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Abstract 

Introduction: 

Congenital Diaphragmatic Hernia (CDH) is a diaphragmatic defect that is associated with severe 

respiratory distress. Our laboratory found that miRNA-200b plays a crucial role in the 

pathogenesis of CDH. We established three specific objectives to identify the downstream mRNA 

targets of miR-200b, profile the upstream regulators of miRNAs such as circRNAs, and perform 

a descriptive study on Yes-associated protein (YAP) in healthy and CDH rat lungs during 

development.  

Methods:  

MiRNA-mRNA pull-down assay was performed by precipitating the mRNA targets bound to the 

complex of miR-200b mimic, biotin, and streptavidin beads from E19 rat lungs’ primary cells. 

Microarray analysis was used to determine the expression profile of circRNAs from E15 and E21 

rat’s lung samples. A novel in situ hybridization method, BaseScopeTM, was used to validate the 

circRNAs of interest (mmu_circRNA_31436 and rno_circRNA_007475). Immunofluorescence 

method was performed to visualize the localization of YAP and p-YAP during lung development 

in control and CDH rat models. Moreover, Western Blotting was performed to measure the 

quantity of YAP and p-YAP among samples. 

Results:  

The quality and quantity of transcripts targeted by miR-200b was low. This suggest that miRNA-

mRNA pull-down assay for RNA capture failed outright. I found that the expression profile of 

circRNAs was significantly altered in the lungs of CDH rat models compared to those from control 
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rats. Moreover, the results from BaseScopeTM have confirmed the microarray data, in which 

mmu_circRNA_31436 and rno_circRNA_007475 were significantly up-regulated and down-

regulated in E21 CDH rat’s lungs compared to control lungs, respectively. I observed that YAP 

was mainly inactive in the mesenchymal cells and the airway epithelium of CDH rat lungs during 

all developmental stages. Western Blotting data showed that YAP was significantly down-

regulated in E21 CDH rat lungs compared to healthy lungs.  

Conclusion: 

Finding the mRNA targets of miR-200b and the profile of its upstream regulators, circRNAs, could 

lead us to understand the underlying biology of miR-200b in the etiology of CDH. Moreover, 

dysregulation of non-coding RNAs can affect the normal function of transcription factors, such as 

YAP. Our findings suggest a disruption in the regulation of YAP, which can be involved in the 

pathogenesis of abnormal lung growth in CDH.  
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1.1. Overview of Embryonic Development 

Following fertilization, the zygote undergoes four mitotic cell divisions throughout the journey to 

the uterus. After three days, a fourteen-cell conceptus makes a structure, called morula. The morula 

continues division until creating a group of 70-100 cells, called blastocyst. Then, the blastocyst 

starts secreting fluid and organizing cells into two groups: the inner cell mass, and the trophoblast. 

The inner cell mass contains totipotent cells and eventually turns into an embryo. The trophoblast 

helps implantation of the blastocyst on the posterior wall of the uterus to develop the fetal portion 

of the placenta (1).  

During the second week of gestation, the inner-cell mass forms into a two-layered disc of 

embryonic cells called the epiblast and hypoblast. Also, the amniotic cavity locates between the 

trophoblast and the embryonic disc. The epiblast extends around the amniotic cavity and forms 

into amnion cells. The hypoblast forms a yolk sac in the blastocyst cavity. Through the process of 

gastrulation starting in the third week, the two-layered embryonic disc develops into 

undifferentiated cells forming three germ layers: endoderm, mesoderm, and ectoderm. The 

hypoblast develops the endoderm layer that lines with the yolk sac. The mesoderm consists of a 

sheet of cells that fills the middle layer, and the ectoderm layer arises from epiblast cells (1).  

The expression of several growth factors from the oval-shaped disc, the primitive streak, regulate 

cell-fate specification. The primitive streak locates along the dorsal surface of the epiblast. The 

endoderm layer forms the lungs, digestive system, liver, and pancreas. The circulatory system, 

bones, and muscles originate from the mesoderm. The ectoderm layer expands to the hair, nails, 

skin and nervous system (1).   
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1.2. Embryology of the Diaphragm and the Lung 

Development of the diaphragm and the lung starts from the week four of gestation following the 

gastrulation. There are similar molecular signaling pathways and precursor cells that play an 

essential role in the formation of these organs (2). For example, Iritani suggested that the postheptic 

mesenchymal plate (PHMP) is the primary source of diaphragm development, and it has a close 

relationship with the formation of the lung buds. The impaired PHMP can disrupt the development 

of the lungs and the diaphragm (3,4). Therefore, dysregulation of common molecular networks 

can be the origin of diseases associated with abnormal diaphragm and lung development.  

1.2.1. Overview of Diaphragm Development 

The diaphragm is the dome-shaped skeletal muscle, which is critical for ventilation and serves as 

the physical barrier between the chest and abdominal organs (5). In humans, the integration of 

three primary sources, including the septum transversum, somite, and pleuro-peritoneal folds 

(PPFs) leads to the development of the diaphragm (6). During foregut folding, the mesenchymal 

sheet comprises the septum transversum, which initially separates the heart from the liver. Later 

in the development process, the septum transversum originates from the central tendon, which is 

the non-muscular part of the diaphragm (5). The paraxial mesoderm differentiates into somites. 

The muscular portion of the diaphragm also arises from the somites. The diaphragm muscle is 

composed of a costal diaphragm and crural diaphragm. A thin layer of myofibers extending 

laterally from the ribs and medially to the central tendon is the costal diaphragm. The dorsal part 

of the diaphragm is the crural diaphragm, which is attached to the vertebrae (5). Moreover, a 

migration platform of precursor cells is regulated by the PPF cells, which are the primary precursor 

cells of the diaphragm (6).   
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1.2.2. Cellular and Molecular Regulation of Lung Development 

The respiratory system originates from cell lineages that are regulated by evolutionary-conserved 

molecular signaling pathways. Fibroblast growth factors (FGFs), transforming growth factor beta 

(TGF-b), WNT growth factor families, and retinoic acid lead to migration and differentiation of 

each germ layer into the cell lineages by regulating transcription factors through cell signaling 

pathways (7). 

By formation of the gut tube at the third and fourth weeks of gestation, the laryngotracheal groove 

separates from the ventral wall of the foregut, which is the part of the endodermal diverticulum. 

As the gut tube closes, the lateral mesoderm migrates to the gut to form the esophagotracheal 

septum (2). At week five, the trachea undergoes bifurcation from the distal end of this septum to 

separate from the dorsal esophagus and expands into the right and left primary bronchi (8). Over 

the next eleven weeks, which is the pseudoglandular stage of lung development, the primary 

bronchial buds are elongating to form the conductive airways (7). Throughout this process, the 

columnar epithelial cells of the proximal airways differentiate into the ciliated, basal, secretory 

and goblet cells. Surrounding mesenchymal cells give rise to the pulmonary vasculature, smooth 

muscle, cartilage, and other connective tissue elements and the lung resembles a tubule-acinus 

gland (9). During week sixteen to twenty-five of gestation (canalicular stage), terminal bronchioles 

develop into respiratory bronchioles, alveolar buds and simultaneously, expansion of capillaries 

occurs. The epithelial cells differentiate into peripheral type I, and II pneumocytes. Also, the 

fibroblasts, myofibroblasts, and chondrocytes form from the mesenchymal layer (10).  

The saccular stage starts at week twenty-four of gestation until week thirty-six, by which time the 

lung can support gas exchange (11).  The type I pneumocytes are responsible for gas exchange, 
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and the type II pneumocytes are differentiated to produce surfactant. Also, mesenchymal cells 

undergo apoptosis. The complex capillary network expands around each saccule and forms a 

bilayer in the intersaccular septae (primary septation) (12). Finally, in the alveolar stage, saccules 

divide into terminal alveoli (secondary septation), and angiogenesis expands around each alveolar 

sac to optimize gas exchange. The type I pneumocytes, which covers 90% of the alveolar sac, 

facilitate the gas exchange process. In humans, alveolarization starts at week thirty-eight of 

gestation and continues into childhood to establish a large surface area of thin air-blood barrier 

that supplies organs with oxygen and removes excess CO2 (11).  

The human’s lung development compared to that in rats has three significant differences: 1) 

timeline of development (13) (Figure 1), 2) the number of lobes in the lung, which is four lobes 

on the right lung and one on the left in rats as opposed to three on the right and two on the left in 

human, and 3) alveolarization, which starts before birth in human while in rats it begins after birth 

(10).  

 

Figure 1. Stages of lung development in human and rat. (Figure produced by Shana Kahnamoui Zadeh). 

1.3. Congenital Diaphragmatic Hernia (CDH) 

Congenital Diaphragmatic Hernia (CDH) is a relatively rare disease among newborns with a 

prevalence of 1 in every 2500 to 3000 newborns worldwide (13). It primarily presents with a failure 
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of the diaphragmatic regions to fuse properly during the pregnancy. As a consequence, abdominal 

viscera (e.g., liver, stomach, intestines) herniate into the chest cavity, and this impairs lung 

development secondary to a lack of space (4). However, research on the CDH rat model has shown 

that impairment of lung development can occur independently from the compression of the 

herniated abdominal content (14).  

Isolated CDH and non-isolated CDH (syndromic CDH) are the main two groups of CDH. 60-75% 

of the newborn infants have diagnosed with isolated CDH suffer from the presence of associated 

malformations such as cardiac defects (15). Patients with non-isolated CDH, which accounts for 

30-40% of all cases, can have a chromosomal abnormality, such as trisomy 18, tetrasomy 12p, 

Fryns Syndrome, and Matter-wood syndrome (15). Morbidity and mortality rates of neonates with 

CDH mainly depends on the severity of the herniation and the type of CDH. In most cases, 

substantial morbidity is around 100% with a mortality rate varying between 30-50% (16).  

The high rate of mortality and morbidity in CDH results from pulmonary hypoplasia (PH) and 

persistent pulmonary hypertension (PPH) (17). Pulmonary hypoplasia in CDH results from fewer 

airway branching, reduced number of alveoli, and a fibrotic-like phenotype arising from a 

thickened mesenchymal cell layer (19). These, in turn, lead to severe respiratory failure because 

of a decrease in the gas-exchange surface area. Also, thickening of the pulmonary artery wall, as 

well as increasing pulmonary vascular remodeling, can cause persistent pulmonary hypertension 

(18). Individuals with persistent pulmonary hypertension are sensitive to hypoxemia, hypotension, 

acidosis as a consequence of increased pulmonary vascular resistance and vascular reactivity (19).  

The improvement of diagnostic tools and the neonatal intensive care unit protocols has increased 

the survival rate of the newborns with CDH. However, the overall survival rate is still 50-60% 
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including prenatal termination. Counseling during pregnancy has an essential role in early prenatal 

diagnostic testing. Using high-resolution ultrasound and fetal MRI to measure lung-head ratio 

(LHR), total lung volume (TLV), fetal echocardiography and genetic testing can provide the 

prenatal evaluation of the disease severity (19,20).  

Postnatal treatments for CDH babies have become more standardized over the past decades. 

However, deciding to choose the right critical care is controversial, and multiple-criteria can apply 

to select patients. Ventilation strategies including high-frequency oscillatory ventilation (HFOV), 

inhaled nitric oxide (iNO), and extracorporeal membrane oxygenation (ECMO) are the major 

respiratory and cardiac support techniques after birth. Although these life supports have enhanced 

the survival rate, an increase in long-term morbidity is still challenging (21,22). Prenatal treatment 

can play a critical role in the improvement of CDH outcomes. Fetoscopic endoluminal tracheal 

occlusion (FETO) is a minimally invasive surgery with the potential to improve lung development 

before birth. Although this procedure has been successful in babies with moderate to severe 

pulmonary hypoplasia, there are certain drawbacks including the risk of pre-term labor (23).  

Currently, the etiology of CDH is unknown in ~85% of CDH cases (20). Although about 10% of 

CDH patients have chromosomal anomalies, there is no evidence to show that a single genetic 

defect can cause CDH (24). Recently, new studies have shown that CDH likely results from 

impairment in the epigenetic regulation of gene expression. Therefore, the pulmonary 

consequences of CDH might be considered preventable (25).  

1.4. Epigenetic Tags 

Conrad Waddington was the first scientist who defined the field of epigenetics in the early 1940s 

(26). He referred epigenetics as “the branch of biology that studies the causal interactions between 
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genes and their products which bring the phenotype into being” (26). A few decades after 

Waddington, other scientists further defined the field of epigenetics. They restated the concept of 

epigenetics as “the study of changes in gene function that are mitotically or meiotically heritable 

and that do not entail a change in DNA sequence” (26). DNA methylation, histone modification, 

and non-coding RNAs are epigenetic modifiers or “tags,” which are involved in the development 

and cell differentiation (27). DNA methylation is a robust process that can alter the activity of a 

DNA segment without changing the DNA sequence. In this process, the methyl groups are binding 

to gene promoters resulting in the suppression of gene transcription (27). Moreover, DNA 

methylation promotes post-translational modification of histone proteins. This process can change 

the chromatin structure and regulate gene expression (27). Non-coding RNAs can regulate gene 

silencing at the transcriptional and post-transcriptional level in association with DNA methylation 

and histone modification (27). MicroRNAs (miRNAs) are small non-coding RNAs that can 

regulate gene expression by post-transcriptional silencing of messenger RNA (mRNA). During 

the last eight years, our laboratory has focused on discovering the role of miRNAs in the context 

of abnormal lung development and CDH.   

