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Abstract 
Autosomal recessive polycystic kidney disease (ARPKD) is a rare hereditary condition 

that has been reported to affect approximately one in every 20,000 newborns 

worldwide. It is caused by a mutation in PKHD1, the gene encoding the protein 

Fibrocystin (FPC). The primary pathophysiology of ARPKD has been characterized by 

cystic kidney disease, liver fibrosis, and lung failure. The most severe cases of ARPKD 

have been observed in neonatal life, with a mortality rate of 30–40%, where the cause 

of death has been attributed to respiratory distress resulting from lung hypoplasia. If 

this stage is survived, the chances of long-term survival have been noted to increase 

to 80%. The specific etiology of this hypoplasia has remained unknown; however, it 

has been linked to kidney enlargement and oligohydramnios. As a branch of non-

canonical WNT signalling, the planar cell polarity (PCP) pathway has emerged as a 

key ciliary signalling mechanism. Recent studies have highlighted the involvement of 

core PCP proteins in both ARPKD pathology and lung development and homeostasis. 

The aim of the study was to determine whether there was a link between non-canonical 

Wnt signalling and the PKHD1 mutation that was responsible for lung hypoplasia seen 

in ARPKD patients. 

Both lung tissue samples from 9-month-old Pkhd1T36M/T36M mice and A549 cells were 

used in this study. Key proteins from both canonical and non-canonical Wnt pathways 

were quantified by Western blotting to determine the primary intercellular Wnt 

signalling pathway associated with lung hypoplasia in ARPKD mutant mouse lungs. 

Following this, WNT4 and ATMIN single and double knockdowns, as well as WNT11 

and PKD2 single and double knockdowns, were performed in A549 cells to assess the 

interrelationship between these genes and to determine their functional effects in lung 

epithelial cells. Several cellular functions, including apoptosis, proliferation, adhesion, 
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migration, cell morphology, and actin cytoskeleton expression and localization, were 

examined. 

Studies on mouse lungs indicated that the PCP pathway was the primary pathway 

affected in Pkhd1-mutated mouse lungs, with observed changes in the protein 

expression of Vangl2 and Scribble. Meanwhile, studies on human lung cell lines 

suggested that WNT4, ATMIN, WNT11, and PKD2 could be potential regulators of lung 

development, particularly in branching morphogenesis, alveolar development, and 

angiogenesis. These findings suggested a contribution to the development of 

pulmonary hypoplasia in ARPKD patients, in contrast to the initial theory that 

pulmonary hypoplasia was a secondary effect of cystic and enlarged kidneys. Further 

investigations will be required to determine the direct involvement of Pkhd1 in lung 

development. If confirmed, these findings could aid in the development of effective 

diagnostic tools and therapeutic targets for pulmonary hypoplasia in ARPKD patients. 
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Chapter 1 

Literature review 
Polycystic Kidney disease (PKD), a major global issue, characterised by cysts 

formation in the kidneys. It causes chronic kidney disease, which progresses into 

kidney failure. Around 500,000 persons in the United States are affected by PKD, a 

fairly common genetic condition (Scolozzi, C., 2012). PKD is further categorised into 

two types depending on heredity: Autosomal Dominant PKD (ADPKD) and Autosomal 

Recessive PKD (ARPKD) (Bergmann, Carsten et al., 2018). ADPKD and ARPKD have 

numerous distinctions, including frequency, genetic mutation, cyst development, and 

pathophysiology (Bergmann, Carsten et al., 2018). The differences between the two 

PKD types are indicated in table 1. 

 ARPKD ADPKD 

Frequency 1:20,000-1:40,000 1:500-1:1000 

Gene involved PKHD1 
DZIP1L 

PKD1 
PKD2 

Onset of the 

disease 

Pre-natal, from birth, infancy, 
<10 age 

20-40 years 

Inheritance Autosomal recessive Autosomal dominance 

Cyst formation Collecting duct of the kidney Across the nephron 

Organ involved Kidney, liver, lungs 
Special cases: spleen, brain 
and heart 

Kidney, liver, pancreas 
Special cases: thyroid, brain, and 
heart 

Rarity and severity Rare and more severe 
(treatment options are less) 

Relatively common and less severe 
( have treatment) 

Table 1: Comparison chart between two forms of PKD- ARPKD and ADPKD: The two diseases 
are compared in terms of frequence, genes, heredity, onset of disease, pathophysiology ( organs 

involved and cyst formation), rarity and severity. (Abbreviations: PKHD1- Polycystic kidney and 
hepatic disease 1; DZIP1L- DAZ Interacting Zinc Finger Protein 1 Like; PKD1- Polycystic Kidney 

Disease 1; PKD2- Polycystic Kidney Disease 1) 
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ARPKD is a rare disease with a 1:20000 - 1:40000 global incidence presenting usually 

in infants with no gender bias (Zerres, K et al., 1998). When it comes to the United 

States, the incidence rate is 1:26,485 and in Finland it is around 1:8000. The 

inheritance rate of the mutation is 1:70 (Wicher, Dorota et al. 2021).  

The disease presentation ranges from neonates to adults in rare cases, and the 

survival rate and cause of death vary by age. The survival rate for the first year of life 

is 85%, while for the first10 years it is 82%. After 5, 10, and 20 years, kidney survival 

rates were 86%, 71%, and 42% respectively. The mortality rate in prenatal infants was 

the highest with 30-40% and the cause of death in most babies were pulmonary 

hypoplasia (Bergmann, Carsten et al., 2005). 

Cysts form in the kidney's collecting duct. Kidney is the primary affected organ; the 

other non-kidney organs involved were liver, lungs, heart, and pancreas (Büscher, R., 

Büscher, A.K., Weber, S. et al. 2014). The disease presentation varies greatly from 

patient to patient, even within a family, and is thought to be influenced by elements 

such as genes, mutation combinations, epigenetics, hormones, and environmental 

factors (Rossetti, Sandro, and Peter C Harris, 2007). 

ARPKD can be diagnosed in the prenatal period, with a distinctive pepper-salt pattern 

on an ultrasound scan and an increase in echogenicity across the cortex and medulla 

of the kidney due to small cyst formations (Bergmann, Carsten., 2015; Cordido, Adrian, 

and Miguel A., 2021). During the second/third trimester, increased renal size as in an 

enlarged, echogenic kidney, medullary hyper echogenicity due to poor 

corticomedullary differentiation, and hepatic fibrous tissue can be observed (Cordido, 

Adrian, and Miguel A., 2021; Wicher, Dorota, et al., 2021). Oligohydramnios is 

frequently diagnosed in affected foetuses, with Potter's syndrome symptoms such as 
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pulmonary hypoplasia, a distinctive faces, and constricted limbs with club foot. 

(Bergmann, Carsten. 2015). The existence of these condition may make ultrasound 

difficult, prompting the use of ultrasonography or MRI to confirm the diagnosis.  

PKHD1 and DZIP1L are valuable genetic diagnostic markers; however, because the 

size of PKHD1 and the presence of other modifier and new genes makes diagnosis 

more difficult, alternative techniques can be utilised (Cordido, Adrian, and Miguel A., 

2021). There are other genes and disease conditions with overlapping clinical 

manifestations, thus its advised to do Sanger sequencing or Next Generation 

Sequencing for a precise diagnosis (Cordido, Adrian, and Miguel A., 2021). Following 

an ARPKD diagnosis, follow-up assessments are required. Respiratory health is 

assessed, and abdominal abnormalities such as hepatomegaly, splenomegaly, and 

nephromegaly are looked for during physical examinations (Wicher, Dorota, et al., 

2021).  

The majority of ARPKD treatment focusses on symptoms. The main focus is on 

controlling pulmonary hypoplasia, chronic renal illness, hypertension, and hepatic 

problems (Wicher, Dorota, et al., 2021). For patients with pulmonary hypoplasia or 

hypoventilation, mechanical ventilation is commonly used; however, while advances 

in neonatal critical care have increased survival rates, a point has yet to be reached 

where each patient’s life-threatening rate can be identified, and effective treatment can 

be provided (Wicher, Dorota, et al., 2021; Patil A, Sweeney WE Jr., Avner ED, et al., 

2015).  

Traditional approaches to treating dual organ involvement in ARPKD have prioritised 

treating renal issues first, followed by hepatobiliary complications (Avner, Ellis D., 

2014). The patients' age, size, and clinical status, as well as the availability of a 
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potential kidney donor, influence the timing of this surgical intervention. Advances in 

the scientific field may help us avoid and reduce mortality rates to some extent, but a 

more comprehensive understanding of the disease and its molecular mechanisms is 

required in order to develop more efficient diagnostic, prognostic and therapeutic tools. 

1.1 Pathophysiology of ARPKD 

ARPKD in patients has been found to vary depending on several factors. The condition 

has been observed to manifest early in pregnancy, during the second trimester (Guay-

Woodford et al., 2014). The most severe variant has been characterised by an 

enlarged kidney, oligohydramnios, and the Potter sequence during child development 

(Guay-Woodford, 2015). This problem may result in premature birth, with facial and 

limb malformations in the baby due to Potter's syndrome (Hafer & Conran, 2017). 

Newborns have typically been diagnosed with pulmonary hypoplasia, which has been 

linked to disease severity at this stage (Guay-Woodford & Desmond, 2003; Bergmann 

et al., 2005). When it comes to the kidney, it has been reported to be cystic with poor 

functionality (Burgmaier et al., 2018). End Stage Renal Disease (ESRD) has been 

more commonly developed by patients in their second decade of life (Bergmann et al., 

2005; Guay-Woodford et al., 2014). According to Guay-Woodford et al. (2014) and 

Bergmann et al. (2005), hypertension may be acquired by certain patients as a result 

of kidney failure. 

Finally, during the early stages of life, the liver has generally been observed as normal. 

However, abnormalities have been reported to begin appearing in the second decade 

and worsen in later stages of life (Gunay-Aygun et al., 2013). Common liver 

complications have included liver failure, portal hypertension in the second decade, 

which may lead to liver failure, as well as splenomegaly, hypersplenism, and variceal 



20 
 

haemorrhage in later stages (Gunay-Aygun et al., 2013; Srinath & Shneider, 2012; 

Capisonda et al., 2003). Figure 1 shows the illness presentation and organ severity 

pattern. 

 

Figure 1: Disease presentation in different aged patients. ARPKD manifestation and the organ involved 
changes between Foetus, neonates, children and adult/elderly patients 

 

To understand the disease's mechanism, more investigation is needed to establish the 

link between the mutation and the organs. The common pathophysiology among the 

patients will be briefly covered in this section. 

1.1.2 Kidney: the primary affected organ 

Nearly 23% and 31% of the ARPKD patients in the Bergmann, Carsten et al., 2015 

study were diagnosed during pregnancy or within the first month of life, respectively, 

and exhibited clinical characteristics such as palpable abdominal masses, 
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hypertension, urinary tract infections, and respiratory distress. Enlarged kidney and 

greater echogenicity had been visible under ultrasound in the second and third 

trimesters, mainly across the kidney's cortex and medulla, as a result of both cysts 

and defective differentiation (Bergmann, Carsten., 2015; Cordido, Adrian, and Miguel 

A., 2021; Wicher, Dorota, et al., 2021). Kidney cystic phenotypes usually varies among 

patient, and renal oligohydramniosis before 28 weeks of pregnancy was observed to 

cause high lethality (Hoyer, Peter F., 2015). 

1.1.3 Liver: Second most affected organ 

In ARPKD patients, the liver phenotype is almost always present but is usually 

undetectable throughout pregnancy and develops between birth and maturity 

(Büscher, Rainer et al., 2014). It has been reported that biliary anomalies are found in 

70% of patients (Gunay-Aygun, Meral et al., 2013). The hepatic portal triad and its 

accompanying abnormalities, such as faulty ductal plate remodelling, hyperplastic 

biliary ducts, and congenital hepatic fibrosis (CHF), are usually observed in large 

group of patients (Wicher, Dorota et al., 2021; Büscher, Rainer et al., 2014). 

