs likely 

receive a higher effective dose of nitrofen that lasts into the saccular stage affecting 

cellular differentiation. This results in abnormal proliferation of cells that are negative for 
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miR-200b. In the mild phenotype the effect of nitrofen, which is administered on E9, on 

epithelial differentiation has diminished by saccular stage (E21), resulting in an increased 

number of alveolar cells that are positive for miR-200b.  

Human and animal models of CDH have been contrasted by the degree of 

epithelial differentiation. In rats, CDH lungs have reduced levels of disaturated 

phosphatidylcholine and increased concentration of glycogen, both indicators of 

biochemical immaturity101, 102. These lungs are also deficient in expression of surfactant 

protein A (SP-A)103. Nitrofen treatment has consistently been shown to reduce markers of 

epithelial differentiation, including decreased expression of thyroid transcription factor-1 

(TTF-1), clara cell secretory protein-10 (CC-10), and SP-C24, 104. In mice, nitrofen is 

associated with delayed epithelial differentiation, including persistence of TTF-1 in the 

periphery and decreased SP-A expression66.  

In human CDH, surfactant levels are normal. Amniotic fluid phospholipid 

analyses in 18 prenatally diagnosed CDH cases were comparable to normal fetuses of the 

same gestational age105. Bronchoalveolar lavage fluid of infants with CDH revealed 

normal phospholipid composition and surfactant synthesis and kinetics106, 107. Boucherat 

et al. found no difference in surfactant expression in 16 human lungs with CDH 

compared to age-matched controls. The lungs were also similar with respect to mediators 

of lung maturity, including TTF-1, and surfactant production108. Consistent with these 

findings, surfactant therapy has been shown to be of no benefit in term and preterm 

infants with CDH and may in fact be harmful109, 110. 

Using ISH we have shown that unlike nitrofen-induced CDH, human lungs 

contain an abundance of miR-200b-positive cells in terminal saccules and alveoli. This 
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finding accounts for normal epithelial differentiation in human CDH as opposed to 

nitrofen-treated rats. At this point we can only speculate on how increased miR-200b 

expression can lead to pulmonary hypoplasia. One possible mechanism in early lung 

development is reduced epithelial invasion through inhibition of TGF-β-induced EMT 

(Figure 21). Accelerated epithelial differentiation would reduce the time available for 

branching morphogenesis. This would result in small lungs that are biochemically 

mature. In addition, decreased TGF-β signaling might specifically affect late lung 

development during alveolarization. Chen et al. have shown that abrogation of TβRII in 

lung epithelium reduces alveolar septation. Interestingly, blockade of TβRII in 

mesenchymal tissue was associated with multiple musculoskeletal defects including 

CDH111. Similar to FGF10, TGF-β expression is highly regulated during lung 

development. This has led to the “Goldilocks” hypothesis, which states that TGF-β 

signaling has to be just right for normal development to occur112. In other words, both 

increased and decreased TGF-β signaling can lead to lung hypoplasia and this likely 

occurs due to differential effects of TGF-β in epithelial and mesenchymal tissue.  

4.5. Other Predicted Target Genes for miR-200b 

Regression methods predict hundreds of gene targets for miR-200b based on 

complementarity between the mature sequence of miRNA and the 3’ UTR of mRNAs 

(for a complete list, see www.microRNA.org). As discussed previously, the reciprocal 

relationship between miR-200b and members of TGF-β/SMAD signaling has been 

established through in vivo studies and in vitro assays. While experimental evidence is 

lacking for most other predicted targets, several genes might be of interest due to their 

putative roles in lung development. 
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 Fibronectin (FN) is an extracellular matrix protein that facilitates cellular binding 

to components of ECM. FN is expressed in response to Wnt signaling in distal epithelium 

and contributes to lung bud splitting at epithelial branch points113.  Treating lung explants 

with anti-FN antibody or small interfering RNA (siRNA) inhibits branching 

morphogenesis, while FN supplementation promotes lung branching113, 114. FN 

contributes to lung bud splitting by enhancing interactions between cell membrane 

integrins and components of the basement membrane114. The 3’ UTR of FN1 has several 

binding sites for miR-200b. Therefore, changes in miR-200b expression might affect lung 

branching morphogenesis by perturbing FN1 function.  

 Another potential target for miR-200b is neuregulin 1 (NRG1). This protein is a 

member of the neuregulin family, which plays a critical role in the development of the 

heart and the nervous system115. Neuregulins affect cellular proliferation and 

differentiation of neighboring cells by binding to the ERBB family of tyrosine kinase 

receptors. During the alveolar stage of lung development, NRG1 is expressed by lung 

fibroblasts and binds to ERBB receptors on type II epithelial cells to affect cellular 

proliferation and surfactant synthesis116. An association between miR-200b and NRG1 

might explain the observed differences in surfactant synthesis between the human and 

animal models of CDH. Furthermore, it might account for the associated cardiac and 

nervous system anomalies in CDH. 

4.6. Limitations & Future Directions 

This is the first study to identify abnormal miRNA expression in human congenital 

disease. Given the difficulty of obtaining human tissues to study CDH, our results are 

limited by a small sample size.  
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We quantified in situ hybridization staining using a colocalization algorithm, 

which measures the area of staining without considering its intensity. This method is 

comparable to counting the number of positive-staining cells and is different from 

fluorescent-based analysis that includes an endogenous control for standardization of 

signal intensity. Currently our laboratory is using qPCR to measure fold differences in 

miR-200b expression between hypoplastic and control lungs. 

How does nitrofen decease miR-200b expression? A possible mechanism might 

involve abnormal DNA methylation. The Madin Darby canine kidney (MDCK) cell line 

has been used extensively as an in vitro model of EMT, due to its propensity to undergo 

EMT in response to TGF-β. MDCK cells have all the hallmarks of epithelial cells; 

however upon treatment with TGF-β they acquire mesenchymal features and even begin 

to produce TGF-β in an autocrine fashion. In these cells, prolonged exposure to TGF-β 

promotes DNA methylation of the miR-200 family promoters117. Abnormal methylation 

of the miR-200b promoter can disrupt its negative feedback relationship with TGF-β, 

resulting in continued activation of TGF-β/SMAD signaling. In the future we plan to 

study DNA methylation in the nitrofen model using a readily available PCR assay118. 
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