1.4.1. MicroRNAs and Lung Development 

In 1993, Ambros and Ruvkun discovered microRNAs (miRNAs) as short non-coding RNAs with 

approximately 22-nucleotides (nt) (28). Ever since our knowledge about the underlying biology of 

miRNAs has increased significantly (29). In humans, over a thousand introns and exons of protein-

coding genes or intergenic regions encode miRNAs (30). Initially, the miRNA’s host genes 

transcribe into the hairpin-containing primary transcripts (pri-miRNA) in the nucleus (31). The 

pri-miRNA is then processed into a ~60-70-nt sequence in the nucleus through canonical and non-

canonical pathways to form pre-miRNA.  
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In the canonical pathway, pri-miRNA is cleaved by a microprocessor complex containing 

DROSHA and its regulatory subunit PASHA (30). Produced pre-mRNA translocates to the 

cytoplasm via EXPORTIN-5 (EXP5). Next, the pre-miRNA is cleaved by a riboendonuclease III, 

DICER, into a double-stranded miRNA with ~22-nt in the cytosol. The miRNA duplex binds to 

the RNA-induced silencing complex (RISC) containing ARGONAUTE (AGO) proteins. As a 

result, one strand becomes a functional single-stranded miRNA, while the complementary strand 

degrades (30). 

In the non-canonical pathway, the microprocessor complex is absent; however, the presence of 

DICER is essential to form functional miRNAs (32). In this pathway, instead of using the 

microprocessor complex, the pre-miRNAs of mirtron genes and several siRNAs can cleave pre-

miRNA and prepare it for DICER activity (30,32). Eventually, the functional miRNA can silence 

its mRNA target by cleaving the mRNA strand or destabilize it through deadenylation (33).  

Evidence shows that miRNAs can contribute to organ development by regulating cell proliferation, 

migration, and differentiation. Initially, the role of miRNAs, particularly in the context of normal 

lung development, was studied by Harris et al. (34). They conditionally knocked out the critical 

enzyme of miRNA-processing, Dicer, in the mouse lung epithelium. They found that Dicer -/- mice 

have a disruption in lung branching morphogenesis (34). This result suggests the critical role of 

miRNAs in lung development. Over the past decades, our understanding of the role of miRNAs in 

normal lung development has increased significantly. Moreover, Dr. Keijzer’s research group was 

the first group to explore the critical role of miRNAs in abnormal lung development due to CDH 

(25,35,36).  
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1.5. CDH Rat Model 

To better understand the underlying cause of CDH, our research group and others have 

successfully used a nitrofen rat model. Nitrofen (2,4- dichlorophenyl-p-nitrophenyl ether) has been 

used as an herbicide for agricultural applications. In 1971, Ambrose et al. performed toxicological 

studies on the effects of nitrofen in different animal models. They found that prenatal exposure to 

nitrofen induces anatomical malformation in rats (37). In 1981, Costlow et al. conducted studies 

on the effect of nitrofen on pregnant Long-Evans hooded rats, which are more resistant to diseases 

compared to Sprague-Dawley rats. They found that exposure to nitrofen on early stages of 

development can trigger neonatal mortality. The fetuses who were exposed to nitrofen at day 11 

of pregnancy developed a congenital diaphragmatic hernia. The vast majority of hernias were 

right-sided and in the dorsal portion of the diaphragm (38). In 1990, Kluth et al. established an 

animal model for CDH, which was strikingly similar to the human condition. They found that most 

left hernias occur after administration of 100 mg Nitrofen to Sprague-Dawley rats at day 9 of 

pregnancy (39) (Figure 2).  

 

Figure 2. Nitrofen rat model. Administration of 100 mg nitrofen on embryonic day (E) 9 to a pregnant rat results in 
diaphragmatic defects and pulmonary hypoplasia (PH) in the majority of fetuses. (Figure produced by Shana 
Kahnamoui Zadeh).  
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1.6. Preliminary data:  

Dr. Keijzer’s research group has performed a microarray screen on lung tissues from fetuses with 

isolated and severe CDH and age-matched healthy control lungs. Of the 319 human miRNAs, 

miR-200b was up-regulated in fetal CDH lungs with a fold-change greater than three ( p < 0.01) 

(35). Over the last eight years, our research group investigated the underlying biology of miR-

200b in the context of abnormal lung development and CDH. Dr. Keijzer’s group validated 

microarray results with RT-qPCR on RNA samples from human lung tissues. MiR-200b 

expression was significantly up-regulated in CDH hypoplastic lungs compared to healthy lungs. 

Further, tracheal fluid samples were collected before the insertion of a balloon and after its removal 

in FETO procedures. Dr. Keijzer’s group found that miR-200b expression was higher in the 

tracheal fluid of CDH survivors after FETO. These findings suggest that higher miR-200b 

expression is associated with an improvement in lung development (35).  

Our laboratory has used the nitrofen rat model, as studying early lung development in human lung 

specimens is impossible. They performed Next Generation Sequencing (NGS) to sequence the 

entire genome of isolated normal and nitrofen-induced hypoplastic lungs from embryonic day 13 

(E13). Dr. Keijzer’s group found that miR-200b-3p was significantly down-regulated in nitrofen 

lungs compared to healthy lungs (p = 1.78E-28) (26,40). Next, they performed RT-qPCR for miR-

200b-3p at different developmental stages including E13, E15, E18, and E21 of normal and 

nitrofen-induced hypoplastic lungs (25). Our research group observed an increase in the level of 

miR-200b in CDH lungs toward the end of lung development, which is consistent with previous 

human data. All in all, the level of miR-200b is higher just before birth in human CDH lungs and 

nitrofen-induced hypoplastic rat lungs (25).  
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Our laboratory also has used in situ hybridization (ISH) to visualize the localization of miR-200b 

in human normal and CDH lungs. They found that miR-200b mainly localized in the epithelial 

cells of conducting airways in healthy lungs and terminal saccules of CDH hypoplastic lungs. The 

overall level of miR-200b was higher in CDH patients compared to control lung sections (35).  

Moreover, Dr. Keijzer’s group has performed ISH in nitrofen and control lung sections at different 

gestational stages. Localization of miR-200b was mainly in the tip of the growing branching 

airways and its surrounding parabronchial mesenchymal cells at the pseudoglandular stage of 

normal lung development (E13-E15). However, miR-200b had lower expression mainly in the 

mesenchymal layer around the distal epithelium in the nitrofen-treated lungs. In the canalicular 

stage (E18), our group observed miR-200b expressed in the distal tips of the elongating 

bronchioles and less expression in the mesenchymal tissue. In the saccular stage (E21), expression 

of miR-200b was higher in the epithelial cells of the proximal airways compared with the terminal 

sacs. In nitrofen lungs, miR-200b expression pattern was the same as in control lungs (25).  

Our laboratory used normal and nitrofen-treated ex vivo lung explants to explore the effect of miR-

200b on lung branching. Treating nitrofen-induced hypoplastic lung explants with miR-200b 

mimics improved peripheral airway buds formation (25).   

These results prompted us to examine the influence of miR-200b on the improvement of lung 

branching morphogenesis in CDH. Therefore, Dr. Keijzer’s group used miR-200b mimics as a 

prenatal transplacental therapy in the nitrofen rat model. They observed that 90% of the embryos 

treated with miR-200b mimics survived up to one hour after birth, whereas the embryos of the 

control group, which were treated with only nitrofen, all died within 10 minutes after birth. 

Moreover, pups treated with miR-200b mimics were more active and had a lower incidence of 
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CDH. Interestingly, the lung morphology of the treated pups was more similar to normal lungs 

with more airway branching compared to hypoplastic lungs (25). 

1.7. General Rational 

During the last eight years, our research group has pursued experiments to find the specific role of 

these microRNAs in normal and abnormal lung development by using knock out mice and the 

nitrofen rat model. The main findings include: 1) miR-200b expression was lower in the early 

development of hypoplastic CDH lungs, and higher just before birth, 2) miR-200b expression was 

significantly lower in the parenchyma of the nitrofen-induced hypoplastic lung, 3) normalizing 

miR-200b expression rescued nitrofen-induced abnormal lung branching in vitro and in vivo. 

These discoveries prompted us to propose studies to investigate the underlying biology of miR-

200b to guide potential future prenatal transplacental therapies. 

1.8. General Hypothesis 

Our previous findings led us to derive the following general hypotheses:  

1) Hypoplastic CDH lungs have disrupted miR-200b signaling, which can lead to 

dysregulation of downstream target genes in lung epithelial and fibroblasts cells. 

2) The profile of upstream regulators of miRNAs such as circular RNAs has dysregulated in 

early and late stages of nitrofen-induced abnormal lung development. 

3) The core kinase of the Hippo signaling pathway, YAP, which is associated with cell 

proliferation and controlling organ size development, has dysregulated during nitrofen-

induced abnormal lung development. 
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1.9. General Objectives  

We have proposed the following objectives to test our hypotheses in control and nitrofen-induced 

hypoplastic rat lungs:  

1) Determine the specific targets of miR-200b from epithelial and fibroblast cells in 

embryonic day 19 (E19).  

2) Profile circular RNAs expression at different gestational ages (E15 and E21).  

3) Identify the localization and the expression level of YAP at different developmental 

timepoints (E15, E18, and E21).  
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Chapter 2:  

Identifying the mRNA targets of miR-200b in epithelial and 

fibroblast cells from normal and nitrofen-induced hypoplastic rat 

lungs  
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2.1. Introduction 

Congenital Diaphragmatic Hernia (CDH) is a life-threatening pulmonary disease found in one per 

2500 newborn babies. CDH results in maldevelopment of the airway branching and pulmonary 

vasculature, which leads to severe respiratory failure after birth and other complications (41). 

However, the management of CDH has improved over the years, but our understanding of the 

molecular mechanisms underlying CDH is limited. As a common genetic cause has not been 

identified, CDH more likely results from environmental factors, such as epigenetics. In this 

context, our laboratory was the first group to report a key role of a gene regulator called 

microRNAs (miRNAs), particularly miRNA-200b, in abnormal lung development of CDH (23).  

MiRNAs are small non-coding RNA molecules (~22nt) that play a vital role in the broad range of 

biological processes such as gene expression, development, and differentiation (42). MiRNAs 

activity require base pairing with protein-coding mRNA targets to regulate their translation and 

stability (42). This interaction can occur between the nucleotides 6 to 8 in the 5’ end (seed region) 

and nucleotides 4 to 15 (centered sites) of miRNA, and 3’UTR of mRNA targets (43,44). 

Moreover, miRNAs can function by targeting other sites of mRNAs such as 5’UTR and ORF in 

the cytoplasm. Interestingly, miRNAs are found in the nucleus of human cells. This suggests that 

miRNAs can have a broader function than just mRNA repression (45). Therefore, accurately 

identifying the mRNA targets of specific miRNAs is a major challenge. As a result, the specific 

biological functions of most miRNAs remain unknown (46).  

During the last decade, several bioinformatic tools and biochemical techniques have developed to 

predict miRNA-mRNA interaction (46). These bioinformatic algorithms are based on searches for 

evolutionarily conserved seed matches in 3’(UTR) of mRNA targets (47). Matching the exact base 
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pairs of the miRNA seed region and its specific binding site on mRNA targets is essential for 

accurate prediction. However, imperfect base pairing can result in a high proportion of false-

positives and false-negatives potential targets (42). Therefore, combining computational miRNA 

target identification with experimental data can enhance the accuracy and sensitivity of prediction 

(44). 

One of experimental methods to pull-down mRNA targets of miRNAs is microarray analysis, 

which can compare the mRNA expression level in the presence or absence of the miRNA of 

interest (42). For example, we can knock-out our specific miRNA in the cells by transfecting cells 

with its inhibitors and analyzing mRNA expression by using RNA sequencing. In this case, the 

mRNAs that are up-regulated, compared with the control group, can be considered as potential 

targets. However, this method is unable to distinguish between direct and indirect targets. For 

instance, upregulation in mRNA expression can be the direct result of miRNA inhibition or the 

influence of other transcription factors (43). Moreover, several biochemical methods have been 

invented. They are based on pulling down mRNA targets through co-immunoprecipitation with 

AGO proteins or labeled miRNAs with antibodies or chemicals. These methods are direct and 

cost-effective approaches to identify the putative target genes of selected miRNAs. However, 

capturing non-specific targets and low enrichment ratio are disadvantages of these methods (42–

44,47).  

Dr. Keijzer’s group showed that prenatal therapy with miR-200b mimic can improve abnormal 

lung development in CDH (25). Therefore, we hypothesized that hypoplastic CDH lungs have 

impaired miR-200b signaling, which results in disrupted target gene expression in the lungs. 

Disrupted miR-200b signaling consequently can lead to abnormal lung development in CDH. To 
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test our hypothesis, we aimed to pull-down the specific downstream targets of miR-200b in 

epithelial and fibroblast cells from E1s control and nitrofen-induced hypoplastic rat lungs.  

2.2. Methods: 

The following experiments are proposed to identify the direct targets of miR-200b in their 

physiological environment during lung development.  

2.2.1. Harvesting normal and hypoplastic lung tissues 

The Bannatyne Campus Animal Care Committee at the University of Manitoba reviewed and 

approved all experimental procedures (protocol number:15-001 (AC11015)). The Animal Facility 

maintained Sprague-Dawley rats in a controlled light-dark cycle and provided food and water. Rats 

were mated during the night and the next day was considered as embryonic day 0 (E0) after 

confirmation of sperm-positive vaginal smear. I dissolved 100 mg of nitrofen in 1 ml of olive oil 

with protection from light exposure on E8. Nitrofen was used to induce CDH and pulmonary 

hypoplasia and delivered to the pregnant rat intragastrically on E9. Moreover, I treated animals in 

the control group with 1 ml of olive oil without nitrofen on the same day. Dams were euthanized 

by CO2 overexposure on day 19 of gestation (E19). Next, I harvested whole lung tissues from 

sacrificed fetuses by using autoclaved microsurgery tools. Lung tissues were cleaned off from 

adherent tissues such as heart, trachea, and esophagus before storage in ice-cold Hanks’s Balanced 

Salt Solution without Ca2+ and Mg2+ (HBSS) (Lonza, Be10-543F, Sigma-Aldrich, Ontario, Ca). 

HBSS maintains pH and osmotic balance of cells.  