Up to 80% of instances have been observed to present prenatal signs of the Caroli 

phenotype (Hoyer, Peter F., 2015). Together with CHF, this may lead to an increased 

risk of ascending cholangitis, particularly following dialysis (Büscher, Rainer et al., 

2014). Caroli's syndrome has been described as an uncommon congenital disease 

marked by numerous saccular dilatations of the intrahepatic bile ducts and a tendency 

for gallstone development (Wicher, Dorota et al., 2021). Due to splenic dysfunction 

and cholangitis, a significant risk of bacterial infections has been noted in these 

individuals (Turkbey, Baris et al., 2009). 
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1.1.4 Lungs: Suspected secondary organ that causes high mortality in 
infants 

Patients with ARPKD have been reported to have intermediate survival rates, while 

the lowest survival rates (30%) have been observed in individuals with renal 

agenesis/dysplasia, and the highest survival rates (84%) have been seen in those with 

obstructive uropathies (Mehler.K et al., 2011). In the patients, where the 

oligohydramnios is diagnosed earlier, the survival rate is decreased to almost zero. 

This is associated with the decrement of amniotic fluid, thus causing pulmonary 

hypoplasia due to blockage in the lung development due to various physical and 

chemical interventions (Klaassen, Ilka, et al., 2007; Mehler.K et al., 2011). However, 

no effect on respiratory or overall survival has been found following vesicoamniotic 

shunting and amnioinfusion (Klaassen, Ilka et al., 2007). 

It has been shown that roughly 30% of ARPKD-diagnosed children die shortly after 

birth due to respiratory distress (Adrian et al., 2018). A major impact on respiratory 

functions has been attributed to underdeveloped lungs (Adrian et al., 2018). Despite 

having good pulmonary function in childhood, airway blockage has frequently been 

exhibited by those who survived with mechanical breathing (Jahnukainen et al., 2015). 

According to the PKD database, mechanical breathing on the first day of life has been 

required by roughly 40% of ARPKD infants in the United States, although this statistic 

is expected to be higher (Guay-Woodford, Lisa M, and Renee A Desmond, 2003). 

1.2 The Genetics of ARPKD 
ARPKD is predominantly caused by mutations in two genes: Polycystic Kidney and 

Hepatic Disease 1 (PKHD1) and DAZ-interacting zinc finger protein 1 (DZIP1L) (Lu, 

Hao, et al., 2007; Ward, Christopher J et al., 2002; Goggolidou, Paraskevi, and Taylor 

Richards, 2022). The mutation position, type, and other factors may determine the 
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disease's onset, cyst size and development, organ involvement, severity, symptoms, 

diagnosis, and treatment, although definite associations have not been discovered 

(Rgmaier, Kathrin et al., 2021). It has been shown that the protein products of both 

ARPKD causative genes localise to cilia (Lu, Hao, et al., 2007; Ward, Christopher J et 

al., 2003; Onuchic, Luiz F et al., 2002; Menezes, Luís F C et al., 2004)  

FPC, the protein encoded by PKHD1, has been identified as a receptor-like 

transmembrane protein. It is a high molecular weight protein that is currently poorly 

understood, with an average weight of 500 KDa (Bannell & Cockburn, 2023). 

Furthermore, DAZ Interacting Zinc Finger Protein 1 Like, which is encoded by DZIP1L, 

has been found in the cilia's transition zone and has been reported to participate in a 

variety of processes, including cilia formation (Glazer, Andrew M., et al., 2010; Lu, 

Hao, et al., 2007; Hartung, Erum A., and Lisa M., 2017). 

The role of the cilia, ciliary protein, and signalling pathways in cyst formation in ADPKD 

has been well established, and it is expected that a similar mechanism occurs in 

ARPKD, even though the exact process by which cysts form is still being extensively 

studied (Ma, Ming et al., 2017; Ma, Ming, 2021). Occasionally, novel genes have been 

identified in different patient populations. 

1.2.1 PKHD1: The main causative gene of ARPKD 

The major gene associated with ARPKD has been identified as PKHD1 (Onuchic, Luiz 

F et al., 2002; Guay-Woodford, Lisa M., 2002; Zerres, K et al., 1998). The PKHD1 

gene has been recognized as the largest on chromosome 6p12, with a genomic 

sequence length of 47Kbp and 86 exons (Zerres, K et al., 1998, Genebank, Guay-

Woodford, L M et al., 1995). So far, a 70-80% mutation detection rate has been 

reported for PKHD1 (Goggolidou, Paraskevi, and Taylor Richards, 2022; Onuchic, Luiz 

F et al., 2002; Bergmann, Carsten et al., 2005; Burgmaier, Kathrin et al., 2021). 
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Mutations have been found to arise in either exons or introns, without specificity. 

Furthermore, the number of mutations per patient has not been limited. Various 

mutations, including missense and truncation, have been found. These factors have 

influenced the severity and symptoms. (Bergmann, Carsten et al., 2005; Gunay-

Aygun, Meral et al., 2010; Rossetti, Sandro et al., 2003; Burgmaier, Kathrin et al., 

2021). 

According to reports, PKHD1 has been found to contain a large number of open 

reading frames and to produce a variety of proteins through splicing and post-

transcriptional alterations. Fibrocystin (FPC), one of the most common and largest 

proteins, has been reported to consist of 67 exons (Figure 2) (Nagasawa et al., 2002; 

Onuchic et al., 2002; Ward et al., 2003). It is worth noting that PKHD1 has been shown 

to be mostly expressed in the liver, kidney, and pancreas, with the highest expression 

observed in the kidney (Onuchic et al., 2002). The traces has been found in skin, 

stomach, bladder and stomach(Fagerberg et al., 2014; Sayers et al., 2022). In the 

lungs, PKHD1 expression is detected at low levels, with traces found in various cell 

types including ciliated cells, club cells, alveolar type I and II cells, endothelial cells, 

smooth muscle cells, fibroblasts, T cells, B cells, granulocytes, and macrophages 

(Human Protein Atlas). 

 

Figure 2: Genetical representation of PKHD1 gene and mRNA. 
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The Mouse Pkhd1 has been found to share 75% homology with the human PKHD1. 

Murine Pkhd1 has been identified to have a genomic DNA length of approximately 

500Kbp and to be predominantly expressed in renal and biliary tubular structures, with 

traces also reported in the heart and placenta (Onuchic et al., 2002; Nagasawa et al., 

2002). The Fibrocystin produced from murine Pkhd1 has been noted to be 

approximately 4059 amino acids long and appears identical to human FPC (Onuchic 

et al., 2002; Zhang et al., 2004; Nagasawa et al., 2002). Despite the presence of other 

transcripts, FPC transcription has been observed to be high and similar to that in 

humans (Onuchic et al., 2002; Ward et al., 2003). 

1.2.2 Fibrocystin: Protein expressed by PKHD1 
Fibrocystin (FPC) is a PKHD1 gene splicing protein product. Its molecular weight is 

around 447 KDa and it has 4074 amino acids. FPC is a type 1 membrane protein 

found in primary cilia (Bannell & Cockburn, 2023). It is a multidomain single membrane 

protein with a lengthy extracellular N-terminus and a short cytoplasmic C-terminus. It 

has immunoglobulin-like domains, a protective antigen 14 domain, a G8-TMEM2 

homology region, and a mitochondrial targeting sequence (Figure 3) (Bannell & 

Cockburn, 2023; Walker et al., 2023). These domains allow FPC to interact with other 

proteins. 
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Figure 3: Schematic representation of Fibrocystin (FPC) protein. FPC is a multidomain single membrane 
protein with a lengthy extracellular N-terminus and a short cytoplasmic C-terminus. It has immunoglobulin-like 

domains, a protective antigen 14 domain, a G8-TMEM2 homology region, and a mitochondrial targeting 
sequence 

FPC is essential for cellular adhesion and epithelial morphogenesis; its absence 

frequently results in poor cell-cell interaction and reduced epithelial polarisation 

(Ziegler et al., 2020). The protein CYSTIN is observed to be crucial for maintaining the 

level of FPC. CYSTIN downregulation might cause degradation of FPC, changing 

cellular architecture and potentially causing cystogenesis (Zhang et al., 2023). FPC 

regulates cellular respiration by interfering with mitochondrial activities, and its 

absence causes cyst formation in renal organs (Walker et al., 2023).  

FPC localise to primary cilia and helps to create correct cilia architecture (Zhang et al., 

2023). It is also hypothesised to play a function in primary ciliary activities such 

mechanic/chemo sensation and microtubule structure (Kim, Ingyu, et al.). FPC 

interacts with polycystin-2 (PC2), indicating a cooperative involvement in renal tubular 

development (Kim et al., 2008). It is also required for the maintenance of PC-2 protein 

levels and function (Kim et al. 2008). Interestingly, despite its involvement in cilia 

design, it has little effect on ciliogenesis (Guay-Woodford & Entwicklungsstand, 2023). 
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Recent research has revealed that the functions and expression levels of FPC may 

differ according on the stage of life. FPC is present in the neural tube, bronchi, primitive 

gut, early ureteric bud, mesonephric, adrenal cortex, and immature hepatocytes during 

the foetal embryonic phase. It also influences tube morphogenesis and organ 

development. (Antignac, Corinne, et al).  

FPC localisation in the mitotic spindle affects apoptosis, cell cycle, and proliferation in 

adult cells (Antignac, Corinne et al.). Because of its receptor function, FPC may play 

a crucial role in downstream signalling pathways such as the Wnt signalling pathway 

(Peter C. Harris et al.). The C-terminal portion of FC has been shown to affect SRC 

and STAT3 signalling pathways, demonstrating its involvement in cellular signalling 

networks critical for kidney function (Dafinger et al., 2020).  

Because of its association with cilia, it has an effect on mucociliary clearance in the 

lung. It plays an important function in maintaining and protecting the airway 

environment, which may influence mucus transport and pathogen clearance (Hu et al. 

2014). It is hypothesized that fibrocystin dysfunction could contribute to respiratory 

problems, particularly cystic fibrosis, by impairing mucociliary clearance (Huang et al., 

2021).  

1.2.3 DZIP1L: recently discovered gene causing less severe phenotypes in 
ARPKD 
DZIP1L, a ciliary transition zone protein, has been discovered to play an important role 

in ARPKD pathogenesis. A milder form of ARPKD has been linked to DZIP1L 

mutations(Chen et al., 2024; Lu et al., 2017; Palaz, 2023; Hartung & Guay-Woodford, 

2017; Hertz et al., 2022). DZIP1L has been identified to have a 53-kb gene length and 

16 exons, encoding a protein with 767 amino acids (Figure 4) (Lu et al., 2017; Palaz, 

2023). 
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Figure 4: Illustration of genetic DZIP1L gene, mRNA and the protein. The DZIP1L is a small protein with 
767 Amino acid and have a Zinc-Finger domain and a coiled coil domain. 

Even though expression has been found to vary between organs, the kidney has been 

reported to exhibit the highest DZIP1L expression, with traces identified in ciliary 

organs such as the liver and lungs (Palaz, 2023; Lu et al., 2017). High expression of 

DZIP1L has been observed in the kidney's cilia, where its role has been shown to be 

critical for ciliary activities. Expression has also been detected in adipose stem cells, 

with granular cytoplasmic localisation (Lu et al., 2017; Shigunov, 2013). An important 

function in mRNA transport and stress response has been attributed to DZIP1L. Some 

ambiguous expression in the brain has also been reported (Shigunov, 2013; 

Fukushima et al., 2018; Fukushima & Pollock, 2020). 

Presence in the transition zone of cilia has been identified, where it functions as a 

gatekeeper for protein entry and maintains ciliary integrity (Wang et al., 2018; Lu et 

al., 2017). Localization in the distal extremities of basal bodies has also been 
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observed, where interaction with the SEPTIN 2 protein has been reported to assist in 

the periciliary diffusion barrier (Lu et al., 2017). The architecture of ciliary transition 

fibres has been shown to be influenced by DZIP1L (Chen et al., 2024). A critical role 

in ciliogenesis has been assigned to DZIP1L, as it assists in initiating cilia development 

and the recruitment of proteins necessary for cilia assembly (Wang et al., 2018).  

1.2.4 Genotype-phenotype correlation in ARPKD 
Based on the human ARPKD/PKHD1 mutation database, over 700 mutation positions 

have been identified across the entire gene so far (Obeidova et al., 2015; Richards, 

Wilson, and Goggolidou, 2024). Interestingly, varying symptoms, including differences 

in age at death, have been observed among patients within the same family (Deget, 

Rudnik-Schöneborn & Zerres, 1995; Bergmann et al., 2003, 2005). Furthermore, it has 

been frequently observed that the firstborn child of parents with mutation history dies 

during pregnancy (Bergmann et al., 2005). 

The mutation types include missense, truncated, or both. Among these, two truncating 

mutations have been found to be the most damaging compared to other combinations. 

T36M mutations have been detected in 20% of ARPKD patients, making it one of the 

most common variants. Along with the T36M exon, other exons with a high mutation 

frequency have been identified, including 32, 58, and 61 (Bergmann, C et al., 2004). 

PKHD1 has been found to contain 119 unique variants, including 12 nonsense 

mutations, 9 splicing changes, 1 in-frame deletion, 27 frameshifting insertions or 

deletions, and 70 missense mutations. A C-T transition mutation at the CpG 

dinucleotide has been reported to result in the said T36M variant (Bergmann, C et al., 

2003). 
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In research on 89 patients, 35 were identified to have both truncating and missense 

mutations, 26 had two missense mutations, 19 had two truncating mutations, 5 had 

splicing and truncating mutations, and 4 had splicing and missense mutations. It 

should be noted that unique mutations continue to be reported in new patients 

(Bergmann, C et al., 2005; Richards et al, 2024). 

According to various studies, the least severe phenotype has been observed in 

patients with at least one missense mutation, while moderate severity has been 

reported in patients with heterozygous missense combined with another truncating or 

missense mutation. The most severe phenotype, with the highest number of recorded 

prenatal deaths, has been identified in patients with two truncating mutations 

(Bergmann C et al., 2005; Furu et al., 2003; Bergmann et al., 2003, 2004; Al Alawi et 

al., 2019). The phenotypic presentation of a missense mutation has been found to be 

highly influenced by its type and position (Richards, Wilson, and Goggolidou, 2024). 

The first cases of DZIP1L were reported in 2017 (Lu et al., 2017). A moderate renal 

phenotype has been observed in those patients, who rarely progress to the ESRD 

stage, although liver phenotypes have also been reported (Lu et al., 2017; Hertz et al., 

2022). So far, six distinct mutations have been identified, including four missense 

mutations, one nonsense mutation, and one frameshift mutation (Hertz et al., 2022; 

Lu et al., 2017). Unlike PKHD1, the majority of these mutations have been reported in 

exon 2 (Hertz et al., 2022; Lu et al., 2017). Overall, mutations in DZIP1L have been 

found to result in a milder kidney and liver phenotype in ARPKD patients. 

1.3 Modifiers of ARPKD 
As seen before ARPKD is a heterogenous disorder, where there are many different 

reported mutation type and site in both PKHD1 and DZIP1L, and they have their own 
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set of phenotype and severity. There are many factors alongside these which influence 

further clinical manifestation in ARPKD. Recently, through both in vitro and in vivo 

studies, researchers are trying to find potential genetic modifiers that have influence 

towards both overall phenotype and individually on the causative genes. Some of the 

modifiers are briefly discussed below. 

1.3.1 PKD1 

PKD1 has been identified as one of the causal genes for ADPKD, the dominant type 

of PKD. PKD1 has been reported to have a gene span of 36-52 Kb genomic DNA, with 

46-54 exons and an approximately 14kb transcript mRNA (Boletta et al., 2002; Burn 

et al., 1995; Sandford et al., 1997; Hughes et al., 1995). POLYCYSTIN-1 (PC-1), an 

integral membrane glycoprotein, has been encoded by PKD1 (Sandford et al., 1997; 

Hughes et al., 1995; Burn et al., 1995). The molecular weight of PC-1 has been found 

to be 460 kDa, increasing to 520 kDa when fully glycosylated (Boletta et al., 2002). 

Several extracellular domains including signal peptide; leucine-rich repeats (LRR); 

lectin C type-3 domain; low-density lipoprotein-A domain (LDL-A); polycystic kidney 

disease (PKD) repeats, transmembrane domains and some intracellular domain like 

G-protein domain; and coil-coiled domain., have been identified in the protein (Figure 

5). 
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Figure 5: Schematic representation of Polycystin-1 (PC-1) protein. PC-1 protein is rich with extracellular 
domain like signal peptide; leucine-rich repeats (LRR); lectin C type-3 domain; low-density lipoprotein-A 

domain (LDL-A); polycystic kidney disease (PKD) repeats. Additionally it have lengthy intracellular domain 
and in the cytoplasmic end, it has a coiled coil domain. 

In renal, hepatic, and pancreatic tissue, protein expression has been primarily 

observed. Some traces of protein expression have been discovered in the heart, 

skeletal muscle, and endocrine cells (Peters et al., 1999). In certain cells such as renal 

tubular epithelia, hepatic bile ductules, and pancreatic ducts, PC1 has been found to 

be a plasma membrane protein, with all of these sites being important for cyst 

formation (Geng et al., 1996). A role in cell signalling has been attributed to PC1, where 

it has been found to regulate cell survival, proliferation, and lysosomal integrity 

(Peintner et al., 2021). The absence of PKD1 has been known to impede autophagic 

processes (Peintner et al., 2021). 

A key role in cilia function has also been reported. Cooperative functioning of PC1 and 

PC2 in the primary cilium has been observed in regulating renal cell signalling. It has 

been suggested that PC1 expression disruption may lead to cyst development due to 
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ciliary malfunction (Kim & Park, 2016; Boucher & Sandford, 2004). Early onset PKD 

has been found to be caused by biallelic hypermorphic variations in PKD1 (Zheng et 

al., 2023). 

In terms of genetic interaction, hypermorphic PKD1 variations have been identified as 

a modifier in ARPKD, exacerbating the illness phenotype when combined with the 

PKHD1 mutation (Ambrosini et al., 2023). A more severe phenotype has been 

observed in cases where both genes have been downregulated, demonstrating a 

digenic interaction (Olson et al., 2019; Richards et al, 2024). 

In a comparative study of Pkhd1 gene mutated mice and Pkhd1/Pkd1 combined gene 

mutated mice, more severe kidney, liver, and pancreas manifestations, earlier onset 

of disease, and death by 9 months of age have been observed (Garcia-Gonzalez et 

al., 2007). It has been noted that overexpression of PC1 in Pkhd1,Pkd1 deleted 

animals did not rescue the phenotype, indicating a genetic-level interaction and the 

independence of the PKHD1 gene (Fedeles et al., 2011). 

1.3.2 PKD2 
POLYCYSTIN-2 (PC-2), also known as PKD2, has been identified as the second gene 

associated with ADPKD. PC2 has been reported to have a molecular weight of 

approximately 100 kDa (Douguet et al., 2019). An integrated membrane structure with 

six hydrophobic transmembrane segments has been identified, both of which have 

been found to extend into the cytoplasm (Figure 6) (Hoffmeister et al., 2011). Through 

this cytoplasmic extension, interactions with other cellular components have been 

shown to be altered (Hoffmeister et al., 2011). Functioning as a non-selective cation 

channel, it primarily facilitates the movement of sodium and potassium ions and has 

been found to play a significant role in organ development and renal function (Wang 

et al., 2024; Liu et al., 2017). 
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Figure 6: Schematic representation of Polysytin-2 (PC-2) protein. PC-2 have an integrated membrane 
structure with six hydrophobic transmembrane segments has been identified, both of which have been found to 

extend into the cytoplasm. 

Its presence has been observed in primary cilia, where it associates with PC1 to 

function as a receptor-dependent calcium channel (Kim et al., 2008; Nobakht et al., 

2020). A critical role in ion transport in primary cilia has been attributed to PC-2, 

ensuring renal homeostasis and contributing to organ asymmetry (Wang et al., 2024; 

Liu et al., 2017). When it comes to ADPKD, calcium signalling has been found to be 

impaired due to gene mutations, leading to tubular integrity disruption, which ultimately 

results in cyst formation and kidney failure (Streets and Ong, 2014). 

It has also been highlighted that protein depletion impacts the expression of 

approximately 900 genes and affects ciliary pathways such as Wnt and MAPK, which 

have been recognized as critical for cyst initiation (Jung et al., 2023). Due to its 

involvement in cilia, structural abnormalities in renal architecture have also been 

reported (Jung et al., 2023). Overexpression of PKD2 in mice has been shown to 

rescue embryonic lethality and reduce cyst severity (Li et al., 2015). 
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Interestingly, the severity of ARPKD has been observed to be influenced by the type 

of PKD2 mutation, with some mutations leading to greater renal and hepatic symptoms 

(Liebau, 2021). It has been advocated that the PC-2 dependent signalling network be 

explored for therapeutic intervention, particularly in relation to cyst development and 

renal function (Jung et al., 2023; Lakhia et al., 2022; Li et al., 2015). 

1.3.3 ATMIN  
ATM Interactor (ATMIN), an 88 kDa protein, was identified to play a critical function in 

DNA repair and transcription (Goggolidou, Hadjirin, et al., 2014; Goggolidou, Stevens, 

et al., 2014). The protein is 823 AA long and has three major domains. According to 

Rapali, García-Mayoral, et al. (2011), the first domain is a disordered area towards the 

C-terminal end that is mostly responsible for mediating protein-protein interactions. 

The binding motif area in this domain was found to interact with Dynll1, leading to the 

inhibition of transcription activity (Rapali, García-Mayoral, et al., 2011). This region was 

also identified as a critical component in the non-canonical ATM pathway for DNA 

repair in response to replication stress (Kanu and Behrens, 2007; Schmidt et al., 

2014). The second domain is the core domain, which is essential in the DNA repair 

mechanism (McNees et al., 2005). The third and final domain consists of four C2H2 

zinc finger domains positioned near the N-terminus, which were found to engage with 

Dynll1 and participate in transcription activity (Figure 7) (Jurado, Conlan, et al., 2012; 

Kanu and Behrens, 2007). 
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Figure 7: Schematic presentation of ATMIN protein. ATMIN protein have 4 Zinc finger domain near its N-
terminus, a core domain and transcription activation domain towards C-Terminus. 

 

The loss of Atmin function was suggested to result in pulmonary hypoplasia, cardiac 

outflow tract abnormalities, oedema, exencephaly, and poor kidney development 

(Goggolidou et al, 2014). Total loss was shown to lead to embryonic death, while partial 

loss allowed survival into adulthood but resulted in abnormalities in the lung, kidney, 

and liver (Goggolidou et al., 2014 HMG; Richards et al. 2019). The majority of these 

characteristics resembled ARPKD-like traits (Richards et al. 2019). 

One of its primary functions is DNA repair; although the specific mechanism remains 

unknown, ATMIN was found to interact with ATM, a DNA repair gene, and halt cell 

cycle progression under DNA damage stress (Yamauchi, 2021). This interaction was 

determined to be conditional and appeared to occur primarily in response to altered 

chromatin structure (Kanu & Behrens, 2007). 

In the context of transcription factors, ATMIN was shown to influence the expression 

of DYNLL1, which plays an important role in kidney and lung organogenesis 

(Goggolidou et al., 2014a, 2014b). This was described as a negative feedback loop in 

which the ZINC finger domain actively binds to the promoter region of the DYNLL1 
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gene (Jurado, Conlan, et al., 2012). Similarly, DYNLL1 was found to bind directly to 

the SQ/TQ domain, thereby regulating ATMIN’s other functions (Jurado, Conlan, et al., 

2012; Clark et al., 2018). This interaction also prevented ATMIN from attaching to the 

promoter, leading to transcriptional repression (Clark et al., 2018). 