2.2.2. Isolation of fibroblasts and epithelial cells  

Isolation of fibroblast and epithelial cells was optimized and performed based on a published 

protocol (49). After dissection, tissues were rinsed at least two times with ice-cold HBSS to remove 
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excess red blood cells. Lungs with 1ml of HBSS were transferred to a 10 cm autoclaved glass Petri 

dish on ice. Tissues were minced with the autoclaved scissor on ice for 30 minutes to obtain fine 

pieces. Minced tissues were transferred to a 50 ml centrifuge tube containing HBSS and spun down 

at 200 g (1000 rpm) for 1 minute in a pre-cooled centrifuge (4 °C). The pellet was resuspended, 

vortexed, and spun down for two more times to get a clear supernatant and pink pellet. Before 

enzyme digestion steps, the autoclaved trypsinizing flask (100 ml), sterilized stirring bar, and 500 

ml beaker with water were pre-warmed in an incubator at 37 °C. Also, enzyme solutions were 

prepared a day freshly before the experiment. For enzyme digestion, 15 ml of 0.25 % Trypsin with 

no EDTA (Gibco, 15050-052), and 14 ml HBSS were mixed. One half of the mixed solution was 

transferred to the trypsinizing flask with a stirring bar, and the other half was used to resuspend 

the cell pellet. The resuspended cell pellet was transferred to the trypsinizing flask. Next, 1 ml of 

DNAse 1 dissolved in HBSS (1mg/1ml) (Worthington LS002006) was added directly to the tissue 

suspension. The flask was placed inside the water bath on a stirring plate for 25 minutes incubation. 

After the first enzyme digestion, the cell suspension was transferred to a 50 ml centrifuge tube in 

small portions. Then, 0.5 ml of DNAse 1 was added before centrifuging at 450 g (1500 rpm) for 5 

minutes in the pre-cooled centrifuge (4 °C). After centrifuging, the cells were kept intact, and the 

last step was repeated one more time. Next, 21 ml of ice-cold Minimum Essential Medium Eagle 

(MEM) (Lonza-Be12-136F) was mixed with 3 ml of 0.1 % collagenase type I in HBSS 

(Worthington LS004196). Half of this solution was transferred to the trypsinizing flask, and the 

other half was used to resuspend the cell suspension. 1 ml of DNAse I was added directly to the 

cell suspension in the trypsinizing flask. The cell suspension was incubated at 37 °C for 25 minutes 

and centrifuged as the last step. After the second enzyme digestion, an equal amount of pre-

warmed MEM with 5% Fetal Bovine Serum (FBS) was added to the cell suspension and 
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centrifuged for 5 minutes at 450 g (1500 rpm) in the pre-cooled centrifuge (4 °C). After 

resuspending cells in MEM+5% FBS, cells were seeded into two 15ml/T75 flasks and incubated 

for 1 hour in the 5% CO2 incubator. After 1-hour incubation, floating cells were collected, and 

flasks were banged three times on the bench to collect the remaining loose cells. 10 ml of 

MEM+5% FBS was added to the flasks and they were incubated overnight. These cells were 

considered as fibroblast cells I. Then, collected cells were centrifuged for 5 minutes at 450 g (1500 

rpm) in the pre-cooled centrifuge (4 °C). The cell pellet was resuspended in MEM+5% FBS and 

reseeded into one T75 flask with 10 ml medium. Cells were incubated for 1 hour in the incubator 

with 5% CO2 to allow fibroblast cells to adhere. After incubation, floating cells were collected 

and centrifuged for the third seeding step. 10 ml of MEM+5% FBS were added to the second flask 

which was considered as fibroblast cells II. Resuspended cells in MEM were centrifuged for 3 

minutes at 100 g (700 rpm) in the pre-cooled centrifuge (4 °C). The cell sedimentation was 

repeated two more times until the cell pellet looked white, which indicated that red blood cells 

were removed. After a final round of centrifugation, the resuspended cell pellet was counted, and 

cells were seeded into a T75 flask. The flask was incubated overnight in the incubator with 5% 

CO2 to allow epithelial cells to adhere.  

2.2.3. Primary cell culture  

Next day after isolating epithelial and fibroblast cells from E19 control and nitrofen-induced 

hypoplastic rat lungs, the purity of cell isolation and cell confluency were checked under the 

microscope before trypsinization. All flasks were washed with pre-warmed HBSS and incubated 

for 15 minutes at 37 °C. Flasks were rinsed one more time with pre-warmed HBSS after 

incubation. Then, cells were incubated for 5 minutes with 3 ml of 0.25% trypsin with EDTA at 37 

°C. To stop the reaction of trypsin, 7 ml of pre-warmed MEM+5%FBS was added, and cells were 
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collected to the centrifuge tube. After counting of the cells, the cell suspension was spun down at 

100 g for 3 minutes in the pre-cooled centrifuge (4 °C). Finally, primary fibroblasts and epithelial 

cells were seeded into six wells plates (0.7*105 cells/ per well for epithelial cells & 0.62*105 

cells/per well for fibroblast cells).  

2.2.4. Transfecting biotinylated miR-200b and biotinylated miR-67 to primary epithelial and 

fibroblast cells 

Fibroblasts and epithelial cells with 50% confluency were transfected with 1 µl of biotinylated 

miR-200b mimic and biotinylated miR-67 mimic (control) (50µM) (Dharmacon, USA), and 1.545 

µl of X-TremeGene siRNA transfection reagent (Roche, Germany).  The miRNA transfection was 

optimized by testing different amounts of reagents and incubation times. The transfection 

efficiency and the effect of transfected microRNAs on cell function were tested by using 

microscopic imaging, and RT-qPCR.  

2.2.5. miRNA-mRNA pull-down assay 

The miRNA-mRNA pull-down assay was performed based on a published protocol from Judy 

Lieberman’s group (50)(44). In this assay, streptavidin-coated magnetic beads (Dynabeads M-280, 

Invitrogen, USA) were used, which have a high affinity with biotin. 50 µl of magnetic beads was 

resuspended into 1 ml of wash buffer for each experimental sample. Magnetic beads were treated 

with various wash buffers and salt solutions and incubated for 2 hours with blocking buffer on the 

rotator in 4°C.  

Meanwhile, E19 healthy and CDH lungs’ epithelial and fibroblast cells transfected with 

biotinylated miR-200b mimic and biotinylated miR-67 mimic (control) were washed with 1 ml of 

ice-cold PBS. Next, cells were incubated for 10 minutes with 400 µl of TrypLE, until complete 
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detachment from plates. 800 µl of MEM with 5% FBS were added to the cell suspension to 

neutralize the effect of TrypLE. Subsequently, cells were centrifuged at 500 g for 5 minutes at 

4°C. Then, the cell pellet was resuspended in 1 ml of ice-cold PBS and centrifuged at 500 g for 5 

minutes at 4°C. This wash step was repeated two more times prior to incubation with 500 µl of 

ice-cold lysis buffer plus for 20 minutes on ice. 

During the 20 minutes incubation, tubes containing beads were transferred to the cell culture room, 

and beads were resuspended in lysis buffer. The tubes were placed on a magnetic rack to remove 

the supernatant and 110 µl lysis buffer plus was added to the beads for each sample.  

Cell lysates were spun down at 5000 g for 5 minutes at 4 ˚C in order to extract the cytoplasmic 

lysate. The cytoplasmic lysate contained the complex of biotin, miR-200b mimic/cel miR-67, and 

mRNA targets. Next, 100 µl of prepared streptavidin magnetic beads was mixed with 400 µl of 

cytoplasmic lysate. All samples were sealed and incubated on the rotator at 4 ˚C for 4 hours in 

order to form a complex of streptavidin magnetic beads, biotin, miR-200b mimic/cel miR-67, and 

down-stream mRNA targets (Figure 3). 

After incubation, samples were washed with lysis buffer for a total of five times. After the washing 

steps, each bead-containing sample was resuspended in 100 µl of lysis buffer, 500 µl of TRIzol 

LS, and 100 µl of chloroform. Samples were centrifuged at 16000 g for 15 minutes at 4 ˚C. High-

speed centrifugation led to the separation between mRNA targets and the complex of streptavidin 

magnetic beads, biotin and miR-200 mimic/cel miR-67. Next, mRNA targets were precipitated by 

using 5 µl of GlycoBlue and 850 µl of 100% ethanol overnight at -20 ˚C. 
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2.2.6. RNA cleanup  

After overnight incubation at -20 ˚C, samples were spun down at 16000 g for 30 minutes at 4˚C. 

The blue pellet was resuspended in 1 ml of 75% ethanol and then centrifuged at 16000 g for 15 

minutes at 4˚C. This wash step was repeated twice. The blue pellet was dried in an open fume hood 

and resuspended in 200 µl of nuclease-free water. For each sample, 200 µl of phenol: chloroform: 

isoamyl (25:24:1) was added and mixed vigorously. Samples were centrifuged at 16000 g for 5 

minutes at room temperature. The aqueous phase was transferred to a new tube and mixed 

vigorously with 200 µl of chloroform: isoamyl (24:1). Then, tubes were centrifuged at 16000 g for 

5 minutes at room temperature. The aqueous phase was transferred to the new tube and mixed 

vigorously with 20 µl of the 3 M sodium acetate pH 5.5, 4 µl of GlycoBlue, and 1 ml of 100% 

ethanol. Samples were precipitated overnight at -80 ˚C.  

The next day, tubes were centrifuged at 16000 g for 30 minutes at 4 ˚C. The blue pellet containing 

RNA was washed with 1 ml of 75% ethanol and centrifuged again at 16000 g for 15 minutes at 4 

˚C. This step was repeated twice. The pulled-down RNA was dried in an open fume hood and 

resuspended with 50 µl of nuclease-free water for further analysis.  

2.2.7. Quality and quantity measurement of pulled-down mRNA  

Pulled-down mRNA purity and concentration were assessed by using Nanodrop technology 

(Thermo scientific), and RNA samples were stored in -80 ˚C.  

2.2.8. Next Generation Sequencing  

Samples were sent to the UBC Biomedical Research Centre (BRC) for Quality Control and Mi-

Sequencing of pulled-down mRNA targets.  
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Figure 3. Summary of the pull-down assay. (Figure produced by Shana Kahnamoui Zadeh) 

 

2.3. Results: 

The quality and quantity of captured mRNA targets of miR-200b were measured using a Thermo 

Scientific NanoDrop Spectrophotometer. The purity of RNA samples is assessed by calculating 

the absorbance ratio of 260 nm and 280 nm. Generally, the RNAs with a 260/280 ratio ~ 2 are 

considered pure with a low contamination of DNA, protein, and phenol. Moreover, the ratio of 
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260/230 ~2 is also used as a secondary measurement of RNA purity indicating ethanol, and 

Guanidine isothiocyanate salt contamination (51). The average 260/280 ratio of our captured 

mRNA targets were between 1.7 and 2, which was acceptable regarding RNA purity and for further 

sequencing. However, the average ratio for 260/230 was low and variable between 0.2 and 0.7 

(Table 1). Different column-based RNA isolation kits (Qiagen, Germany and Zymo Research, 

USA) and KingFisher™ Flex Purification System (Thermo Scientific, USA) were used to clean 

up RNA samples before further processing.  

# Sample 
# 

Concentration 
(ng/µl) 

260/280 260/230 Cell type Details 

1 1040 16.1 1.82 0.77 Epithelial Pull-downed mRNA target 
of bi-miR-200b mimic 

2 1041 3.7 2.42 0.85 Epithelial Pull-downed mRNA target 
of bi-cel37 

3 1042 3.1 2.07 0.75 Fibroblast Pull-downed mRNA target 
of bi-miR-200b mimic 

4 1043 2.6 2.18 0.83 Fibroblast Pull-downed mRNA target 
of bi-cel37 

5 1044 3.2 2.03 0.85 Epithelial Total mRNA-transfected 
with bi-miR-200b mimic 

6 1045 3.1 1.74 0.75 Epithelial Total mRNA-transfected 
with bi-cel37 

7 1046 11.2 1.87 0.76 Fibroblast Total mRNA-transfected 
with bi-miR-200b mimic 

8 1047 7.7 1.9 0.77 Fibroblast Total mRNA-transfected 
with bi-cel37 

9 1048 11.7 1.72 0.76 Epithelial Pull-downed mRNA target 
of bi-miR-200b mimic 

10 1049 6.4 1.91 0.79 Epithelial Pull-downed mRNA target 
of bi-cel37 

11 1050 10.4 2.01 0.78 Fibroblast Pull-downed mRNA target 
of bi-miR-200b mimic 
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12 1051 34.4 1.76 0.76 Fibroblast Pull-downed mRNA target 
of bi-cel37 

13 1052 10.1 1.83 0.77 Epithelial Total mRNA-transfected 
with bi-miR-200b mimic 

14 1053 12.4 1.73 0.8 Epithelial Total mRNA-transfected 
with bi-cel37 

15 1054 7 2.06 0.78 Fibroblast Total mRNA-transfected 
with bi-miR-200b mimic 

16 1055 4.7 1.7 0.66 Fibroblast Total mRNA-transfected 
with bi-cel37 

17 1056 76.2 1.78 0.74 Epithelial Pull-downed mRNA target 
of bi-miR-200b mimic 

18 1057 47.3 1.79 0.75 Epithelial Pull-downed mRNA target 
of bi-cel37 

19 1058 92.9 1.76 0.75 Fibroblast Pull-downed mRNA target 
of bi-miR-200b mimic 

20 1059 34.8 1.86 0.55 Fibroblast Pull-downed mRNA target 
of bi-cel37 

21 1060 107.3 1.76 0.75 Epithelial Total mRNA-transfected 
with bi-miR-200b mimic 

22 1061 47.3 1.79 0.75 Epithelial Total mRNA-transfected 
with bi-cel37 

23 1062 45.3 1.8 0.75 Fibroblast Total mRNA-transfected 
with bi-miR-200b mimic 

24 1063 66.8 1.77 0.73 Fibroblast Total mRNA-transfected 
with bi-cel37 

25 1064 10.4 1.72 0.22 Epithelial Pull-downed mRNA target 
of bi-miR-200b mimic 

26 1065 47.5 1.64 0.62 Epithelial Pull-downed mRNA target 
of bi-cel37 

27 1066 15.8 1.74 0.05 Fibroblast Pull-downed mRNA target 
of bi-miR-200b mimic 

28 1067 21.5 1.64 0.43 Fibroblast Pull-downed mRNA target 
of bi-cel37 

29 1068 139.3 1.96 1.45 Epithelial Total mRNA-transfected 
with bi-miR-200b mimic 
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30 1069 184.1 1.92 0.39 Epithelial Total mRNA-transfected 
with bi-cel37 