In AtminGpg6 mice, a mutation in the third canonical zinc finger domain was created, 

causing a deficiency in transcription factor activity but leaving DNA repair unaffected 

(Goggolidou, Stevens, et al., 2014). The primary abnormalities seen in these mice 

included cardiac outflow problems and kidney hypoplasia. These abnormalities were 

thought to be related to its interaction with Dynll1, as similar abnormalities were 

observed in Dynll1 mutant mice (Goggolidou, Stevens, et al., 2014). Interestingly, in 

the lungs of AtminGpg6 mice, ciliary signalling, particularly Hedgehog signalling, was 

found to be faulty, which could contribute to lung hypoplasia. A decrease in the number 

of airways was a characteristic feature of these lungs (Goggolidou, Stevens, et al., 

2014). 

Along with these characteristics, AtminGpg6/Gpg6 mice were reported to have shorter 

ciliary length. Interestingly, AtminGpg6/+ mice exhibited no ciliary abnormalities 

(Goggolidou, Stevens, et al., 2014). The lung hypoplasia observed in the homozygous 

mutants was suggested to result primarily from reduced Hedgehog signalling, rather 

than ciliary defects (Motoyama et al., 1998; Goggolidou, Stevens et al., 2014). 

ATMIN control over cilia may be transcriptional, as expression changes were reported 

in numerous ciliary genes, including the transcription factor Foxj1, IFT proteins Ift88, 

Ift140, and Ift172, and Dynll1 (Goggolidou, Stevens, et al., 2014). The Atmin-Dynll1 

axis was also suggested as a potential contributor, as overexpression of Dynll1 in 

mIMCD3 cells with significantly lower Atmin expression was shown to enhance the 
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percentage of ciliated cells while decreasing the Atmin KD phenotype (Goggolidou, 

Stevens, et al., 2014). Interestingly, while AtminGpg6 and Dynll1GT mice displayed 

similar symptoms, the extent of ciliary abnormalities differed between the animal 

models. Cilia in Dynll1GT mice were not as short as in AtminGpg6 mice, though a bulge 

at the base of the cilium was observed (Goggolidou, Stevens, et al., 2014). 

Further investigation was required to determine the role of ATMIN in cilia function, as 

its effects were found to be tissue-specific. The kidneys from AtminGpg6 mice were 

reported to be poorly developed and showed significant loss of Dynll1 expression, 

though no changes were found in Hedgehog signalling (Goggolidou, Hadjirin, et al., 

2014). ATMIN was also suggested to be involved in WNT signalling, particularly 

through the PCP signalling pathway. 

In the context of Wnt signalling, AtminGpg6 kidneys exhibited abnormalities such as 

poor branching morphogenesis, disorganised and randomly positioned epithelial cells, 

and tubular dilation. These defects were found to result from cytoskeletal 

disorganisation rather than membrane protein mis localisation (Goggolidou, Hadjirin, 

et al., 2014). In kidney epithelial cells, cytoskeletal mis formation was associated with 

misoriented cell division (Goggolidou, Hadjirin, et al., 2014). This was further linked to 

alterations in the expression of core PCP genes (Goggolidou, Hadjirin, et al., 2014). 

Although ATMIN was not found to interact directly with FPC, changes in Atmin were 

shown to trigger expression alterations in Pkhd1 in mouse IMCD3 cells, as well as 

direct mRNA expression changes in key Wnt signalling genes, Wnt5a and Vangl2 

(Richards et al., 2019). ATMIN was also found to influence cellular processes such as 

proliferation and apoptosis, which were comparable to those observed in ARPKD 

(Richards et al., 2019). As previously discussed, AtminGpg6/Gpg6 mice exhibited a 
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phenotype similar to ARPKD, with abnormalities in the kidney, liver, and lung, including 

kidney and lung hypoplasia, branching morphogenesis defects, Wnt signalling 

modulation, and cytoskeletal defects (Richards et al., 2019; Goggolidou et al., 2014). 

Finally, human ARPKD kidneys were reported to show a significant rise in ATMIN 

mRNA expression (Richards et al., 2019). 

1.4 Wnt signalling, Cilia and ciliopathies 
Wnts are secreted glycoproteins families consisting of 19 proteins. Their functions 

include signalling regulation, cellular functions, and biological operations. In general, 

the Wnt signalling system regulates neural patterning, organogenesis (during 

embryonic development), stem cell renewal, migration, polarity, and cell fate 

determination (Liu, Jiaqi et al., 2022; Ille, F, and L Sommer., 2005; Steinhart, Zachary, 

and Stephane Angers., 2008). The pathway is classified into canonical (β-catenin 

dependent) and non-canonical (β-catenin independent) pathways based on their 

dependence on β-catenin (Figure 8) (Komiya, Yuko, and Raymond Habas., 2008). 

Planar cell polarity and the calcium pathway are two non-canonical pathways (Habas, 

Raymond, and Igor B Dawid, 2005). Wnt ligands in the extracellular region often attach 

to the Frizzled protein (Fz) receptor's N-terminal extracellular domain, which further 

activates the Wnt protein to cause a response at the cellular level (Figure 8) (Schulte, 

Gunnar, and Vítezslav Bryja, 2007). Each pathway's response varies depending on 

which pathway is activated. In this section, a brief overview will be provided on the 

general classification, pathway, and functions of different Wnt signalling cascades, 

with a focus on their connection to cilia and ciliopathy in ARPKD. 
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Figure 8: Illustration and classification of Wnt signalling: Wnt signalling is separated into two pathways: 
canonical and non-canonical, with non-canonical being further divided into the Wnt/Ca2+ route and the planar 
cell polarity pathway. In general, the Wnt ligand will connect to the compatible receptor, triggering secondary 

messengers and ultimately having ligand-specific function. The Canonical pathway typically controls the 
transcription of Wnt-targeted genes, the Calcium pathway controls calcium influx, and the Planar cell polarity 

pathway regulates cytoskeletal rearrangement. 

 

 

1.4.1 General Wnt signalling introduction: Classification and functions 
β-catenin is a key component of the canonical pathway. Its distribution in the nucleus 

and cytoplasm is regulated through phosphorylation. The β-catenin destruction 

complex, comprising Axin, adenomatosis polyposis coli (APC), protein phosphate 2A 

(PP2A), and glycogen synthase kinase 3 (GSK3), breaks down β-catenin by 

ubiquitinating it in the event that a Wnt ligand is not attached to Frizzled (Fz) (Gordon, 

Michael D., and Roel Nusse; He, Xi et al., 2006). The destruction complex is usually 

disrupted by the binding of a Wnt signalling molecule, leading to an increase in β-

catenin in the cytoplasm (Fagotto F et al., 1998). When the level of β-catenin is 

surpassed, it moves into the nucleus and triggers the activation of many transcription 

factors (Clevers, Hans, 2006) (Figure 9). The ligands exclusive for activating 
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Canonical Wnt signalling include Wnt1, Wnt3, Wnt3a and Wnt7a (Komiya, Yuko, and 

Raymond Habas., 2008). 

The Wnt ligands exclusive for non-canonical Wnt signalling are Wnt5a, Wnt5b, Wnt11 

(Komiya, Yuko, and Raymond Habas., 2008). There are some Wnt ligands which plays 

dual roles, involving in both canonical and non-canonical Wnt pathway activation; 

these are Wnt4, Wnt5a, Wnt7b and Wnt11 (Komiya, Yuko, and Raymond Habas., 

2008).  

In the Wnt/Ca2+ signal pathway, Dishevelled (Dsh) and G-protein are activated by the 

Wnt ligand binding to Fz (Schulte, Gunnar, and Vítezslav Bryja, 2007; Wallingford, 

John B, and Raymond Habas, 2005; Kohn, Aimee D, and Randall T Moon, 2005 ). 

Through the activation of phosphodiesterase (PDE), which in turn inhibits Protein 

kinase G (PKG) by activating inositol trisphosphate (IP3), Dsh both inhibits and 

promotes Ca2+ release (Komiya, Yuko, and Raymond Habas, 2008). Calcineurin, 

Ca2+/calmodulin-dependent protein kinase II (CamKII) (Kühl, M et al., 2000) and 

Protein kinase C (PKC) (Sheldahl, Laird C et al., 2003) are activated upon intracellular 

Ca2+ release (Figure 9). These enzymes subsequently control ventral fate, inhibit the 

β-catenin-transcriptional factor complex, and regulate tissue separation, respectively.  

The Wnt ligand binds to Fz in the planar cell polarity (PCP) pathway, activating Dsh 

without the assistance of Low-density lipoprotein receptor-related protein 5/6 (LRP 

5/6) (He, Xi et al., 2004; Wallingford, John B., and Raymond Habas, 2005). Next, Dsh 

activates Rho kinase (ROCK) via Dishevelled Associated Activator of Morphogenesis 

1 (Daam1), which in turn activates Rho homologous (Rho) (Marlow, Florence et al., 

2002). (Habas, R et al., 2001). Additionally, Ras-related C3 botulinum toxin substrate 

1 (Rac) and profilin are activated by Daam1 (Habas, Raymond et al., 2003). c-Jun N-

terminal kinase (JNK) is subsequently activated by Rac (Li, L et al., 1999). In addition 
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to integrating and mediating cytoskeletal changes for cell proliferation and motility 

during gastrulation, the proteins profilin, ROCK, and JNK also mediate actin 

polymerization (Komiya, Yuko, and Raymond Habas, 2008) (Figure 9).  

 

Figure 9: Overview of canonical Wnt signalling, Planar cell polarity pathway and Calium Wnt signalling: 
Canonical Wnt signalling, mediated by β-catenin, plays a crucial role in gene transcription. The non-canonical 
Wnt/PCP signalling pathway is involved in actin cytoskeletal rearrangements via downstream effectors ROCK 
and JNK. The non-canonical Wnt/Ca2+ signalling system regulates intracellular Ca2+ levels and cytoskeletal 

rearrangements through CamKII, calcineurin, and PKC. 

 

Wnt/β-catenin signalling is observed to be involved in cell fate determination, 

proliferation and apoptosis balance and differentiation in development and pathology 

(Chin et.at, 2012). It also promotes cell survival, regulatings the cell cycle thus 

ensuring the cell proliferation and also by preventing excessive apoptosis. In cell 

proliferation,  Wnt signalling promotes it by activating the β-catenin, which 

consequently translocates to nucleus and initiates the transcription of genes that 

upregulates cell growth and division (Niehrs & Acebrón, 2012; Tan et al., 2012). And 
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in case of cell cycle, the signalling specifically enhances the G1 phase and make it 

easy for the progression to mitosis (Niehrs & Acebrón, 2012). 

Wnt signalling inhibits apoptosis by preventing the release of cytochrome c and 

stopping the activation of caspase. Cleaved caspase is critical for apoptosis (Chen et 

al., 2001). It is interesting to note that the promotion and inhibition of apoptosis is fully 

dependent on environmental stimuli (Pećina-Šlaus, 2010). It is observed that the 

interplay between Wnt and Notch signalling pathways forms a complex regulatory 

network that looks after the smooth transition between cell states in cell cycle (Muñoz-

Descalzo et al., 2012). Balance between proliferation and apoptosis is most important 

for the survival of the cells, and in maintaining  cellular homeostasis. 

Other than this, Wnt signalling especially the non-canonical Wnt pathway plays a 

crucial role in the regulation of cytoskeletal structure, in terms of assembly and 

disassembly of actin filaments and microtubules (Kikuchi, Koji, and Masaki Arata. , 

2024; Shukry J. Habib, Sergio P. Acebrón,, 2022). Indirectly it influences cellular 

processes like asymmetric cell division polarisation, maintaining cell architecture and 

more. It is noted that in organisms like C. elegans, Wnt is responsible for the 

polarisation of cortical actin, which is essential for asymmetric cell division. This 

polarisation is mediated by the Arp2/3 complex, which further leads to the assembly 

of F-actin in the anterior cortex, enhancing  cell size asymmetry (Chai et al., 2022). 

The disruption of Wnt signalling results in the equal daughter cell division, proving the 

importance of Wnt for the special regulation during the cell division (Chai et al., 2022). 