31 1070 140.8 2.02 0.25 Fibroblast Total mRNA-transfected 
with bi-miR-200b mimic 

32 1071 172.2 1.96 1.34 Fibroblast Total mRNA-transfected 
with bi-cel37 

33 1079 22.1 1.83 0.65 Fibroblast Pull-downed mRNA target 
of bi-miR-200b mimic 

34 1080 32.8 1.87 0.71 Fibroblast Pull-downed mRNA target 
of bi-cel37 

35 1081 33.8 1.81 0.68 Fibroblast Total mRNA-transfected 
with bi-miR-200b mimic 

36 1082 32.4 2.2 0.2 Fibroblast Total mRNA-transfected 
with bi-cel37 

37 1098 68.1 2.12 0.13 Fibroblast Pull-downed mRNA target 
of bi-miR-200b mimic 

38 1099 84.7 2.06 0.16 Fibroblast Pull-downed mRNA target 
of bi-miR-200b mimic 

39 1100 49.9 1.77 0.48 Fibroblast Pull-downed mRNA target 
of bi-miR-200b mimic 

40 1101 67.2 2.2 0.13 Fibroblast Pull-downed mRNA target 
of bi-cel37 

41 1102 76.6 2.27 0.13 Fibroblast Pull-downed mRNA target 
of bi-cel37 

42 1103 20.9 2.62 0.07 Fibroblast Pull-downed mRNA target 
of bi-cel37 

43 1104 27.1 2.09 0.16 Fibroblast Total mRNA-transfected 
with bi-miR-200b mimic 

44 1105 68.4 2.29 0.13 Fibroblast Total mRNA-transfected 
with bi-miR-200b mimic 

45 1106 45.2 2.2 0.12 Fibroblast Total mRNA-transfected 
with bi-miR-200b mimic 

46 1107 57.8 2.2 0.14 Fibroblast Total mRNA-transfected 
with bi-cel37 

47 1108 51.7 2.24 0.14 Fibroblast Total mRNA-transfected 
with bi-cel37 
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48 1109 68.1 1.98 0.21 Fibroblast Total mRNA-transfected 
with bi-cel37 

49 1120 3.1 1.62 0.75 Fibroblast Pull-downed mRNA target 
of bi-miR-200b mimic 

50 1121 3.3 1.69 0.81 Fibroblast Pull-downed mRNA target 
of bi-cel37 

51 1122 3.5 1.85 0.87 Fibroblast Total mRNA-transfected 
with bi-miR-200b mimic 

52 1123 3.7 1.87 0.81 Fibroblast Total mRNA-transfected 
with bi-cel37 

53 1124 19.4 1.79 0.79 Fibroblast Pull-downed mRNA target 
of bi-miR-200b mimic 

54 1125 54.3 1.77 0.37 Fibroblast Pull-downed mRNA target 
of bi-cel37 

55 1130 14.5 2.1 0.13 Epithelial Pull-downed mRNA target 
of bi-miR-200b mimic 

56 1131 28.4 2.82 0.07 Epithelial Pull-downed mRNA target 
of bi-cel37 

57 1132 25.7 2.25 0.11 Fibroblast Pull-downed mRNA target 
of bi-miR-200b mimic 

58 1133 21.2 2.37 0.1 Fibroblast Pull-downed mRNA target 
of bi-cel37 

59 1134 71.8 2.31 0.17 Epithelial Total mRNA-transfected 
with bi-miR-200b mimic 

60 1135 60.2 2.25 0.17 Epithelial Total mRNA-transfected 
with bi-cel37 

61 1136 37.4 2.2 0.14 Fibroblast Total mRNA-transfected 
with bi-miR-200b mimic 

62 1137 43.3 2.45 0.1 Fibroblast Total mRNA-transfected 
with bi-cel37 

63 1157 29.1 2.03 0.06 Epithelial Pull-downed mRNA target 
of bi-miR-200b mimic 

64 1158 66.8 2.14 0.38 Epithelial Pull-downed mRNA target 
of bi-cel37 

65 1159 37.3 1.71 0.13 Fibroblast Pull-downed mRNA target 
of bi-miR-200b mimic 
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66 1160 65.9 1.59 0.26 Fibroblast Pull-downed mRNA target 
of bi-cel37 

67 1161 68.7 1.71 0.93 Epithelial Total mRNA-transfected 
with bi-miR-200b mimic 

68 1162 29.9 3.27 0.37 Epithelial Pull-downed mRNA target 
of bi-cel37 

69 1163 48.6 1.88 0.9 Fibroblast Pull-downed mRNA target 
of bi-miR-200b mimic 

70 1164 33.6 1.82 0.57 Fibroblast Pull-downed mRNA target 
of bi-cel37 

Table 1. Quantity and quality measurement of the captured mRNA targets of miR-200b from E19 normal and 
nitrofen-induced hypoplastic lungs using NanoDrop. The observed low 260/230 ratio indicated that RNA quality did 
not meet the minimum requirement for whole genome sequencing. 

Based on Nanodrop data, RNA samples with better quality and quantity were selected. Following 

RNA samples were shipped to the BRC laboratory for initial Quality Control and further genome 

sequencing. The Quality Control data from the BRC laboratory (Table 2) showed that the 

concentration of RNA samples was less than 50 pg/ul, which did not meet the minimum 

requirements for sequencing. Moreover, there was contamination with ribosomal RNA within our 

samples. Therefore, either the RNA capture failed outright, or the samples were lost during any 

steps of the pull-down procedure. 

# Sample 
# 

Concentration 
(pg/µl) 

rRNA Ratio 
[28s/18s] 

RNA 
Integrity 
Number 

(RIN) 
1 1040 12 0.0 1 
2 1042 107 0.0 1 
3 1064 410 5.6 N/A 
4 1066 47 0.0 1.2 
5 1079 68 0.0 N/A 
6 1120 56 0.0 1 
7 1124 121 3.0 10 
8 1130 39 2.4 9.6 
9 1132 43 4.0 N/A 
10 1157 7 0.0 N/A 
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Table 2. QC results for the captured mRNA targets of miR-200b from E19 normal and nitrofen-induced hypoplastic 
lungs using bio-analyzer. The concentration and RNA integrity number were low, which made it impossible for the 
laboratory to justify the sequencing.  

2.4. Discussion: 

I have followed the protocol that was published by Judy Lieberman’s Group in 2016. Based on 

this protocol, cells were transfected with a biotinylated miRNA mimic, and mRNA targets were 

pulled-down using streptavidin beads. This protocol is an unbiased biochemical method with 70-

90% of specificity and can detect both canonical and non-canonical MiRNA Response Elements 

(MREs) (44,52). However, miRNA overexpression can induce non-physiological conditions and 

cross-linking can provide false positives (52,53).   

The whole procedure from the lung primary cells isolation to the measurement of RNA quality 

and quantity were optimized and repeated fourteen times. I found that our isolated mRNA targets 

had low yield and poor quality with ribosomal contamination, which could not meet the 

requirement for performing RNA sequencing. Since 2016, only two papers have reported the 

successful use of the Lieberman Group’s protocol (54,55). This suggests the complexity of 

miRNA-mRNA pull-down assay. 

Transfection of miRNA mimics in primary cells is not straight-forward. Therefore, most of the 

published results were obtained in experiments using cell lines (46). Other possible explanations 

for our low RNA yield could be low transfection efficiency, toxicity of the miRNA mimic, 

degradation of the miRNA mimic, insufficient beads, insufficient cell lysis or biotinylated miR-

200b was diluted as endogenous miR-200b levels were too high. Also, some of RNA samples had 

ribosomal contamination. This can suggest that captured mRNAs were being actively translated 
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and transfection efficiency was low. Also, poor RNA quality and ribosomal RNA contamination 

can result from non-properly blocked beads (43).  

In the future, I recommend using a cell line with moderate expression levels of miR-200b. This 

can prevent dilution of the transfected biotinylated miRNA mimic in the cells with a high level of 

the endogenous miRNAs. Therefore, using human bronchial epithelial cells (BEAS-2b cells) is 

not suggested due to the high level of miR-200b. Moreover, dramatic over-expression of a single 

miRNA can change the transcriptional network of the cells, leading to RNA changes. Thus, I 

suggest monitoring the expression level of more than one known mRNA target to test the 

transfection efficiency after 24 and 48 hours by RT-qPCR. I only tested the expression level of 

ZEB 1/2, which could be altered by other transcription factors and not by over-expression of miR-

200b. Also, we can use fluorescent labeled miR-200b mimics to optimize the evaluation of 

transfection efficiency, and miRNA internalization can be measured by flow cytometry (44). 
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Chapter 3 

Profiling circular RNAs in normal and nitrofen-induced 

hypoplastic lung development due to CDH 
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3.1. Introduction: 

In recent years, the advancement of Next Generation Sequencing (NGS) technologies has 

facilitated the discovery of new classes of RNA. The sequencing data revealed that the human 

genome comprises of ~1.5% protein-coding sequences, ~70% non-coding transcripts, and the rest 

is associated with regulatory DNA sequences, Long Interspersed Elements (LINEs), Short 

Interspersed Elements (SINEs), and introns (56).  

The enzyme RNA polymerase II can transcribe a protein-coding gene into precursor messenger 

RNA (pre-mRNA) in the nucleus. Pre-mRNA then undergoes an RNA splicing event to transform 

into a mature messenger RNA (mRNA) (57). In 1977, Richard Roberts and Philip Sharp were the 

first to discover RNA splicing, and they received the Nobel prize award in 1993 (58,59). In RNA 

splicing, the spliceosome can remove introns and join exons together to modify the pre-mRNA 

before translation (57). Particular exons of a gene may include or exclude the processed mRNA to 

increase the diversity of the transcriptome in eukaryotic cells. This phenomenon is called 

alternative splicing, which leads to the production of many protein isoforms with various 

biological functions from a single transcript (60).  

Pre-mature mRNA can undergo the non-canonical alternative splicing process to generate circular 

close loop RNA structures called circular RNAs (circRNAs). In 1991, Nigro et al. identified 

scrambled transcripts from the DCC (deleted in colorectal cancer) gene in which exons join in 

an order that is different from the genome. In this order, the 3' end of upstream exons linked 

covalently to the 5' ends of a downstream exon of a spliced RNA (61).  

Two years later, Cocquerelle et al. found a new transcript for the human proto-oncogene ets-1 that 

was spliced at the right site but joined in a different order from the linear form of the gene (62). 
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They observed the same structure compared to Nigro’s group report in 1991. They suggested that 

the scrambled transcripts formed from mis-splicing and were expressed at lower levels compared 

to the expression of their linear form. They identified that the inverted order of exons leads to the 

non-polyadenylated circular structure. They demonstrated that mis-spliced transcripts were stable 

molecules that located predominantly in the cytoplasm (62–64). In 1997, it was suggested that 

circRNAs formation have interrelation with exon skipping by alternative splicing (65). Then in 

1998, Chao et al. discovered the mRNA transcript of the murine Formin locus with exon 

scrambling (66). Until then, circRNAs were considered as a product of mis-splicing and their 

biological functions were unknown. They generated Formin knock-out mice (Fmncnull) to 

understand the role of circRNAs that arose from this gene. They suggested that the circRNAs from 

Fmn exons are not generated from an aberrant splicing event because of their high-level expression 

(66). More than three decades later, Patrick O. Brown’s group found numerous circRNA 

transcripts from a variety of healthy cells using RNA deep sequencing. They have also suggested 

that circRNA isoforms arise from non-canonical RNA splicing and are not an accidental by-

product of exon skipping (67).  

Since 2013, more research has contributed to our understanding of the underlying biology and 

function of circRNAs. Advances in RNA sequencing and bioinformatic analysis revealed that 

circRNAs are stable and wide-spread endogenous transcripts expressed from thousands of genes 

in both human and mouse (68–70). Studies showed that circRNAs can be generated from 

intergenic, intronic, coding regions, and 3′-or 5′ untranslational regions (71). Up to date, scientists 

have proposed several models for the biogenesis of circRNAs. Most circRNAs arise through non-

canonical alternative splicing called a backsplicing event. In this process, covalently closed loop 

structures generated from a phosphodiester bond between a downstream 5' splice donor and an 
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upstream 3' splice acceptor (71,72). Moreover, RNA-binding proteins such as Quaking (QKI) and 

Muscleblind (MBL) are known to regulate the formation of circRNAs by facilitating backsplicing 

(71,73). Besides, most circRNAs are derived from exons and introns and localize in the cytoplasm 

and the nucleus, respectively (74). The circular loop structure and lack of a 3' poly(A) tail prevent 

degradation by RNase R, an RNA exonuclease. This leads to the generation of a profoundly stable 

RNA molecule with relatively longer half-lives compared with linear transcripts. As a result, 

circRNAs can accumulate in the cells and lead to an increased ratio of circRNA to the 

corresponding mRNA from the same gene (74). Moreover, circRNAs seem to be conserved across 

tissues, and developmental stages and interestingly, some circRNAs can be translated into proteins 

(71,72). These unique characteristics of circRNAs suggest their possible role in the control of gene 

expression. 