The signalling also regulates the microtubule dynamics by inhibiting GSK-3β, a 

negative regulator of microtubule stability; this is crucial for maintenance of axonal 

structure and function (Ciani et al., 2004). It is also noted to  be involved in microtubule 
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depolymerisation in neurons by regulating microtubule polarity through regulating 

Kinesin-13. This is important for the establishment of microtubule orientation (Puri et 

al., 2021). 

Regulation of cytoskeletal dynamics is important in other cellular process like cell 

migration, invasion and more. This also orchestrates the redistribution of cytoskeletal 

components, thus facilitating directional movement and collective behaviour of the 

cells. Mainly the non-canonical Wnt pathway plays an crucial role. It is noted that Wnt5 

induces the polarization of actin and myosin at the edge of the migrating cells, thus 

mediating  membrane contraction (Kritikou, 2008).  At  cell junctions, Wnt signalling 

enhances the Mechano-coupling by stabilising vinculin binding to alpha-catenin, thus 

coordinating cell migration in developmental processes like angiogenesis (Carvalho et 

al., 2019). In non-directional motility, wnt signalling maintains migration with activating 

centrosome module and drives actin remodelling, this phenomenon is mainly observed 

in cancer cells (Luo, Yi et al., 2023).  

When it comes to cilia biogenesis, Wnt signalling is essential for primary cilia 

formation, by promoting the inhibition of Protein phosphatase 1 (PP1), a negative 

regulator of ciliogenesis (Zhang et al., 2022). The Wnt receptors located in cilia have 

been observed to enable the transmission of non-canonical Wnt signalling, thereby 

facilitating cilia formation and function (Niehrs et al., 2024). Depletion of cycin Y, which 

inturn causes deficiencies in Wnt signalling sometimes results in ciliary defects in 

various tissues, particularly in neuronal precursors and kidney tubules (Zhang et al., 

2022). 

The influence between cilia and Wnt signalling is bidirectional, as cilia function as 

signalling organelles in many organs, modulating Wnt pathways and thereby altering 
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morphogenetic signalling and cellular homeostasis(Oh & Katsanis, 2013; Gerdes & 

Katsanis, 2008). It also enhances the motility of cilia by stimulating their beating 

through Wnt-GSK3-PP1 signalling pathway (Seidl et al., 2023). And the dysregulated 

Wnt signalling may lead to impaired cilia, affecting cellular functions like fluid 

movement and cellular signalling (Oh & Katsanis, 2013). Often this disruption leads to 

ciliopathies (Lee, 2020). 

Like the balance between proliferation and apoptosis, Wnt signalling in cilia has 

context-dependent effects. Evidence suggests that canonical and non-canonical 

pathways play distinct roles and must remain balanced for proper cilia function 

(Wallingford & Mitchell, 2011; Gerdes & Katsanis, 2008). Mislocalization of Wnt 

components may cause different phenotypic changes in various cell types, highlighting 

its complexity in cellular biology (Gerdes & Katsanis, 2008). 

1.4.2 Wnt signalling involvement in cystic kidneys 
PC-1 forms a compound with β-catenin and E-cadherin. Direct contact with β-catenin 

inhibits Wnt signalling (Huan & van Adelsberg, 1999; Lal et al., 2008). Thus, PC-1 loss 

in ADPKD may stimulate Canonical Wnt signalling, resulting in dysregulation of other 

pathways (Lal et al., 2008). Similarly, loss of the other ADPKD protein, PC-2, has been 

linked to increased canonical Wnt signalling (Kim et al., 2009; Li et al., 2018). However, 

in ARPKD tissue, the expression of β-catenin protein decreased (Richards et al., 2019; 

Togawa et al., 2011). 

ARPKD appears to have a distinct mechanism but has the same phenotypic results 

as ADPKD. The deletion of non-canonical PCP genes, Fat4, Wnt9b, and Invs, has 

been linked to renal cysts (Saburi et al., 2008; Karner et al., 2009; Srivastava et al., 

2018). Even though Vangl genes do not cause cyst formation, they alter tubular 

morphogenesis and cause tubular dilation (Kunimoto et al., 2017). In Pkhd1 
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knockdown studies in mIMCD3 cells, WNT/PCP expression is dysregulated and 

elevated, but the actual relationship has yet to be investigated (Richards et al., 2019). 

A further study on RNA sequencing of human samples from different severity ARPKD 

patients found that numerous important genes, including WNT4, WNT5A, WNT9B, 

and VANGL2, were differentially expressed (Richards, Wilson, & Goggolidou, 2024). 

1.4.3 ARPKD under the ciliopathy umbrella and Wnt’s involvement in this 
disease 
Cilia have been identified as a location for Wnt receptor localisation. Intra-ciliary signal 

transmission has been aided by Wnt signalling, which improves ciliary function and 

development (Niehrs et al., 2024; Seidl et al., 2023). Glycogen synthase kinase 3 

(GSK3) has been suppressed by Wnt signalling, which also aids in the activation of 

protein phosphatase 1 (PP1), an important protein for ciliogenesis (Niehrs et al., 2024; 

Zhang et al., 2022). Cilia assembly  increased through a β-catenin-independent 

mechanism, specifically the Wnt/GSK3 signalling axis (Zhang et al., 2022). Some 

cellular differentiation, such as neural differentiation, has been influenced by primary 

cilia by encouraging the non-canonical pathway and stimulating axon extension and 

branching (Coschiera et al., 2024; Coschiera et al., 2023). In motile cilia, an increase 

in ciliary beating has been demonstrated by increased Wnt signalling, highlighting its 

dual involvement in motile and primary cilia (Seidl et al., 2023). 

Disruption in Wnt pathways has frequently caused ciliary defects in various cells, with 

kidney cells being the most affected (Zhang et al., 2022). Ciliopathies and other 

diseases under the ciliopathy umbrella have been frequently linked to defective Wnt 

signalling (Lee, 2020). It is thus critical that cilia, their structure and function, ciliopathy, 

and Wnt’s involvement be understood. 
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Primary cilia have been described as cellular protrusions that extend from the centriole 

to the extracellular space (Dell, 2015; Anvarian et al., 2019; Pazour et al., 2020). Four 

main compartments of  cilia have been identified: the basal body, the axoneme, the 

transition zone, and the ciliary membrane (Figure 10; Dell, 2015). The basal body 

contains the centriole, which consists of nine microtubule triplets with a hollow centre 

and serves as an anchor for  cilia, while acting as an axoneme template.  

A complex set of proteins that allow protein flow via cilia has been found within the 

basal body. It has also been recognised as the primary control centre for cilia 

directional movement(Pazour et al., 2020). The primary control proteins have been 

identified as the Kinesin II complex, Dynein 2, Intraflagellar Transport (IFT) proteins, 

and Bardet-Biedl Syndrome (BBS) proteins (Pazour et al., 2020). Polycystins (PC) and 

Fibrocystin (FPC) have been identified as additional receptor and associated proteins 

in cilia(Pazour et al., 2020). 

The transition zone is located between the basal body and the axoneme, where the 

triplets cease and the duplets begin. Three separate functions have been attributed to 

this area: first, it has been recognised as a barrier for protein transfer; second, it has 

been identified as an anchor for IFT proteins; and third, it has been observed to 

connect the microtubule to the ciliary membrane, enhancing sensor function (Dell, 

2015; Pazour et al., 2020). 
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Figure 10: Illustration of primary cilia:  Cilia is a cellular protrusions, it starts from basal body and have 
contact with extracellular region. It have four compartments, the basal body, the axoneme, the transition zone, 

and the ciliary membrane. The basal body has nine microtubule triplets with a hollow centre while the axoneme 
has nine microtuble duplet with a hallow centre. The special transition fibre is extended from basal body to 
connect with the ciliary membrane. The transition zone connects both axoneme and basal body. The ciliary 
membrane has many different receptors and ion channels. Through microtubule, the motor proteins follows 

specific directional movement to carry and transport the cargo. 

 

Various stimuli, such as light, touch, and pressure, have been detected by cilia. In the 

kidney, cilia have been used to monitor fluid flow (Hoey, Downs, and Jacobs, 2012; 

Pazour et al., 2020; Dell, 2015). The sensing has been primarily associated with the 

regulation of Ca-dependent signalling mechanisms (Hoey, Downs, and Jacobs, 2012). 

Additionally, various signalling receptors, including Hedgehog, WNT, Planar Cell 

Polarity (PCP), and G protein-coupled receptors, have been identified as key 

regulators in maintaining signalling pathways and cellular homeostasis. 
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In the lungs, cilia beat together to convey mucus and capture foreign particles and 

infections (Joskova et al., 2020; Rullian et al., 2024). This function has been found to 

be strongly dependent on ciliary density and the interaction between mucus and cilia, 

which together assist directional migration towards the oropharynx for expulsion or 

swallowing (Joskova et al., 2020; Loiseau et al., 2020; Loiseau et al., 2019; Rullian et 

al., 2024). Furthermore, poor ciliary function has frequently been associated with 

chronic respiratory disorders such as cystic fibrosis and primary ciliary dyskinesia, 

which have been shown to result in decreased mucociliary clearance and increased 

susceptibility to infections (Peabody et al., 2018). 

Ciliopathy is a term used to refer to all diseases caused by defective cilia. It has been 

primarily associated with the mutation of critical ciliary genes. Ciliopathic kidney 

diseases such as ADPKD, ARPKD, NPHP, BBS, MKS, and Joubert Syndrome (JBTS) 

have been identified (Chapin, Rajendran, & Caplan, 2010). The ARPKD modifiers PC-

1 and PC-2 have been found in the ciliary membrane, while the primary causal proteins 

FPC and DZIP1L have been identified in the basal body and transition zone, 

respectively (Chapin, Rajendran, & Caplan, 2010). A specific interaction among the 

causative genes, cilia, Wnt signalling, and the ARPKD phenotype has been suggested. 

Research into this mechanism has been expected to aid in the identification of 

successful treatment targets and strategies. 

1.5 The understudied involvement of the lung and the potential 
molecular mechanisms of lung defect in ARPKD 
Pulmonary hypoplasia and respiratory distress have been identified as the major 

causes of death in the neonatal stage of ARPKD (Jahnukainen, Timo et al., 2015; 

Sumfest, J M et al., 1993). According to Büscher, Rainer et al. (2014), pulmonary 

hypoplasia has been caused by a decrease in amniotic fluid. Thoracic compression, 
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pulmonary hypoplasia, and limited diaphragmatic excursion have been recognised as 

the primary reasons for mortality (Sumfest, J M et al., 1993). It has been shown that 

in cases of pulmonary hypoplasia, the survival rate of ARPKD infants is only 30%; 

however, if the neonatal period is overcome, the survival rate can increase to 80% 

(Jahnukainen, Timo et al., 2015). Significant kidney enlargement and kidney cyst 

formation have been found to limit diaphragmatic excursion and cause respiratory 

discomfort (Sumfest, J M et al., 1993). 

Oligohydramnios has been reported to lower the size of the intrathoracic cavity, 

interfering with lung development and leading to pulmonary hypoplasia (Wu, Chun-

Shan et al., 2017). Aberrant angiogenesis and alveolarisation in the lungs have been 

associated with oligohydramnios. A reduction in platelet-derived growth factor (PDGF) 

and transforming growth factor (TGF-β1) levels has been observed in 

olidohydramnios, leading to incorrect alveolarisation (Wu, Chun-Shan et al., 2017). It 

has been found that PDGF plays a role in fibroblast proliferation, chemotaxis, and 

elastin deposition. Reduced PDGF levels during oligohydramnios have been reported 

to lower elastin deposition and impair alveolarization (Wu, Chun-Shan et al., 2017). 

Mechanical stress in smooth muscle cells has been known to stimulate PDGF 

production, activate PDGF receptors, and play an important role in branching 

morphogenesis (Lindahl, P et al., 1997). 