In 2011, Hansen et al. were the first to report that endogenous circRNAs have near perfectly 

complementary sites for miRNAs (45). Therefore, circRNAs can be classified as a post-

translational regulator by ‘sponging up’ or competitively suppressing miRNA activity. This results 

in miRNA sequestration that is accompanied with upregulation of the endogenous mRNA targets 

(Figure 4) (75,76). Moreover, researchers have found broader function of circRNAs than only 

acting as a miRNA sponge (74). As they predominantly localize in the cytoplasm, it raises the 

possibility that circRNAs can be a template for protein synthesis (77). Interestingly, circRNAs 

have also been found to act as protein sponge. This can result in the prevention of proteins such as 

transcription factors to translocate into the nucleus from the cytoplasm (74). Moreover, circRNAs 

can store, sort and localize RNA-binding proteins (RBPs) (76). Sponging up RBPs can play an 

essential role in regulating the splicing, export, turnover, translation, and localization of mRNAs 

(72).  
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Research has shown that circRNAs are involved in many respiratory diseases such as lung cancer, 

acute respiratory distress syndrome, pulmonary hypertension (78,79). However, the underlying 

biology of circRNAs in normal and abnormal lung development, particularly in the context of 

CDH, is still unknown. Our laboratory was the first group to find the critical role of miRNAs in 

normal and hypoplastic lung development due to CDH. They have shown that miR-200b is 

significantly dysregulated in hypoplastic human CDH lungs and nitrofen-induced hypoplastic rat 

lungs (36). As circRNAs are known to be the upstream regulators of miRNAs, we hypothesized 

that the profile of circRNAs expression is distinctly different in abnormal lung development of 

CDH compared with normal lung development. We aimed to profile circRNAs in the nitrofen rat 

model lungs at early and late gestational stages (E15 and E21) and to further validate our results 

by performing RT-qPCR and in-situ hybridization.  

 

Figure 4. circRNAs are endogenous RNAs that are formed from a back-splicing event. CircRNAs can promote 
mRNA translation to proteins by sponging up their miRNA targets. (Figure produced by Shana Kahnamoui Zadeh).  
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3.2. Methods:  

3.2.1. Harvesting normal and hypoplastic lung tissues: 

The Bannatyne Campus Animal Care Committee at the University of Manitoba reviewed and 

approved all experimental procedures (protocol number:15-001 (AC11015)). The Animal Facility 

maintained Sprague-Dawley rats in a controlled light-dark cycle and provided food and water. Rats 

were mated during the night and the next day was considered as embryonic day 0 (E0) after 

confirmation of sperm-positive vaginal smear. I dissolved 100 mg of nitrofen in 1 ml of olive oil 

with protection from light exposure on E8. Nitrofen was used to induce CDH and pulmonary 

hypoplasia to the pregnant rat intragastrically on E9. Moreover, I treated animals in the control 

group with 1 ml of olive oil without nitrofen on the same day. Dams were euthanized by CO2 

overexposure on days 15 and 21 of gestation (E15, E21). Next, I harvested whole lung tissues from 

sacrificed fetuses by using autoclaved microsurgery tools. Lung tissues were cleaned off from 

adherent tissues such as heart, trachea, and esophagus. Lungs were flash frozen in liquid nitrogen 

and then stored in a -80 °C freezer for downstream applications. 

3.2.2. RNA isolation and microarray 

RNA isolation was done by using the mirVanaTM miRNA isolation kit (ThermoFisher, AM1560). 

The weight of frozen tissues was measured (average of 30 to 40 mg). Lysis buffer was added to 

the frozen tissues. For example, 300 µl of lysis buffer was added to 30 mg of the tissue. 

Immediately after adding lysis buffer, tissues were homogenized by using a TissueRuptor (Qiagen) 

for 5-10 seconds. Next, 1/10 volume of the miRNA homogenate additive was added to the lysate. 

The mixture was inverted several times and incubated for 10 minutes on ice. After incubation, a 

volume of acid-phenol/chloroform equal to the original volume of lysate was added.   After 
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vortexing for 1 minute, samples were spun down at 10000 g for 5 minutes at room temperature. 

Next, the upper aqueous phase was removed without disturbing the interphase or the lower, phenol 

phase. 1.25 volumes of 100% ethanol were added, and the tubes were mixed thoroughly by 

inverting many times.  The mixture was applied onto a filter cartridge in 700 µl portions, then spun 

down at 10000 g for 15 seconds at room temperature. 700 µl of Wash Solution 1 was applied onto 

the filter and samples were spun down at 10000 g for 10 seconds at room temperature. Then, the 

flow through was discarded, and the filter was placed onto the same collection tube. 500 µl of 

Wash Solution 2/3 was applied onto the filter and samples were spun down at 10000 g for 10 

seconds at room temperature. This step was repeated, and then samples were spun down once more 

to dry the filter at 10000 g for 1 minute at room temperature. Filters were then transferred to a 

collection tube, and 100 µl of nuclease-free water pre-warmed to 95°C was applied onto the center 

of the filter. Then, samples spun down for maximum speed for 20-30 seconds in a pre-cooled 

centrifuge at 4°C. Extracted RNA samples were stored in -80°C for further downstream 

applications.  

Arraystar Rat circRNA Microarray, version 2 was used to determine the expression profile of 

circRNAs from E15 and E21 rat lung samples (Arraystar, Rockville, MD, USA). Initially, 

extracted total RNA samples were treated by RNase R to degrade linear mRNAs and enrich for 

circRNAs. RNA samples were then converted into complementary DNA (cDNA) and labeled with 

a fluorescent probe. The experimental, and control cDNA samples were labeled with different 

color fluorescent dyes. Next, labeled cDNA samples were hybridized to a microscopic slide, which 

was coated with known circRNA sequences. Binding of cDNA molecules to the gene probes on 

the microarray slide is called hybridization. Following hybridization, the slide was scanned with 

an Agilent Scanner (G2505C), and the expression profile of each gene was measured.  
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3.2.3. Bioinformatic analysis 

All experiments were performed in biological replicates (n=3). Initially, the Arraystar company 

has done an in-depth statistical data analysis to identify differentially expressed circRNAs. They 

have used the p-value with cut off of 0.05, and the fold change with cut off of 2.0. to define the 

differentially expressed circRNAs. I have selected the circRNAs that were significantly 

dysregulated with the highest fold change for further investigations. 

3.2.4. In-situ Hybridization-BaseScope 

I used a novel in-situ hybridization method called BaseScopeTM Assay (Cat. No. 322900) 

according to the manufacturer’s instructions to detect the exon junctions and visualize gene 

expression for circRNA sequences. In summary, dissected lung tissues were fixed in 10% formalin 

in phosphate buffered saline (PBS) overnight at 4°C. Samples were dehydrated using a standard 

ethanol series, followed by xylene. E21 rat lung tissues were embedded in paraffin using standard 

methods. Embedded tissues were sectioned into 5 µm sections using a microtome. Sections were 

mounted on a SuperFrost Plus Slide (Fisher Scientific, Hampton, NH, USA), and air-dried 

overnight at room temperature. Next, prepared tissue sections were baked in a drying oven for 1 

hour at 60 °C. After baking, slides were incubated in xylene for 5 minutes at room temperature for 

a total of two times. Then, slides were placed into a dish containing 100% ethanol for 2 minutes at 

room temperature for a total of two times. After deparaffinization, tissue sections were air dried 

for 5 minutes at 60 °C. Then, samples were incubated with RNAscopeÒ Hydrogen Peroxide for 

10 minutes at room temperature. Slides were submerged in a Tissue-TekÒ Staining Dish filled 

with distilled water after removing Hydrogen Peroxide solution. Slides were rinsed with 200 ml 

of distilled water after target retrieval by using RNAscopeÒ 1X Target Retrieval Reagent. Slides 
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were transferred to 100% alcohol for 3 minutes and dried in 60 °C. A barrier was created around 

each section with the ImmedgeTM hydrophobic barrier pen. Dried slides were placed on the 

HybEZTM Slide Rack, and five drops of RNAscopeÒ protease III was added to cover each section 

entirely. Slides were incubated at 40 °C in the HybEZTM Oven for 30 minutes. Excess liquid was 

removed after incubation and slides were placed immediately in a Tissue-TekÒ Staining Dish 

filled with distilled water. Slides were washed 3-5 times by moving the Tissue-TekÒ Slide Rack 

up and down in the distilled water. Slides were placed in the HybEZTM Slide Rack, and four drops 

of 1ZZ Hybridization probes (rno_circRNA_007474 and mmu_circRNA_31436) were added on 

tissue sections. Samples were incubated in the HybEZTM Oven for 2 hours at 40 °C. After probe 

hybridization, excess liquid was removed quickly, and slides were submerged in a Tissue-TekÒ 

Staining Dish filled with 1X Wash Buffer for 2 minutes at room temperature. Washing in 1X Wash 

Buffer was repeated for a total of two times. Next, each section was treated with four drops of 

AMP 0 and incubated in the oven for 30 minutes at 40 °C. After incubation, sections were washed 

with 1X Wash Buffer for 2 minutes at room temperature twice. Next, four drops of AMP 1 were 

added on the tissue sections and sections were incubated for 15 minutes at 40 °C. Slides were 

washed with 1X Wash Buffer after incubation for 2 minutes at room temperature twice. Tissues 

were treated with AMP 2 and 3 in two separate steps and incubated for 30 minutes at 40 °C. 

Following incubation with AMP 2 and 3, sections were washed with 1X Wash Buffer for 2 minutes 

at room temperature twice. Next, AMP 4 was added to the tissue sections and sections were 

incubated for 15 minutes at 40 °C before the washing them with 1X Wash Buffer for 2 minutes at 

room temperature. AMP 5 was added onto the sections and they were incubated for 30 minutes at 

room temperature. Samples were washed by 1X Wash Buffer for 2 minutes at room temperature 

twice. In this step, changing the incubation time could modify the staining intensity. In the last 
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hybridization step, sections were treated with AMP 6 for 15 minutes at room temperature. Then, 

sections were incubated in the 1X Wash Buffer for 2 minutes at room temperature twice. 1:60 ratio 

of BaseScopeTM Fast RED-B to BaseScopeTM Fast RED-A was prepared to detect the signals. 60 

µl of the mixed solution was added on the section and incubated for 10 minutes at room 

temperature. After incubation, the slides were inserted into a Tissue-TekÒ Staining Dish filled 

with tap water. After the washing step, slides were transferred into the staining dish containing 

50% Hematoxylin staining solution for 2 minutes at room temperature. Slides were placed into the 

staining dish containing tap water to remove excess staining. Tap water was replaced with 0.02% 

Ammonia water. Then, slides were washed with tap water for 3-5 times. Slides were dried in a 60 

°C dry oven for 15-30 minutes before mounting the samples. 1-2 drops of VectaMount was added 

to the sections after the slides were completely dried. Coverslips were placed over the tissue 

sections, and tissue sections were examined under an Epi-fluorescent microscope (Zeiss, 

Germany) at 20-40X magnification.  

3.2.5. Primer Design, and RT-qPCR 

Our previous PhD. Student, Naghmeh Khoshgoo, designed the divergent primers with the NCBI 

primer blast tool (Table 3). Gradient RT-qPCR was performed to find the optimum annealing 

temperatures for each primer. RT-qPCRs were performed on three biological replicates using 

Maxima H Minus, First Strand cDNA Synthesis kit (# K1651, Thermo Scientific, USA) and CFX 

ConnectTM Real-Time PCR Detection System (Bio-Rad, USA).  

CircRNA 
 

Forward Reverse 

rno_circRNA_0045
08 

(Akt3) 

ACACCACCTGAAAAGTGCT
GAGT 

CTCCCTCTGAGCCCCCACT 

mmu_circRNA_35
121 

GCTACTTTCAAGCACACCAC
CTC 

ACAACTTACCTGATTTGTCTG
GCTACT 



 42 

(Ythdf3) 
 

 

rno_circRNA_0014
15 

(Ncoa7) 
 

AACATTGCAGCGGAGGGG GATCAGTGAGTCATATTCCAG
CA 

rno_circRNA_0074
75 

(Dcc) 

CAGTGCCAAGTGCTCCACCT
CA 

TGCATAGGCAGGGGGTTCCCA 

rno_circRNA_0106
57 

(Strbp) 
 

TGTCGGTAGATGTGGACGGC
A 

GCCTGAATCCCCTGACTGCTC
A 

rno_circRNA_0159
43 

(Itga9) 
 

ACGACGCCTACGACGCCAA
T 

CGGTCCTCCTCACCAATCACG 

Table 3. Sequences of divergent primers. Using divergent primers to identify significantly dysregulated circRNAs in 

nitrofen-induced hypoplastic lung development by performing RT-qPCR. 

3.3. Results: 

I analyzed the expression profile of circular RNAs in nitrofen-induced hypoplastic lungs compared 

with controls at two different developmental time points (E15 and E21). The results of hierarchical 

clustering showed that 112 circRNAs were differentially expressed between E15 rat’s nitrofen-

induced hypoplastic lungs and normal lungs (FC>1.5, p<0.05). Among those, 43 and 69 circRNAs 

were significantly up-regulated and down-regulated, respectively. Of interest, 

rno_circRNA_010657 (FC=2.6, p=0.04) and mmu_circRNA_31436 (FC=8.3, p=0.04) were the 

most prominent up and down-regulated circRNAs, respectively (Figure 5). Also, in total the 

expression of 182 circRNAs was dysregulated between E21 rat’s nitrofen-induced hypoplastic 

lungs and healthy lungs. This included 94 up-regulated and 88 down-regulated circRNAs (FC>2, 

p<0.05). Mmu_circRNA_31436 (FC=9.8, p=0.02) and rno_circRNA_007475 (FC=12.3, p=0.04) 

were the most prominent up and down-regulated, respectively (Figure 6). Interestingly, 
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mmu_circRNA_31436 that was significantly down-regulated in the early stage of lung 

development (E15) was up-regulated in the late stage (E21).  

I validated these ‘’hits’’ by performing BaseScopeTM. Moreover, I visualized the localization of 

mmu_circRNA_31436 and rno_circRNA_007475 in E21 nitrofen-induced hypoplastic and control 

lungs. BaseScopeTM confirmed up-regulation of mmu_circRNA_31436 in E21 nitrofen compared 

with control. Also, our results showed the localization of mmu_circRNA_31436 in the cytoplasm 

of airway epithelium and vessels (Figure 7). Moreover, I validated the down-regulation of 

rno_circRNA_007475 in E21 nitrofen compared with control. The rno_circRNA_007475 was 

located in the cytoplasm of mesenchymal cells in E21 control lungs and the cytoplasm of airway 

epithelium in E21 nitrofen-induced hypoplastic lungs (Figure 8).  