CTGF and TGF-β1 have been found to regulate collagen synthesis and deposition in 

lung fibroblasts (Bonniaud, Philippe et al., 2004). Reduced TGF-β1 expression during 

oligohydramnios has been linked to decreased collagen production and alveolarisation 

(Wu, Chun-Shan et al., 2017). The pseudo glandular stage has been reported to be 

created by oligohydramnios, which subsequently affects the quantity of vascular 

endothelial growth factor (VEGF) in the lungs, reducing angiogenesis and inducing 
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atrophy (Peters, K G et al., 1993). Figure 11 depicts a summary of the indicated effects 

of kidney enlargement on the lungs in ARPKD. 

Figure 11: Effect of enlarged kidney on lungs; the enlarged kidney causes thoracic compression, limited 
diaphragmatic excursion and oligohydramnios. The oligohydramnios, in turn, decrease alveolarisation by 

decreasing elastin and collagen deposition, decreasing angiogenesis in the lungs. All these together causes lung 
hypoplasia in ARPKD infants. 

 

The severity of lung injury has been observed to predict survival (Jahnukainen, Timo 

et al., 2015). Severe pulmonary hypoplasia caused by the early onset of 

oligohydramnios has been found to significantly affect survival chances (Sumfest, J M 

et al., 1993). However, increasing amniotic fluid during pregnancy has not been found 

to improve respiratory outcomes or overall survival rates, raising questions regarding 

the true reason for the low survival rate (Sumfest, J M et al., 1993). 

According to the PKD database, approximately 40% of ARPKD infants in the United 

States required mechanical ventilation on the first day of life. However, the actual 
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incidence may be higher, as infants presenting with pulmonary hypoplasia but without 

a severe renal phenotype might not undergo genetic testing, leading to underdiagnosis 

of ARPKD and misclassification under general cases of lung hypoplasia. (Guay-

Woodford, Lisa M, and Renee A Desmond, 2003). Structural alterations in the lungs 

have been found to increase susceptibility to lung infections in ARPKD patients 

compared to normal individuals (Jahnukainen et al., 2015). A substantial association 

between CKD severity and pulmonary arterial hypertension (PAH) prevalence has also 

been demonstrated, as PAH has been observed in 86.7% of CKD patients, with a 

mean pulmonary arterial systolic pressure of 50.83 mmHg (Sethi et al., 2024). 

However, no relationship between pulmonary hypertension and CKD severity has 

been found in another study, despite 78% of patients reporting pulmonary 

hypertension (Dhadwad & Chitnis, 2024). 

Furthermore, a link between Wnt signalling and lung stability and development has 

been suggested Pongracz, Judit E, and Robert A Stockley, 2006. The distribution of 

the actin-myosin cytoskeleton during lung development has been found to be modified 

by Vangl2, Celsr1, and Scribble, resulting in fewer and misshaped airways (Yates, 

Laura L et al., 2010). It has been concluded that PCP disruption alters morphogenesis 

and modifies the quantity and shape of epithelial tubes. Mutations in Vangl1 and 

Prickle have been reported to result in defective barrier function and reduced 

regeneration ability (De Langhe, Stijn P, and Susan D Reynolds, 2008). 

Particularly, as core PCP proteins, Vangl2 and Scribble are recognized for their key 

roles in lung development, homeostasis, and repair (Kim, Sally Yunsun et al., 2024; 

Cheong, Sek-Shir et al., 2020; Poobalasingam, Thanushiyan et al., 2017; Yates, Laura 

L et al., 2010). Disruption in branching morphogenesis has been observed as a result 

of Vangl2 mutations, leading to abnormal epithelial arrangements, cytoskeletal 
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defects, narrowed airways, and pulmonary hypoplasia (Yates, Laura L et al., 2010). 

These diseases have been further linked to impaired actin cytoskeleton remodeling, 

directional cell migration (DCM), and mechanosignaling, which are caused by 

mutations in Vangl2 (Kim, Sally Yunsun et al., 2024; Cheong, Sek-Shir et al., 2020; 

Poobalasingam, Thanushiyan et al., 2017). 

In cases of tissue repair, characteristics such as a disorganized actin cytoskeleton, 

reduced alveologenesis, and impaired wound healing have been reported in Vangl2 

Lp/+ mutants (Cheong, Sek-Shir et al., 2020; Poobalasingam, Thanushiyan et al., 

2017; Yates, Laura L et al., 2010). Regarding mechanosensing, cell polarity, traction 

force, and focal adhesion size and localization have been found to be regulated by 

Vangl2 (Cheong, Sek-Shir et al., 2020; Poobalasingam, Thanushiyan et al., 2017). 

Interestingly, WNT5A-induced cell migration has been observed even in Vangl2 

mutants, suggesting that alternative signaling pathways may compensate for PCP 

defects (Cheong, Sek-Shir et al., 2020; Poobalasingam, Thanushiyan et al., 2017). 

Mutations in Scribble have been found to cause lung defects similar to those observed 

in Vangl2 mutants, primarily branching abnormalities and airway narrowing (Yates, 

Laura L et al., 2010). Both Vangl2 and Scribble have been reported to be 

downregulated in the lungs of COPD patients, primarily due to impaired repair 

mechanisms (Poobalasingam, Thanushiyan et al., 2017). Interestingly, due to its 

interaction with YAP/TAZ signaling, Vangl2 has been linked to alveolar formation, 

particularly through changes in airspace enlargement, altered elastin deposition, and 

increased macrophage activation (Cheong, Sek-Shir et al., 2020; Poobalasingam, 

Thanushiyan et al., 2017). 
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During child development, three-dimensional organ development has been found to 

depend on coordinated behaviour, apical-basal polarity, and cell polarity. These 

mechanisms have been shown to be mediated by cytoskeleton dynamics regulated by 

the PCP pathway. There is evidence that PCP is involved in lung branching 

development (Tang, Dale D, and Brennan D Gerlach, 2017). Additional Wnt ligands 

and proteins, such as Wnt5a, Wnt4, Wnt11, Frizzled 1, 3, 4, 6, and 10, Dishevelled 2 

& 3, and others, have been suggested to play a role in lung growth and stability (Shu 

Wu, Rashmin C. Savani, 2019; Portas, Laura et al., 2020; Kim, Sally Yunsun et al. 

2024). 

1.6 Aims 
Autosomal recessive polycystic kidney disease (ARPKD) is a rare genetic disorder 

characterized by the formation of cysts in the kidney. It is a multi-organ disorder that 

affects the kidney, liver, and lungs. Although the primary organ impacted by the 

disease is the kidney, a high mortality rate has been observed during the postnatal 

period, with pulmonary hypoplasia and respiratory disorders identified as the leading 

causes of death. Previously, pulmonary hypoplasia was theorized to be a secondary 

consequence of an enlarged kidney and oligohydramnios. However, recent studies 

have demonstrated the involvement of key PCP core proteins, which have been 

commonly associated with both ARPKD and lung development and homeostasis. 

The aim of this study was to investigate the connection between PKHD1 mutation and 

lung phenotype through PCP, non-canonical Wnt signalling proteins, and ligands. The 

study was structured around three main objectives, which are listed below. 

Objective 1) To Explore dysregulated Wnt signalling in 9-month-old Pkhd1T36M/T36M 

mouse lungs. 
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Objective 2) To Investigate the role of WNT4 in human alveolar epithelial A549 cells 

and explore the relationship between WNT4 and ATMIN  

Objective 3) To Explore the role of WNT11 in human alveolar epithelial A549 cells and 

explore its relationship with PKD2 
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Chapter 2 

Materials and methods 
 

2.1 Samples and cell lines 

2.1.1 Lung tissue sample  

The Pkhd1T36M/T36M mouse were generated in Medical Research Council (MRC) 

Genome Editing Mice for Medicine (GEMM) programme using the CRISPR/Cas9 

technology. This is a novel CRISPR/Cas9 gene edited, homozygous Pkhd1T36M/T36M 

mouse model which carries the common point mutation found in human, on a C3H 

mouse background. T36M in human is replicated in mice with mutation created in exon 

3 37th position on Pkhd1 gene, and it predicated that resultant will be a truncated 

protein (Furu et al., 2003). Mice were sacrificed and lungs were isolated at 9-month-

old mice. The wildtype littermate were used as control and both male female mice 

were used in this study. Total of 6 mice from both wild type and mutated were used 

for all the experiments. Work was performed under the Home Office project license 

number PP6409512 and ethics approval number LSEC/201920/PG/86, issued by the 

Life Science Ethics Committee of the University of Wolverhampton (Appendix A). 

2.1.2 Cell lines 

The A549 cell line from human adenocarcinoma alveolar basal epithelial cells was 

utilized. The cell line was gifted by Dr. Vinodh Kannappan. A549 cells are squamous, 

malignant cells that are in charge of diffusing certain materials across alveoli, including 

water and electrolytes. The passage number of cells for all the experiments is between 

P12-15. Prior to transfection and additional tests, these cells are seeded in 1% 

collagen and cultured in 10% DMEM medium with FBS for 24-48 hours. The optimal 

condition is 5% CO2 and 37°C. 
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2.2 Materials 

2.2.1 Kits and reagents 

A complete list of all the kits and reagents used in this study is listed in Table 2. 
Reagent Manufacturer Catalogue Number 

10-250 kDa Wide Range Blue-Red-

Green Three Color Protein Ladder, 

Prestained 

NBS Biologicals BZ0011G 

3,3’-Diaminobenzidine Tablets Merck D4293 

Ammonium Chloride (NH4Cl) Merck 254134 

 

Ammonium Persulfate (APS) Merck 7727-54-0 

Developer Scientific Laboratory Supplies RGD 

Dithiothreitol (DTT) Merck 10197777001 

DPX Mountant Merck 06522 

Ethylenediaminetetraacetic Acid (EDTA) Invitrogen 15576-028 

EZ-Chemiluminescence (ECL) Detection 

Kit for HRP 

Geneflow K1-0170 

Fixer Scientific Laboratory Supplies RGF 

High-Capacity cDNA Reverse 

Transcription Kit 

Applied Biosystems 4368814 

HiMark Pre-stained Protein Standard Invitrogen LC5699 

Isopropanol Fisher Chemical P/7507/15 

NuPAGE LDS Sample Buffer (4x) Invitrogen NP0007 

Phosphate Buffered Saline (PBS) Gibco 10010023 

Protease Inhibitor Cocktail Merck P2714-1BTL 

Protein Assay Kit II Bio-Rad 5000112 

ProtoGel (30%) Geneflow A2-0072 

Qiagen RNeasy Mini Kit Qiagen 74104 

SDS Page Tank Buffer (10x) Tris-

Glycine SDS 

Geneflow B9-0032 

Sodium Deoxycholate Merck D6750 

Sodium Dodecyl Sulphate (SDS) Fisher Chemical S/P530/48 

TaqMan Fast Universal Master Mix 

(2X), no AmpErase UNG 

Applied Biosystems 4366072 

Tris Glycine Electroblotting Buffer (10x) Geneflow B9-0056 

Tetramethylethylenediamine (TEMED) BioRad 1610800 

Triton X-100 Merck 108603 

Trizma Base Merck RDD008 
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Tween 20 Merck P1379 

VECTASHIELD Antifade Mounting 

Medium with DAPI 

Vector Laboratories H-1200-10 

Collagen I, rat tail Gibco A1048301 

DMEM/F12 Gibco 11320-075 

Ethanol (100%) Thermofisher Scientific 16606002 

Foetal Bovine Serum (FBS) – South 

America 

LabTech FCS-SA/500 

Lipofectamine 2000 Invitrogen 11668027 

Opti-MEM Gibco 11058021 

Paraformaldehyde Solution 4% in PBS Chem Cruz SC-281692 

Table 2: Complete list of kits and reagents 

 

2.2.2 Buffers and solutions 

A complete set of the buffer and solution and their recipe is listed in Table 3.  
Buffer or Solution  Composition 

1% Collagen 1% Collagen; 99% 1x PBS 

5% Complete Media DMEM-F12 Media; 5% FBS and 1% Antibiotic 

1x Tris-Buffered Saline (TBS) 100mL 10x TBS, 900mL of distilled wate 

10x Tris-Buffered Saline (10x TBS) 152mM Tris-HCl, 46mM Trizma-base, 1.5M NaCl 

Tris-Buffered Saline with Tween 

(TBST) 