I have tried to set up RT-qPCR for circRNAs to validate the microarray results. I have used the 

standard RT-qPCR kit, and I optimized the amount of RNA and cDNA input. However, our 

experiments have failed several times. I found that our designed divergent primers were not 

binding properly to the circRNA targets of interest.  
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Figure 5. CircRNAs profile was differentially expressed in E15 nitrofen-induced hypoplastic lungs compared with 
control lungs. The rno_circRNA_010657 (right side) and mmu_circRNA_31436 (left side) were significantly up-
regulated and down-regulated circRNAs, respectively. (Figure reproduced, courtesy of Thomas Mahood). 

 

Figure 6. CircRNAs profile was differentially expressed in E21 nitrofen-induced hypoplastic lungs compared with 
control lungs. The mmu_circRNA_31436 (right side) and rno_circRNA_007475 (left side) were significantly up-
regulated and down-regulated circRNAs, respectively. (Figure reproduced, courtesy of Thomas Mahood). 
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Figure 7. In situ hybridization for mmu_circRNA_31436 in E21 control and nitrofen-hypoplastic lungs. 
mmu_circRNA_31436 was up-regulated in E21 nitrofen compared with control and it mainly located in the cytoplasm 
of airway epithelium and vessels.  

 

 

Figure 8. In situ hybridization for rno_circRNA_007475 in E21 control and nitrofen-hypoplastic lungs.  
rno_circRNA_007475 was down-regulated in E21 nitrofen compared with control and it mainly located in the 
cytoplasm of mesenchymal cells in E21 control lungs and the cytoplasm of airway epithelium in E21 nitrofen-induced 
hypoplastic lungs.  
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3.4. Discussion:  

CDH is a life-threatening disorder among newborn babies. It is characterized by the presence of a 

hole in the diaphragm and herniated abdominal organs into the chest cavity. Also, CDH results in 

hypoplastic lungs and abnormal lung vasculature. Insufficient lung function and persistent 

pulmonary hypertension lead to a high rate of mortality rate CDH patients. The cause of CDH is 

unknown in more than 80%. However, our recent studies have shown a critical role for gene 

regulators such as microRNAs (miRNAs) in the context of CDH.  

MiRNAs can regulate gene expression by supressing mRNA translation. Our laboratory was the 

first group to discover a crucial role for miRNA-200b in normal lung development and CDH. Dr. 

Keijzer’s group found that the expression level of miRNA-200b was lower in early stages and 

higher just before birth in CDH compared to normal lungs. Moreover, they reported that prenatal 

therapy using miRNA-200b mimics to normalize lower miR-200b level improves the abnormal 

lung development. Although, using miRNA-200b for prenatal therapy was promising, identifying 

its upstream regulators can help us to understand the underlying biology behind the fluctuation of 

miRNA expression during abnormal lung development.  

Initially, circular RNAs (circRNAs) were found as an accidental by-product of exon skipping (61). 

Nowadays, circRNAs are known as endogenous non-coding RNAs that are evolutionarily 

conserved in eukaryotic cells. CircRNAs have a covalently closed loop structure formed by back-

splicing events of one or more exons from protein-coding and non-coding genes. The circular 

structure of circRNAs makes them very stable and abundant compared to linear RNAs. Moreover, 

circRNAs can regulate gene expression by functioning as a sponge for microRNAs, and binding 

to the RNA-binding proteins to either facilitate their interaction or sequester them. The majority 
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of studies on circRNAs have been done on their role in lung cancer. However, our understanding 

of the underlying biology and function of circRNAs in normal lung development and CDH is 

limited.  

We were the first group to identify the expression profile of circRNAs at early and late stages of 

normal and hypoplastic lung development by using microarray. I found that the expression level 

of circRNAs was significantly altered in nitrofen-induced hypoplastic lungs compared to healthy 

lungs. Moreover, the results from in-situ hybridization have confirmed the microarray data. 

Besides, I have tried to set up an RT-qPCR panel for circRNAs in our lab. I have used the standard 

RT-qPCR kit, and I have optimized the amount of RNA and cDNA input. However, the Ct values 

(cycle threshold) for the majority of our samples were higher than 30. This means that the circRNA 

intensity in our samples were low or the primers bound to their targets insufficiently. Using RNase 

R, an RNA exonuclease can increase circRNAs intensity by degrading linear RNAs. Moreover, 

changing the annealing temperature could help primers to bind to their targets more efficiently. 

However, I have sent the primer sequences to the Arraystar company, and they suggested that more 

likely the primer sequences were not complementary to their targets.  

In the future, our laboratory may order primers from Arraystar company to validate microarray 

results with RT-qPCR. After validation, mechanistic studies can lead us to understand circRNAs’ 

biological function and how they are altered in CDH. However, genetically modifying the 

circRNA genes in an animal model is not straight forward. Inhibiting or over-expressing a 

circRNA of interest in a cell line is possible by transfecting circRNA of interest using lentivirus. 

Moreover, microarray data provided us with miRNA binding sites for each circRNA. Applying 

miRNA binding sites into the pathway analysis tools such as KEGG, and Ingenuity pathway 
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analysis (IPA) can lead us to have a broader image of the network between genes involved with 

circRNAs.  
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Chapter 4 

The role of Yes-associated protein in normal and nitrofen-

induced hypoplastic lung development due to CDH 
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4.1. Introduction 

The Hippo signaling pathway is an evolutionary and functionally conserved pathway among 

different species (80). The core kinase of this signaling cascade is Yes-associated protein (YAP). 

The active form of YAP gets translocated from the cytoplasm to the nucleus and can serve as a 

transcription factor (81). Over the past decades, genetic models and several biochemical studies 

have led us to understand the underlying function of the Hippo signaling pathway (80). The 

regulation of this pathway mainly depends on the structural and mechanical changes in the cell 

microenvironment (82). This pathway controls organ size development and homeostasis by 

regulating cell proliferation, migration, apoptosis, and differentiation (83). The dysregulation of 

the Hippo cascade can lead to aberrant cell growth and several diseases, such as developmental 

malformations, and cancer (81).  

4.1.1. YAP regulation via the Hippo-dependent pathway 

Several stimulators can lead to the activation of YAP through its subcellular localization, including 

cell-cell contact, cell density, external mechanical forces, and interaction with other transcription 

factors (23,24,27). Moreover, epigenetic factors, such as microRNAs have identified as regulators 

of upstream kinases in the Hippo signaling pathway (84)(85). For example, target genes of the 

miR-200 family can regulate the Hippo pathway by enhancing its positive activation (86). The 

epithelial-mesenchymal transition (EMT)-activator, ZEB1, is one of the known miR-200b targets. 

Activated ZEB1 binds directly to YAP and functions as a transcriptional factor in the nucleus 

(87,88). 

In the absence of stimulators, YAP is regulated in a Hippo-dependent manner. The upstream 

kinases of the Hippo pathway including mammalian sterile 20-like 1/2 (MST1/2), the scaffold 
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protein Salvador homolog 1 (SAV1), large tumor suppressor homolog 1/2 (LATS1/2), and the 

scaffolding proteins MOB domain kinase activator 1 A/B (MOB1A/1B) can regulate YAP 

activation (89). In mammals, MST1/2 protein kinase phosphorylates hydrophobic motifs of 

LATS1/2 either by direct activation or by phosphorylating SAV1 and MOB1A/B. In return, 

activated LATS1/2 can phosphorylate YAP at serine/threonine residues such as Ser127, Ser381, 

and K494 (81,90) (Figure 9). 

In the presence of stimulators, upstream Hippo core kinases become inactive. This leads to the 

stabilization of YAP and its translocation to the nucleus. In partnership with the TEA domain 

transcription factor family (TEADs), the active form of YAP positively regulates the expression 

of various target genes involved in cell proliferation (90,91).   

4.1.2. YAP regulation via Hippo-independent pathways 

Membrane-associated proteins can stabilize and activate the YAP complex independently from 

up-stream Hippo kinases (92). Claudin-18 (CLDN18) is an integral tight junction (TJ) protein, 

which is highly expressed in the lung alveolar epithelium. It regulates paracellular permeability 

and cell polarity (93). CLDN18 binds to the Zona occludens protein 1 (ZO-1) and LATS1/2 that 

results in accumulation of YAP in the cytoplasm. The absence of CLDN18 causes the loss of tight 

junction barriers and the nuclear localization of YAP that can promote cell proliferation (94).  

4.1.3. The role of YAP in lung development 

The mRNA expression pattern of YAP has been studied during lung development.  J. Mahoney et 

al. found that YAP was highly expressed in the early stages of normal lung growth and it was 

mainly distributed in the airway epithelium and distal lung bud progenitor cells (95). Moreover, 

they identified the subcellular localization of YAP during early normal lung development. YAP 



 52 

was localized in the nucleus of distal buds’ epithelial cells, and it was phosphorylated in the airway 

epithelial progenitors. However, they observed that YAP was translocated from the cytoplasm to 

the nuclei of airway epithelium at transition zone, dynamically. Transition zone is a boundary 

between distal bud progenitors and airway epithelial cells. This pattern was consistently observed 

during several generations of new airways. These studies suggested a role of YAP in the expansion 

of the airway branching during lung development (95). Conditional Yap knock out mice were 

generated in order to understand its underlying biology. YAP null  mice developed hypoplastic lungs 

with abnormal airway branching at early stages of lung development (Embryonic day 12.5) 

(95,96). Research to date has mainly focused on the role of YAP in normal lung development. 

However, our knowledge about the role of YAP in abnormal lung development, and particularly 

in hypoplastic lung development in CDH is limited.  

4.2. Rationale, Hypothesis, and Specific Aim 

Based on previous studies, the Hippo pathway can control organ size development including lungs. 

Dysregulation of any kinases in this pathway can lead to abnormalities in the lungs. Interestingly, 

deletion of Yap using a Shh promoter results in hypoplastic lungs, which is a hallmark of CDH. 

We hypothesized that dysregulation of YAP during lung development could be associated with 

the pathophysiology of CDH. We aimed to study the localization and expression level of YAP and 

phosphorylated YAP at different time points of normal and nitrofen-induced hypoplastic rat lung 

development (E15, E18, and E21).  
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Figure 9. Hippo Signaling Interactive Pathway. ‘’Illustration reproduced courtesy of Cell Signaling Technology, 

Inc. (www.cellsignal.com).”(Permission obtained from Cell Signaling Technology Inc.)  
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4.3. Methods  

4.3.1. Immunofluorescence (IF) 

Immunofluorescence (IF) was performed to visualize the localization of our proteins of interest in 

control and CDH lungs. I dissected whole lungs from control and nitrofen-treated rat embryos at 

different developmental time points (E15, E18, and E21). Dissected tissues were fixed in 10% 

formalin in phosphate buffered saline (PBS) for overnight at 4°C. Then, tissues were dehydrated 

in a graded series of ethanol and cleared in xylene. After tissue processing, lungs were embedded 

in paraffin to obtain four µm-thick sections using a microtome. The sections were mounted on 

SuperFrost microscope slides (Fisher Scientific, Hampton, NH, USA).  

The slides were incubated at 58°C for 30 minutes before deparaffinization in xylene and 

rehydration in a graded series of ethanol. After three washes in PBS 1X, a citrate-based antigen 

unmasking solution (H-3300-Vector Laboratories) was used for 30 minutes in a boiling water bath 

to restore the antibody binding sites. After incubation, slides were cooled down to room 

temperature for the next 20 minutes and washed with PBS three times. 

Sections were treated with blocking buffer containing 3% normal goat serum and 2% BSA in 

PBST (PBS with 0.1% Tween 20) for 3 hours at room temperature. After blocking, tissue sections 

were treated with diluted primary antibodies overnight at 4°C. The rabbit polyclonal total 

YAP1(Abcam; ab39361; 1:100), and the rabbit polyclonal anti-phospho-YAP (Ser127) (Cell 

Signaling; #4911; 1:100) were used for these experiments.  

The second day, after washing steps with PBST for 20 minutes, sections were incubated with Alexa 

FluorÒ 568 goat anti-rabbit IgG (H+L) secondary antibody (Invitrogen) diluted 1:200 in PBST for 
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3 hours at room temperature. After incubation, DAPI (1:1000) was used to stain nuclei for 3 

minutes. Finally, tissue sections were washed twice in PBST, one time in PBS, and three times in 

dH2O, each step for 5 minutes. Then, sections were air dried for 30 minutes before mounting with 

Fluoromount G. Images were acquired using a Zeiss Epi-fluorescence microscope (Zeiss 

AxioObserver.Z1 inverted microscope, Germany) at 10X and 40X magnification. The exposure 

times were kept the same for both control and CDH lung sections.  

4.3.2. Western Blotting 

Western Blotting was used to measure the abundance of YAP and p-YAP in left lungs of E21 

control and nitrofen rat embryos. Immediately after dissection, lungs were flash frozen in liquid 

nitrogen. For every milligram of frozen tissue, 10 µl RIPA lysis buffer was used for 

homogenization. The RIPA lysis buffer contained, 150 mM NaCl, 2mM EDTA (pH 8.0), 50 mM 

Tris (pH 8.0), 1.0% NP-40 (IGEPAL CA-630), 0.5% sodium deoxycholate, and 0.1% SDS in 84 

mL of dH2O. For every 10 ml of RIPA lysis buffer, one tablet of protease inhibitor (Roche 

complete-mini), 100 µl of 0.1M sodium Orthovanadate, 500 µl of 0.1 M EGTA, 1 mL of 0.1 M 

Sodium Pyrophosphate, and 200 µl of 1 M Sodium Fluoride were added to inhibit protease and 

phosphatase activity. Homogenized tissues were sonicated for 15 seconds in 20% power to rupture 

the cells and extract proteins. The protein concentration was measured using a RC DCTM Protein 

Assay (Bio-Rad, CA, USA). TGX Stain-FreeTM FastCastTM Acrylamide kit 4-12% (Bio-Rad, CA, 

USA) was used to prepare the gel. Subsequently, 10 µg of total protein was treated with b-

mercaptoethanol and loading buffer before electrophoresis. Fractionated proteins were transferred 

to a nitrocellulose membrane (Bio-Rad, CA, USA) by using a Trans-BlotÒ TurboTM transfer 

system (Bio-Rad, CA, USA). After transfer, membranes were activated with UV light using the 

ChemiDocTM System (Bio-Rad, CA, USA). Then, membranes that I planned to treat with the anti-
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YAP and the anti-p-YAP antibodies were blocked in 5% milk and 5% BSA for 2 hours in the room 

temperature, respectively. After blocking, membranes were incubated with the rabbit polyclonal 

anti-YAP1 (Abcam; ab39361; 1:2000) and the rabbit polyclonal anti-phospho-YAP (Ser127) (Cell 

Signaling; #4911; 1:10000) in 1% milk and 5% BSA for overnight at 4°C, respectively.  

The second day, after washing membranes with TBST, primary antibodies were incubated with an 

HRP-conjugated goat–anti-rabbit secondary antibody (1:10000) (Sigma) for one hour at room 

temperature. Following second washing steps with TBST, membranes were treated with ECL 

substrates (Bio-Rad, CA, USA) and exposed to the UV light using the ChemiDocTM System. The 

normalization of band densities was performed against total protein input using ImageJ software.  

4.3.3. Statistics  

The biological and technical replicates were n=3 to acquire consistent and reliable results. 

GraphPad-Prism (version 7, USA) was used for statistical analysis of Western Blotting data. All 

data were presented as the mean ± standard error of the mean. A two-tailed t-test and non-

parametric Mann-Whitney-U test were used for statistical testing. P < 0.05 was considered as 

statistically significant.  

4.4. Results 

4.4.1. Immunofluorescence Results 

4.4.1.1. Localization of YAP in the normal and nitrofen-induced hypoplastic rat lung 

development 

Red staining shows the expression of YAP, and blue shows the localization of nuclei in the tissue 

sections. Overlap between red and blue staining indicates the nuclear localization of the protein of 
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interest. Cytoplasmic localization can be seen when there is no overlap. In the pseudoglandular 

stage (E15) of normal lung development, YAP was expressed in the nuclei and the cytoplasm of 

mesenchymal cells, and only in the cytoplasm of airway epithelium (Figure 10). In the canalicular 

stage (E18), YAP was expressed in the cytoplasm and nuclei of both mesenchymal cells and airway 

epithelium (Figure 11). Also, in the saccular stage (E21), YAP was expressed in the cytoplasm 

and nuclei of the mesenchymal cells and mostly was localized in the nuclei of airway epithelium 

(Figure 12). However, YAP was mainly distributed in the cytoplasm of mesenchymal cells and 

airway epithelium during early and late abnormal lung development in the nitrofen rat model 

(Figure 13-15). In summary, YAP was dynamically translocating from the cytoplasm to the nuclei 

of mesenchymal and airway epithelial cells during normal lung development. However, YAP was 

mainly localized in the cytoplasm of mesenchymal cells and airway epithelium in nitrofen-induced 

hypoplastic rat lung development (Figure 16). 
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Figure 10. The localization of total YAP in the E15 normal rat lung 
with 10X and 40X magnification. YAP was expressed in the nuclei of 
mesenchymal cell and the cytoplasm of airway epithelium  
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Figure 11. The localization of total YAP in the E18 normal rat lung 
with 10X and 40X magnification. YAP was expressed in the nuclei 
and cytoplasm of mesenchymal cell and the airway epithelium 
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Figure 12. The localization of total YAP in the E21 normal rat lung 
with 10X and 40X magnification. YAP was expressed in the nuclei 
and cytoplasm of mesenchymal cell and the airway epithelium 
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Figure 13. The localization of total YAP in the E15 nitrofen-induced 
hypoplastic lungs with 10X and 40X magnification. YAP was 
expressed in the cytoplasm of both mesenchymal cells and the airway 
epithelium 
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Figure 14. The localization of total YAP in the E18 nitrofen-induced 
hypoplastic lungs with 10X and 40X magnification. YAP was 
expressed in the cytoplasm of both mesenchymal cells and the airway 
epithelium. 
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Figure 15. The localization of total YAP in the E21 nitrofen-induced 
hypoplastic lungs with 10X and 40X magnification. YAP was 
expressed in the cytoplasm of both mesenchymal cells and the airway 
epithelium. 
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4.4.1.2. Localization of p-YAP in normal and hypoplastic lung development 

Phosphorylated YAP was localized only in the cytoplasm of mesenchymal cells and airway 

epithelium in all stages of normal and abnormal lung development (Figure 17-23).  

 

Figure 16. Comparison between the localization of YAP in healthy and nitrofen-induced hypoplastic lungs during 
development with 40X magnification. YAP was localized mainly in the cytoplasm of nitrofen rat lung, however there 
were nuclear localization of YAP in the mesenchymal and airway epithelial cells of normal lungs.  
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Figure 17. P-YAP localization in the E15 normal rat lung with 10X and 40X magnification. 
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Figure 18. P-YAP localization in the E18 normal rat lung with 10X and 40X magnification.  
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Figure 19. P-YAP localization in the E21 normal rat lung with 10X and 40X magnification. 
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Figure 7. P-YAP localization in the E15 nitrofen-induced hypoplastic lung with 10X and 40X magnification.  
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Figure 21. P-YAP localization in the E18 nitrofen-induced hypoplastic lung with 10X and 40X magnification. 
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Figure 22. P-YAP localization in the E21 nitrofen-induced hypoplastic lung with 10X and 40X magnification. 
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Figure 23. Comparison between the localization of p-YAP in healthy and nitrofen-induced hypoplastic lungs 
during development with 40X magnification. P-YAP was localized mainly in the cytoplasm of control and nitrofen 
rat lung. 

 

4.4.3. Western Blotting Results 

Western Blotting is a semi-quantitative method that measures the abundance of proteins in cells 

and tissue lysates. Our western blotting results showed down-regulation of three YAP1 isoforms 

in nitrofen-induced hypoplastic lungs compared to control lungs. The molecular weight (MW) for 

YAP1 predicted to be 65 kDa in the antibody datasheet. The top bands with 65 kDa band size 

indicated a significant decrease in the abundance of YAP (p < 0.05) (Figure 24 A).  
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The polyclonal phospho-YAP antibody binds to the amino acid Serine 127 of the YAP peptide, 

which can be phosphorylated by LATS1/2. The molecular weight (MW) for p-YAP predicted to 

be between 65 and 75 kDa in the antibody datasheet. The Western Blotting results for p-YAP was 

in the range of predicted band size and demonstrated significant up-regulation in the nitrofen rat 

lungs (p < 0.05) (Figure 24 B). These results have shown that the overall abundance of YAP and 

p-YAP proteins were down-regulated and up-regulated in nitrofen-induced hypoplastic lungs 

compared with normal lungs at later stages of lung development (E21), respectively. Therefore, 

YAP was mostly inactive in E21 nitrofen-induced hypoplastic lungs compared to control lungs. 

  

 
 
 
A 
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Figure 24. Western Blotting results for the quantity of YAP and p-YAP in the E21 nitrofen-induced hypoplastic 
lungs and normal lungs. A. Western Blotting using anti-YAP1 antibody shows down-regulation in the E21 nitrofen-
induced hypoplastic lungs compared to the normal controls. B. Western Blotting shows up-regulation of 
phosphorylated-YAP in E21 nitrofen-induced hypoplastic lungs compared to normal lungs. 
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4.5. Discussion: 

Mahoney et al. have studied the role of YAP in normal lung development by generating YAP 

knockout mice. They found that in the early stage of lung development in wild-type (WT) mice, 

YAP was expressed in the nuclei of distal bud progenitors and the cytoplasm of developing airway 

epithelium. However, they observed that YAP was translocating from the cytoplasm to the nuclei 

at the boundary between the airway and the distal bud compartment (transition zone) (95). Besides, 

activated YAP regulates the expression of SRY-Box 2 (SOX2), the early marker of airway 

epithelial progenitors, in the transition zone. This can lead to the specification of airway epithelial 

progenitors (95). Furthermore, they showed that YAP interacts with the transforming growth 

factor-beta (TGF-b) signaling pathway in the mesenchymal region associated with the transition 

zone (95). TGF-b signaling plays a crucial role in pulmonary branching morphogenesis through 

SMAD molecules (98). They observed that the absence of YAP could lead to down-regulation of 

SOX2 expression and interferes with TGF-b signaling. Therefore, YAP works in concert with 

SOX2 and TGF-b signaling to control the epithelial progenitor cell fate and airway branching 

morphogenesis (95).  Interestingly, lungs in Yapcnull mice were highly hypoplastic with severe 

disruption in airway branching, which was similar to the phenotype of CDH lungs.  

Hypoplastic CDH lungs are characterized by less airway branching and a thickened mesenchymal 

cell layer. This phenotype of CDH can suggest the possible role of epithelial-mesenchymal 

transition (EMT) in the lungs. SMAD-driven TGF-b signaling is the key activator of EMT by 

activating transcription factors ZEB1 and ZEB2 (99). Cells that had undergone EMT were shown 

up-regulation of TGF-b and ZEB1/2. Moreover, the miR-200b level was significantly down-

regulated in cells that had undergone EMT. This can suggest that increases in SMAD-driven TGF-
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b signaling pathway can inhibit miR-200b. Therefore, inhibition of miR-200b can result in up-

regulation of its downstream targets, ZEB1/2 (99). Khoshgoo et al. reported that miR-200b was 

up-regulated in late stages of abnormal lungs in CDH babies. They found that treated human 

bronchial epithelial cells (BEAS-2b) with nitrofen have increased TGF-b and decreased miR-200b 

levels (25). Interestingly, Lehmann et al. showed that ZEB1 could turn to a transcriptional co-

activator with YAP that can promote cell proliferation (87). All in all, there is a massive network 

between YAP, TGF-b signaling pathway and EMT-activator ZEB1/2, which can result in cell 

proliferation and differentiation. However, the molecular network between YAP, SMAD-driven 

TGF-b and miR-200b in abnormal lung development of CDH is still unknown. 

These findings prompted us to conduct more research on the role of YAP in the context of CDH. 

I found that in early normal lung development, YAP was mostly active in the mesenchymal cells. 

In the canalicular stage, YAP became more phosphorylated and inactive in the mesenchymal cells 

and active in the airway epithelial cells. In later stages of lung development, YAP was mostly 

located in the nuclei of airway epithelium. Our results were similar to Mahoney et al. findings that 

YAP was expressed in the nuclei of distal buds progenitors and cytoplasm of developing airways 

epithelium in the early stages of lung development (95). 

On the contrary, I observed that YAP was mainly inactive in the mesenchymal cells and the airway 

epithelium in nitrofen-induced hypoplastic rat lungs during all developmental stages. These 

findings suggest a disruption in the activation and regulation of YAP, which can be involved in 

the pathogenesis of abnormal lung development in CDH.  

Western Blotting data showed that total YAP, phosphorylated and non-phosphorylated YAP, was 

significantly down-regulated in CDH lungs compared to healthy lungs. This means that the 
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quantity of YAP was decreased as well as its activity. Moreover, I observed three bands with 

different molecular weights on the blots treated with YAP antibody. Although all three bands 

showed down-regulation in nitrofen compared with control, top bands within the predicted 

molecular weight had a more significant change. The biochemistry of the antibody was studied to 

understand the reason for getting three bands.  

The synthetic peptide of polyclonal anti-YAP1 antibody (ab39361) was initially derived from 

residues 50-150 of human YAP1 and was injected into the rabbit as a host. Rabbit’s immune 

system then generated the antibody that was directed against amino acids 74-90 of the human YAP 

protein. Moreover, amino acids 74 to 90 present in seven isoforms including isoform 1 to 8 except 

isoform 4. Therefore, the antibody binding sites were presented in these isoforms. This can explain 

that each band represents one isoform of YAP, which has a role in normal and abnormal lung 

development. However, I only observed three bands out of seven bands in our blots. One of the 

reasons can be the absence of the other four isoforms in the rat’s lungs.  

I used NCBI blast software to confirm the alignment of the sequence of amino acid 74-90 of human 

YAP1 with the rat sequence. The result of alignment showed that the sequence of amino acids 74 

to 90 of Human YAP1 is aligned with the sequence of amino acids 59 to 75 in the rat. Therefore, 

this antibody is predicted to bind to the amino acid 74-90 of human YAP1 protein and the amino 

acid 59-75 of rat YAP1 protein. The amino acids among this sequence can be phosphorylated, 

which suggest that this antibody can recognize YAP1 protein localized in the cytoplasm and the 

nuclei of both human and rat samples. 

This information suggests that the YAP 1 antibody can bind to all presented isoforms as well as 

active and non-active YAP in rat’s lungs. In Western Blotting, each protein with different 
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molecular weights is fractionated, which means that each band represents one isoform. Therefore, 

using Western Blotting method can lead us to indicate the expression level of each isoform 

individually in control lungs compared to nitrofen-induced hypoplastic lungs.  

However, we can visualize the localization of all isoforms of YAP within rat’s lung sections in 

staining methods. Therefore, the immunofluorescence method is limited to indicate the expression 

level of each individual isoforms within the lung sections. This can explain why our staining results 

did not show a significant difference in the expression level of YAP in nitrofen-induced 

hypoplastic lungs and control lungs. Therefore, staining method can lead us to visualize the 

localization of YAP and p-YAP antibodies in the lung sections, but it is not a proper method to 

measure expression level of the protein of interest.  

In conclusion, mediating the activation of YAP in different stages of lung development can have 

a substantial impact on normal lung growth. Our results suggest that there was a disruption in the 

regulation of YAP at different stages of nitrofen-induced hypoplastic lung development.  
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5.1. Identifying the direct mRNA targets of miRNA-200b in the lung epithelial and fibroblast 

cells 

Bioinformatic tools could help us to predict the mRNA targets of miRNA-200b; however, the 

possibility to get false-positive and false-negative results were high (42). Therefore, we decided to 

perform miRNA-mRNA pull-down assay by following the protocol from Dr. Judy Liberman’s 

group to find the exact targets of miRNA-200b. This protocol is an unbiased biochemical method 

with 70-90% of specificity and can detect both canonical and non-canonical MiRNA Response 

Elements (MREs) (44). After fourteen times performing the whole procedure, I found that our 

isolated mRNA targets had low yield and poor quality with ribosomal contamination. 