999mL TBS and 1mL Tween 20 

1 M Tris 45.4 g Trizma Base (121.14 g/mol), 250 mL Distilled Water 

1 mM EDTA 0.29 g EDTA (292.24 g/mol), 1000 mL Distilled Water 

10% APS 1 g APS (228.20 g/mol), 10 mL Distilled Water 

10% SDS 20 g SDS (288.28 g/mol), 200 mL Distilled Water 

1x Running Buffer 100 mL SDS Page Tank Buffer (10x) Tris-Glycine SDS, 900 mL 

Distilled Water 

1x Transfer Buffer with Methanol 100 mL Tris Glycine Electroblotting Buffer (10x), 100 mL 

Methanol, 800 mL Distilled Water 

50 mM NH4Cl 0.13 g NH4Cl (53.49 g/mol), 50 mL Distilled Water 

RIPA Buffer 50 mM Tris-HCl pH 8.0, 150 mM NaCl, 1 mM EDTA, 0.1% SDS, 

1% Triton X-100, 0.1% Sodium Deoxycholate 

Table 3: Complete list and recipe of buffers and solutions 
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2.2.4  Primers 

All the primers used in this study is listed in table 4. 
Target Primer Exon Boundary Chromosome 

location 

Length (bp) 

GAPDH Hs02786624_g1 7-8 Chr.12: 6534405 - 

6538375 

157 

GUSB Hs00939627_m1 6-7 Chr.7: 65960684 - 

65982314 

96 

WNT4 Hs01573505_m1 2 - 3 Chr.1: 22117305 - 

22143981 

66 

WNT11 Hs01045906_m1 4 Chr.11: 76186326 - 

76210842 

87 

ATMIN Hs00796220_s1 4 Chr.16: 81035853 - 

81047346 

149 

PKD2 Hs00960946_m1 13-14 Chr.4: 88007647 - 

88077779 

60 

PKD1 Hs00947377_m1 12-13 Chr.16: 2088708 - 

2135898 

110 

IFT88 Hs00544051_m1 8-9 Chr.13: 20566446 - 

20691437 

94 

Table 4: Complete list of primers. 

 

2.2.5 Antibodies 

Complete list of both primary and secondary antibody used in this study is listed in table 

5. 
Antibody Manufacture Catalogue Number Dilution Factor 

Acetylated α-tubulin Sigma Aldrich T7451 1:500 

Anti-Phospho Histone 

H3 

Millipore 06-570 1:500 

Aquaporin-1 Abcam AB300463 1:1000 

Cleaved-caspase 3 Cell Signalling 9661S 1:500 

Gapdh Proteintech 60004-1-Ig 1:1000 

Mouse IgG H&L Alexa 

Fluor 488 

Abcam AB150113 1:1000 
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Phalloidin Alexa Fluor 

594 

Invitrogen A12381 1:1000 

Rabbit IgG H&L Alexa 

Fluor 594 

Abcam AB150076 1:1000 

Rabbit IgG H&L (HRP) Abcam AB205718 1:5000 

Mouse IgG H&L (HRP) Abcam AB205719 1:5000 

E-Cadherin Cell Signalling 3195S 1:1000 

Anti-Gamma Tubulin Abcam Ab179503 1:500 

Table 5: Complete list of both primary and secondary antibody. 

 

2.2.6 siRNA 

Complete set of human siRNA is listed in the table 6. 
siRNA Pool Catalogue Number Concentration 

Scrambled D-001810-10-05 30μM 

WNT4 L-008659-00-0005 30μM 

WNT11 L-009474-00-0005 30μM 

ATMIN L-020304-01-0005 30μM 

PKD2 L-006288-02-0005 30μM 

Table 6: Complete list of siRNAs. 

 

 

2.3 Methods 

2.3.1 Protein extraction from tissue sample 

2.3.1.1 Protein Isolation 

The lung tissue was taken from liquid N₂ and allowed to thaw at room temperature. 

Six samples of wild-type and Pkhd1T36M/T36M were used for this project. In the 
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meantime, sufficient Eppendorf tubes were prepared and labelled, and 500 μL of RIPA 

buffer was added to each. Once the samples had thawed, 60 mg of tissue was cut in 

a petri dish using a sterile cutter and transferred to the prepared Eppendorf tube. The 

contents were mixed and ground slowly to ensure proper mixing. An additional 500 μL 

of RIPA buffer and 50 μL of PIC (5% of total RIPA) were added. The mixture was 

homogenized using a rotator for five to six hours in the cold room. It was then 

centrifuged for 20 minutes at 12 rpm. The leftover supernatant was discarded, and the 

protein-rich pellet was resuspended and stored at -20°C. 

2.3.1.2 Protein Quantification 

A master mix was prepared using 1 mL of Reagent A and 20 μL of Reagent S. A total 

of 2.5 μL of the sample, 25 μL of the master mix, and 200 μL of Reagent B were added 

to a 96-well plate. Two to three technical replicates and a negative control without a 

sample were prepared. The plate was left at room temperature for 10 minutes, and 

protein absorbance was read at 650 nm using a Multiskan FC Microplate Photometer 

(ThermoFisher Scientific). The protein concentration was determined using a linear 

plot between protein concentration and absorbance. The concentration analysis was 

calculated using Microsoft Excel 2016. 

2.3.2 Protein analysis in tissue sample 

2.3.2.1 Western blot 

The extracted protein was quantified and further analyzed using a western blot 

experiment, where the individual proteins of interest were quantified and analyzed to 

check the fold change between normal and conditioned mice. The general procedure 

began with gel preparation, followed by sample preparation. The proteins were then 

run and separated based on weight using the prepared gels. Afterward, the proteins 

were transferred to a PVDF membrane, and the specific proteins were stained with 
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primary and secondary antibodies. The proteins were then bound with the ECL probe, 

and the bands were captured on X-ray film. The bands were subsequently quantified 

and analyzed using ImageJ. 

2.3.2.1.1 Gel preparation 

Two types of gels were prepared: resolving and stacking gels. The running gel was 

used to separate proteins based on their weight and usually differed in gel percentage 

depending on the weight of the protein of interest (Table 7). The stacking gel was used 

to equalize the protein loading and usually concentrated in gel percentage. Ammonium 

Persulfate (APS), an oxidizing agent, and Tetramethyl ethylenediamine (TEMED) were 

used as catalysts for the polymerization of bis-acrylamide gels. The 1.5 mm spacer 

plates were clipped together, and the prepared running gel was first poured, followed 

by approximately 500 µl of isopropanol to ensure no bubble formation and proper gel 

formation. The setup was left undisturbed for 20-30 minutes to allow the resolving gel 

to polymerize. 

The stacking gel was then prepared and placed on top of the running gel after the 

isopropanol was poured out. The 10-well comb was placed over the stacking gel to 

form wells. The gel was allowed to set for 2 minutes. Once the stacking gel had 

solidified, the comb was carefully removed, and the gel was ready for sample loading. 
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Gel percentage 12% 10% 6% Stacking gel 

H2O 3.35 ml 4.00 ml  3.4 ml 

1.5M Tris pH 8.8 2.5 ml 2.5 ml 2.5 ml - 

1M Tris pH 6.8 - - - 630 μL 

30% ProtoGel Acrylamide 4.00 ml 3.34 ml  750 μL 

10% SDS 100 μL 100 μL 100 μL 50 μL 

10% APS 80 μL 80 μL 80 μL 50 μL 

TEMED 8 μL 8 μL 8 μL 8 μL 

Table 7: Recipe of different percentage running gel and stacking gel. 

 

2.3.2.1.2 Sample preparation and running 

The gels were placed in the Mini-PROTEAN Tetra Vertical Electrophoresis Cell using 

the Electrode Assembly cassette, and 1x Running buffer was poured up to the mark. 

Sample proteins were added to ensure equal protein loading across all samples, using 

NuPAGE LDS Sample Buffer (4x) and distilled water. The mixture was centrifuged for 

30 seconds at 6000 RPM, heated for 10 minutes on the heat block, and then 

centrifuged again under the same conditions. The samples were loaded into each well, 

and 3-5 μL of Wide Range Blue Red-Green Three Colour Protein Ladder was added 

to the last well as a reference marker. The gel was then run using the PowerPac Basic 

Power Supply (1645050, Bio-Rad) at 150 V, 300 mA for 50 minutes or until the protein 

ladder had been distinguishably separated. 
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2.3.2.1.3 Protein transfer/ blotting 

The foam pads (1703933, BioRad), filter paper (10675935, Fisher Scientific), and 

Immobilon-P PVDF Membrane (IPVH00010, Merck) were soaked in 1x transfer buffer 

with methanol. The transfer cassette was prepared by placing the sponge and layering 

it with one sheet of filter paper. The gel was sandwiched on top of the filter paper, 

followed by an appropriately sized PVDF membrane. Another sheet of filter paper was 

placed on top of the membrane, and the final foam pad was added to complete the 

transfer sandwich. It was ensured that the gel was placed closer to the cathode and 

the transfer membrane on the anode side. The entire sandwich was transferred to the 

transfer apparatus and fully immersed in 1x transfer buffer with methanol, as 

appropriate. Protein transfer from the gel to the membrane was performed using the 

PowerPac Basic Power Supply at 70 V, 300 mA for 1 hour and 30 minutes. 

2.3.2.1.4 Non-specific binding prevention, blocking and antibody staining 

After the blotting step was completed, the membrane was placed in 5% non-fat dry 

milk in Tris-Buffered Saline with Tween (TBST) for at least 1 hour at room temperature 

to reduce non-specific binding. The primary antibody was prepared in 2% non-fat dry 

milk in TBST according to the dilution specified by the manufacturer. The membrane 

was incubated in the primary antibody in a sealed plastic bag overnight at 4 ˚C. The 

following day, the membrane was removed and washed three times in TBST for 10 

minutes each before being incubated with the secondary antibody (diluted in 2% non-

fat dry milk in TBST) for 1 hour at room temperature. 

2.3.2.1.5 Detection 

EZ-Chemiluminescence (EZ-ECL) was prepared by mixing reagent A and reagent B 

in a 1:1 ratio, which was then added to the membrane and left at room temperature 

for 2-5 minutes. The excess EZ-ECL solution was removed from the membrane, which 

was then wrapped in cling film and placed in a cassette. The membrane was exposed 
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to a clear blue X-ray film with an exposure time varying depending on the protein signal 

strength in a dark room. The X-ray film was developed and fixed before being rinsed 

in water and left to dry for some time. 

2.3.2.2 Western blot analysis 

ImageJ was used for protein quantification and further analysis. The measurement 

was set to output the mean grey value. The 'rectangle' tool was used to select and 

highlight the band of interest. Measurements were taken for the protein of interest, 

loading control, and background. The extracted data was analyzed in Microsoft Excel 

2016. The formula 255 - mean grey value was used, and the pixel density value was 

inverted before calculating the net protein by subtracting the inverted background 

value from the inverted band value. A ratio of net protein for the band to net protein for 

the loading control was calculated, and the results for each condition were averaged 

and normalized to identify changes in protein expression. 

2.3.3 Tissue culturing 

2.3.3.1 Transfection 

Two mixtures were prepared: one containing siRNA in 300μL of Opti-mem and the 

other containing Lipofectamine 2000 (carrier) in 300μL of Opti-mem. After the two 

mixtures were combined, they were left at room temperature for thirty minutes to form 

the lipofectamine-siRNA complex. The amount of siRNA added was determined by 

the final concentration required, based on the desired knockdown percentage, the 

protein of interest, and the cell line. 

Once the cells in the well reached the required confluency (70% or more), 2 millilitres 

of Opti-mem was added, and the old medium was aspirated. The prepared mixtures 

were then added, and the plate was incubated for 24 hours at 37°C with 5% CO₂. The 
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following day, the Opti-mem was aspirated, pure DMEM was added, and the cells were 

incubated again for 24 hours under the same conditions. 