Unfortunately, the quality and quantity of the pulled-down RNA samples could not meet the 

requirement for performing whole genome sequencing. However, other scientists across the world 

have confirmed the complexity of miRNA-mRNA pull-down assays, and several factors can 

contribute to the failure of this experiment (43,46).   

The mentioned protocol is based on the interaction between the biotin labeled on miRNA mimics 

and the streptavidin beads (44). Therefore, low transfection efficiency or insufficient use of 

streptavidin beads can lead to the failure of pull-down assay. Moreover, using the cell line with a 

high level of endogenous miRNA of interest is not suggested due to possible dilution of 

biotinylated miRNA mimic within endogenous miRNAs (44). Also, the transfection of 

biotinylated miRNA mimic in primary cells is not straight-forward (46). Therefore, using a cell 

line with a moderate level of miRNA-200b is suggested. Moreover, transfection efficiency can be 

tested by performing RT-qPCR using multiple known mRNA targets of miR-200b. Also, we can 

use fluorescent labeled miR-200b mimic to optimize the transfection efficiency and measure the 

miRNA internalization by flow cytometry. After the successful transfection of biotinylated 
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miRNA-200b in the proper cell-line, the optimization of the sufficient amount of streptavidin 

beads is required. Moreover, using the commercial washing solutions and lysis buffers is suggested 

to keep all the conditions consistent.  

5.2. Profiling circular RNAs in normal and nitrofen-induced hypoplastic lungs due to CDH 

Our knowledge about the upstream regulators of miRNAs are limited. The dysregulation of the 

upstream regulators can be the possible cause of disruption in the function of downstream 

miRNAs. Therefore, we aimed to identify the upstream regulators of miRNAs to understand their 

underlying function in the context of CDH. Circular RNAs (circRNAs) are covalently closed loop 

structure that can sponge up miRNAs and suppress their gene silencing effect (75). The majority 

of research in the field of lung biology has been done on the role of circRNAs in lung cancer. The 

biology and function of circRNAs in abnormal lung development due to CDH are still unexplored. 

We were the first group to perform a circRNA microarray analysis of normal and nitrofen-induced 

hypoplastic lungs at early and late stages of development. I found that there was a distinct 

circRNAs expression level in CDH compared with healthy lungs. These results suggest the 

dysregulation of circRNAs in the abnormal lung development of CDH. Initially, I did a 

bioinformatic analysis using a P-value and fold-change to find the most significantly up-regulated 

and down-regulated circRNAs. I found that rno_circRNA_010657 (FC=2.6, p=0.04), and 

mmu_circRNA_31436 (FC=8.3, p=0.04) were significantly up-regulated and down-regulated in 

the early stages of lung development, respectively. Moreover, mmu_circRNA_31436 (FC=9.8, 

p=0.02) was up-regulated, and rno_circRNA_007475 (FC=12.3, p=0.04) was significantly down-

regulated in the late stages of lung development. Interestingly, mmu_circRNA_31436 was down-

regulated in early stage (E15) and up-regulated in late stage (E21) of nitrofen-induced hypoplastic 
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rat lung development compared with normal lungs. This circRNA arises from the APC gene that 

is associated with one of the essential signaling pathways for normal lung development called the 

WNT signaling pathway (102,103).  

Furthermore, I have validated the most significantly up and down-regulated circRNAs in late stage 

of lung development by performing a novel in-situ hybridization method, BaseScopeTM. 

BaseScopeTM also has led us to visualize the localization of our circRNA of interest in the control 

and nitrofen lung sections. For instance, mmu_circRNA_31436 was mostly located in the 

cytoplasm of airway epithelium. Also, rno_circRNA_007475 was completely absent in the 

cytoplasm of airway epithelium in healthy lungs and present in nitrofen-induced hypoplastic lungs. 

More studies are needed to answer the questions of why our circRNAs of interest were located in 

the mentioned areas.  

Performing RT-qPCR can be another approach to validate microarray results. In our laboratory, I 

tried to set up the RT-qPCR panel particularly for circRNAs. I have used designed divergent 

primers and standard RT-qPCR kit for circRNAs. However, the Ct values of most of the circRNA 

targets were higher than 30, which means that few products were amplified during the procedure. 

I found that most likely the divergent primers were not complementary enough to bind to the back-

splice junction of our circRNAs of interest. In the future, we can try performing RT-qPCR by using 

commercially designed divergent primers from the Arraystar company.  

5.3. The role of Yes-associated protein in normal and nitrofen-induced hypoplastic lung 

development due to CDH 

Coordination of progenitor cells proliferation and differentiation is challenging during lung 

embryogenesis. For example, lung epithelial progenitor cells form a complex branching structure 
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composed of conducting airways and distal alveoli (95). Integration of several signaling pathways 

can control the boundary between proximal and distal regions (transition zone) to maintain the 

lung branching pattern (95). The Hippo signaling pathway can control organ size development by 

regulating cell proliferation, programmed cell death, and cell fate. Yes-associated protein (YAP) 

is the core kinase of the Hippo pathway, which is regulated by its nucleocytoplasmic shift in 

localization (97). Nuclear YAP can induce cell proliferation through the TEAD and SMAD family, 

whereas phosphorylated-YAP (p-YAP) can regulate the activity of transcription factors in the 

cytoplasm (104). The regulation of YAP activity can prevent cellular overgrowth by controlling 

proper cell proliferation. However, the abnormal deactivation of YAP can also result in less cell 

proliferation, differentiation, and under-developed organs (95).  

The underlying biology and function of YAP were studied over the past decades in the field of 

lung development and diseases (105,106). However, the role of YAP in the development of 

hypoplastic lungs of CDH is still unknown. Mahoney et al. have shown that the mRNA expression 

of Yap was up-regulated in earlier lung development in mice. Also, total YAP protein was located 

in the nuclei of distal bud progenitors, and the cytoplasm of airway epithelium (95). Further, they 

generated conditional knock out mice by removing the Yap gene from the developing lung 

epithelial progenitors in early embryonic development. The YAPcnull mice were slightly smaller 

than wild type mice (WT) with highly hypoplastic and dilated cyst like lungs. They suggested that 

the absence of the Yap gene in the epithelial progenitors did not affect the expansion of distal bud 

branching; however, it disturbed proper tubule-like airway formation (95).  

Interestingly, YAPcnull mice have shown the same phenotype as CDH lungs with hypoplastic lung 

development and aberrant proximal-distal patterning. These results prompted us to investigate the 

role of YAP in abnormal lung development in CDH. I found that in early normal lung development, 
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YAP was mostly active in the mesenchymal cells. Toward the later stages of lung development, 

YAP became more phosphorylated and inactive in the mesenchymal cells and active in the airway 

epithelial cells. However, YAP was mainly inactive in the mesenchymal cells and the airway 

epithelium in nitrofen-induced hypoplastic lungs during all developmental stages. These findings 

suggest a disruption in the activation and regulation of YAP, which can be involved in the 

pathogenesis of abnormal lung development in CDH. Moreover, Western Blotting data showed 

that nuclear and cytoplasmic YAP were significantly down-regulated and upregulated in the later 

stage of nitrofen-induced hypoplastic lungs compared with normal lungs, respectively. In 

conclusion, mediating the activation of YAP in different stages of lung development can have a 

substantial impact on normal lung growth.  

Our results could describe the differences between quantity and localization of YAP protein in 

CDH and normal lungs during development. More studies are needed to understand why YAP was 

dysregulated in the nitrofen rat lungs. In the future, we can study the relation between YAP and 

signaling pathways that are known to be dysregulated in the context of CDH.  

5.5. Possible networks between miRNA-200b, circRNAs, and YAP in lung development 

Mahoney et al. have shown that deletion of the Yap gene in epithelial cell progenitors did not affect 

the expansion of distal buds; however, it disrupted the formation of tubule-like airway 

morphogenesis. Therefore, they suggested that the signaling pathways associated with restriction 

of budding and expansion of airway branching were dysregulated in the absence of the Yap gene. 

For example, accumulation of TGF-b1 in the mesenchymal cells surrounded epithelial cells in the 

transition zone can suppress distal budding and promote airway branching. Loss of the Yap gene 

resulted in a non-proper response of epithelial cell progenitors to TGF-b1 in the transition zone 
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and led to aberrant airway branching. Moreover, removal of the Yap gene in epithelial cell 

progenitors can significantly decrease the expression of SOX2, the earliest marker for airway 

epithelial cells. Therefore, they suggested that the nuclear YAP-TEAD complex can regulate SOX- 

2 in the transition zone. In conclusion, they found that the interaction between nuclear YAP, SOX- 

2, and TGF-b in the transition zone can control epithelial progenitor cell proliferation and the 

tubular-like formation of airways (Figure 25) (95).  

Epithelial-mesenchymal transition (EMT) is a crucial process during embryogenesis and cancer 

progression by which epithelial cells lose their integrity and acquire mesenchymal cell phenotype 

(107). Lehmann et al. have described that ZEB1, an EMT activator and a known miRNA-200b 

target, is associated with aggressive cancer by direct interaction with YAP (87). Also, it has shown 

that the TGF-b/SMAD signaling pathway can promote EMT by inhibiting miR-200b (99). 

Inhibition of miR-200b results in up-regulation of ZEB1/2 that is also required for the induction 

of EMT (99). In summary, these results suggest that the TGF-b/SMAD signaling pathway can 

inhibit miRNA-200b expression that leads to up-regulation of ZEB1/2 and the activation of EMT 

(Figure 26).  

Hines et al. have described that the lung mesothelium cell population, a third tissue layer around 

the lung lobes, undergoes an EMT process (108). Moreover, Khoshgoo et al. found that miRNA-

200b expression was disrupted in hypoplastic lung development of CDH (36). Also, they found 

that inhibition of miRNA-200b can promote TGF-b/SMAD activity in lung bronchial epithelial 

cells and promote EMT (Figure 24)(25).  

Moreover, circRNAs also can play a crucial role in these networks by functioning as a sponge for 

miRNAs. Dysregulation of circRNAs can also associate with disruption of its downstream 
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signaling pathways. However, the association of YAP and circRNAs within the network of TGF-

b/SMAD signaling pathway, miR-200b and ZEB1/2 in the context of CDH is still unknown. Based 

on previous research, we know that the presence of YAP is essential for the proper function of 

TGF-b/SMAD signaling pathway, and YAP can bind to ZEB1/2 in the nuclei and act as a 

transcription factor. More research is needed to understand the involvement of YAP in the 

regulation of EMT and miR-200b in abnormal lung development of CDH. 

 

 

Figure 25. The  network between CircRNAs, miRNAs, ZEB1/2, TGF-b/SMAS, YAP, and Sox2. The circRNAs can 
inhibit the miRNAs by interacting with their binding sites. The activation of the TGF-b signaling pathway can inhibit 
miR-200b level, which can lead to an increase in the level of EMT-activator ZEB1/2. On the other hand, the activation 
of YAP can up-regulate SOX 2 and SMAD family in the nucleus, which can promote cell proliferation. Also, YAP can 
be a transcription co-activator with ZEB1 to increase cell proliferation. Moreover, YAP is associated with the 
networks involved in miR-200b signaling, but the direct relation between YAP and miR-200b in the field of lung 
biology is still unknown. (Figure produced by Shana Kahnamoui Zadeh). 
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Figure 26. The molecular networks in the early stage of nitrofen-induced hypoplastic lung development. In the 
early stages of abnormal lung development due to CDH, TGF-b signaling pathway is up-regulated that results in 
down-regulation of miR-200b. Low level of miR-200b can cause up-regulation of EMT-activator ZEB1/2. In early 
stage of nitrofen-induced hypoplastic lung development, YAP is mostly inactive. Therefore, we can speculate that there 
is less no interaction between YAP and ZEB1, down-regulation of Sox2 in the cells. This aberrant molecular network 
can result in the promotion of EMT and inhibition of epithelial cells proliferation. This can lead to hypoplastic lung 
development with thickened mesenchymal layer and less airway branching. (Figure produced by Shana Kahnamoui 
Zadeh). 

  

5.6. Future direction 

I recommend using a cell line with moderate expression levels of miR-200b to perform miRNA-

mRNA pull-down assay. This can prevent dilution of the transfected biotinylated miRNA mimic 

in the cells with a high level of the endogenous miRNAs. Moreover, I suggest monitoring the 

expression level of more than one known mRNA target to test the transfection efficiency after 24 

and 48 hours by RT-qPCR. Also, we can use fluorescent labeled miR-200b mimics to optimize 

the evaluation of transfection efficiency, and miRNA internalization can be measured by flow 

cytometry. 
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Our laboratory may order divergent primers from Arraystar company to validate microarray results 

for the circRNAs of interest with RT-qPCR. Moreover, by using partial least squares discriminant 

analysis (PLS-DA), we can discriminate hypoplastic lungs from control lungs only based on their 

circRNA expression profiles. As a next step, to identify the most important circRNAs responsible 

for the pattern seen in the PLS-DA we can perform a VIP-score analysis. Applying miRNA binding 

sites into the pathway analysis tools such as KEGG, and Ingenuity pathway analysis (IPA) can 

also lead us to have a broader image of the network between genes involved with circRNAs. 

Moreover, there is no link between SOX2 and CDH identified, yet; however, I hypothesize that 

the cytoplasmic retention of YAP can result in the downregulation of SOX2 in the epithelial 

progenitor cells, which can lead to less cell proliferation and airway branching in CDH. The 

network between miR-200b and YAP is unknown in the context of CDH. We can further perform 

RT-qPCR on the miR-200b knock out mice and look at the expression pattern of Yap mRNA to 

understand the relation between miR-200b and YAP. We can also treat human bronchial epithelial 

cells with YAP mimics and inhibitors and test the level of miR-200b. 
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