RNA extraction and immunocytochemistry were the subsequent experiments. The 

current study included three conditions: Wnt4 knockdown, Wnt11 knockdown, and 

scrambled control. 

 

2.3.4 RNA Isolation from cells 

2.3.4.1 RNA Isolation 

RNA was extracted from A549 cells using Qiagen QIAshredders and the Qiagen 

RNeasy Mini Kit. All procedures were performed according to the manufacturer's 

instructions for both kits. 

The old media was aspirated, and the cells were washed with PBS. RLT buffer (600 

μL) was added to each well and left on a rocker for five minutes. A cell scraper was 

used to gently remove the cells from the surface of the well. The contents were then 

transferred to the purple QiAshredder column and centrifuged for three minutes at 13.3 

krpm. The purple column was removed, and the flow-through was retained. 

Ethanol (600 μL, 100%) was added to the flow-through and mixed thoroughly by 

pipetting up and down. The prepared lysate-ethanol mix (600 μL) was transferred to 

the pink column and centrifuged for 15 seconds. The flow-through was discarded, and 

the remaining lysate-ethanol mix was added to the column and centrifuged again for 

15 seconds. 

Next, 700 μL of RW1 buffer was added to the column and centrifuged for 15 seconds. 

The flow-through was discarded, and 500 μL of RPE buffer was added, followed by 

centrifugation for one minute at 13.3 krpm. The flow-through was discarded, and the 

column was spun dry for one minute at 13.3 krpm. 
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The column was then transferred to a 1.5 mL Eppendorf tube, and 17 μL of RNase-

free water was directly added to the membrane. After incubating for one minute at 

room temperature, the column was centrifuged for one minute at 13.3 krpm. The 

process was repeated with 15 μL of RNase-free water. 

The RNA extract was prepared and quantified using a Nanodrop 2000. The RNA 

extract was usually stored at 4°C. 

2.3.4.2 RNA Quantification 

After RNA extraction, the RNA was quantified using the Nanodrop 2000 

Spectrophotometer. The ratio of absorbance at 230 nm, 260 nm, and 280 nm was 

measured to verify the quality of the sample. RNase-free water was used as a blank. 

A 1 μL blank and the samples were placed in the machine to determine the exact 

concentration, which was then used to calculate the volume required to prepare 500–

1000 ng of cDNA. 

2.3.5 RNA Analysis 

2.3.5.1 cDNA synthesis 

Using a comparable amount of RNA calculated from RNA quantification with Nanodrop 

and the Applied Biosystems High-Capacity cDNA Reverse Transcription Kit, 500–1000 

ng of cDNA was produced. Two mixes were prepared: Mix 2 contained a calculated 

volume of RNA from the sample along with water to bring the volume up to 10 μL. Mix 

1 included 2 μL of both 10x RT buffer and 10x RT Random Primers, 0.8 μL of 25x 

dNTP mix (100 mM), 1 μL of MultiScribe Reverse Transcriptase, and 3.2 μL of 

nuclease-free water. This procedure was performed according to the manufacturer’s 

instructions (Table 8). 
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Solution Volume 

10X RT Buffer 2μl 

10X RT Random primers 2μl 

25X dNTP 0.8μl 

MultiScribe Reverse Transcriptase 1μl 

UltraPure RNase-Free Distilled Water 4.2μl 

Total 10μl 

Table 8: Components and quantity of the Reverse Transcript mix as instructed by the company 

The two mixtures were combined and inserted into the SureCycler 8800 for cDNA 

synthesis. The four processes involved are elaborated in the table below. The 

prepared cDNA was stored at -20˚C until required. 

Step Anealing Denaturation Elongation Storage 
Temperature (°C) 25 37 85 4 
Time (Minutes) 10 120 5 ∞ 

Table 9: The steps followed for reverse transcription in Surecycler 8800 

 

2.3.5.2  qRT-PCR 

 qRT-PCR was performed using the TaqMan Gene Expression Assay. Two mixtures 

were prepared: Mix 1 contained 5μL of TaqMan Fast Universal Master Mix and 0.5μL 

of Primer, while Mix 2 contained cDNA equivalent to 50ng, topped off with 4.5μL of 

nuclease-free water. Mix 1 and Mix 2 were added to each plate in that order. 

Scrambled was used as a control for the cell-based experiment. To validate the primer, 

a non-transfected control was also included, where 1 μL of cDNA was replaced with 1 

μL of UltraPure DNase/RNase-Free Distilled Water. 

To a MicroAmp Fast Optical 96-Well Reaction Plate (N8010560, Applied Biosystems), 

5.5 μL of Mix 1 and 4.5 μL of Mix 2 were added, ensuring that each condition had three 
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biological and technical repeats. After sealing with an adhesive sheet, the plates were 

centrifuged for one minute at 1000g-1 RPM before being loaded onto the QuantStudio 

6 Flex Real-Time PCR System (Applied Biosystems). The programme for the fast 

reaction-based mRNA gene expression quantification is elaborated in the table below. 

 

Stage Incubation Denature Aneal/extand 
Temperature (°C) 95 95 60 

Time (Seconds) 20 1 20 
Note: Denature and anealing is repeated based on the cycle number 

Table 10: Programme for the mRNA gene expression quantification 

 

2.3.5.3  qRT-PCR analysis  

For the analysis, all assays were performed in triplicates. Gapdh and GusB were used 

as controls. The average cycle threshold (CT) value was calculated from the triplicates 

and was further used to determine the fold change between conditions. The 

calculations were performed as follows: 

ΔCT = Average treated gene CT – Average endogenous control CT 

ΔΔCT = ΔCT treated gene - ΔCT untreated gene 

RQ (fold change) = 2^-ΔΔCT 

The RQ values were averaged, normalised to 1, and plotted as a graph. To determine 

significance, a T-test was performed based on the RQ values of biological repeats on 

a 2,2 basis. All analyses were conducted using Microsoft Office 2016. 

2.3.6 Functional analysis in cells 

2.3.6.1 Fluroscent based immunocytochemistry 

The cells were grown until they reached 80% confluence, and siRNA transfection was 

performed following the previously mentioned steps. After overnight incubation, the 
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Immunocytochemistry procedure was carried out. The old media was removed, and 

the cells were washed with PBS. 4% paraformaldehyde was added, and the cells were 

left at room temperature for 10 minutes to fix them. After the paraformaldehyde was 

removed, the cells were washed three times with TBST for 5 minutes each. To increase 

the permeability of the cells, hot EDTA with pH 8 was added for 5 minutes at room 

temperature. To prevent autofluorescence, the cells were quenched for 20 minutes 

with 50 mM NH4Cl in 1x TBS. The cells were then washed twice with TBST, each for 

5 minutes. A blocking solution of 10% milk powder in TBST was used to block the cells 

for one hour. In 1% blocking solution, the primary antibody was added according to 

the instructed concentration. 0.5 mL of the mix was added to each well and incubated 

at 4°C overnight. The following day, the cells were washed three times with TBST for 

5 minutes each. The secondary antibody was prepared in 1% blocking solution at a 

1:1000 dilution and added to each well (0.5 mL). The cells were incubated at room 

temperature for one hour while being kept in the dark. Afterward, the cells were 

cleaned with TBST for 5 minutes and left at room temperature in the dark. A coverslip 

was placed inverted over the slides that had been loaded with 10 μL of VECTASHIELD 

Antifade Mounting Medium with DAPI, and the coverslip was sealed with nail polish. 

Images were captured using an Evos, 177 fluorescence, or confocal microscope, and 

ImageJ was used to quantitatively assess the results. 

2.3.6.2 Quantifying analysis: apoptosis and proliferation 

ImageJ was used for counting the cells. The appropriate image was chosen and 

converted to 8-bit and greyscale. In the Image options, the threshold option was 

selected under Adjust, and the threshold was adjusted appropriately before being 

applied to the image. The image was then made binary, and the watershed option was 

selected under the Process menu to separate the cells. The Analyze option was used 
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to obtain the exact cell count in the image. The total cell count in the DAPI-stained 

image was recorded, along with the protein-stained cell count in the antibody-stained 

image (Anti-phosphohistone protein for proliferation and cleaved caspase for 

apoptosis) for each condition. The protein index was calculated by dividing the protein-

stained cell count by the total cell count. For each condition, approximately 3 to 10 

images were chosen, ranging from 1 to 3 images per biological replicate, and the 

results were averaged to provide a final index value, which was further normalized to 

1 to determine the fold change. A T-test was conducted to determine the significance. 

All cell count analyses were performed in Microsoft Excel 2016. 

2.3.6.3 Cytoskeletal analysis 

Stained cell images were taken using a confocal microscope at 40x magnification. 

ImageJ was used for intensity and other analyses. Each image contained a Z-stacked 

image set of cells stained with DAPI, Phalloidin, and Cytokeratin. The appropriate 

image was selected, and under the Images option, the Z-Stack function was chosen, 

followed by the Max Intensity option to generate a single high-intensity image. The 

generated images were then converted to 8-bit and greyscale, except for the DAPI-

stained image, which was converted to a coloured 8-bit image. The greyscale 

Phalloidin and DAPI images were merged, and each cell nucleus and perimeter were 

outlined and numbered. For each image, 10 cells were selected, and measurements 

of length, perimeter, width, area, circularity, solidity, and greyscale value were 

recorded. Similarly, the intensity over the nucleus and the entire cell was measured for 

the Cytokeratin-stained image set. Further averaging and graph plotting were 

performed using Microsoft Excel 2016. 
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2.3.6.4 Scratch assay 
The experiment was carried out in a 6-well plate. 2000-3000 cells were seeded per 

well and allowed to incubate at 32°C with 5% CO2 until they reached 90% confluency. 

Each condition had three biological replicates. After conditioning the cells as per the 

steps mentioned earlier, the scratch assay procedure was started on the final day. The 

old pure DMEM media was removed, and PBS was added. A sterile 200 µL tip was 

used to draw a straight line in the middle of the well. The well was washed with PBS, 

and 5% DMEM media was added. 3-5 points were marked along the line, and images 

of the cells were taken using the Evos microscope, which were used as t=0 reference 

images. The cells were incubated for 24 hours at 32°C with 5% CO2. After 24 hours, 

images were again taken over the marked points using the Evos microscope. The 

scratched area was quantified at both t=0 and t=24, and the cell growth and wound 

healing percentages at the same marked points were compared between the two time 

points. The area for each well was averaged and then averaged again for each 

condition. The values were normalized to one to calculate the fold change, and a graph 

was plotted between the condition and fold change. The significance value was 

calculated using a T-test with 2,2. All analysis was performed in Microsoft Excel 2016. 

2.3.6.5 Adhesion assay 

On a 12-well plate, 200,000 to 300,000 cells were seeded per well, and the transfection 

procedure was followed to condition the cells appropriately. On the final day, the pure 

DMEM media was removed, and the cells were washed with PBS before being fixed 

by incubating them in 350 µL of 4% Paraformaldehyde per well for 10 minutes at room 

temperature. The paraformaldehyde was removed, and the cells were washed three 

times with TBST for 5 minutes each at room temperature. 500 µL of crystal violet 

solution was added, and the plate was placed on a shaker for 15 minutes at room 

temperature. The crystal violet solution was then removed, and the wells were 
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thoroughly cleaned under running water. The wells were left to dry overnight by 

inverting them and placing them on filter paper at room temperature. The following 

day, 1 mL of methanol was added to each well, and the plate was left on a shaker for 

10 minutes at room temperature to solubilize the solution. 250 µL of the solution was 

added to each well in a 96-well plate, with three technical and biological repeats for 

each condition. The protein absorbance was checked at 580 nm using a Multiskan FC 

Microplate Photometer (ThermoFisher Scientific). Further analysis was done in 

Microsoft Excel 2016, where the absorbance for each biological replicate was 

averaged and used to calculate the significance and error for the experiment. The 

absorbance for each condition was averaged, normalized to 1, and multiplied by 100 

to determine the adherence percentage between conditions. 

2.3.7 Statistical calculations 

For all experiments, standard deviation was used to represent error bars. Statistical 

significance was assessed using a two-tailed, unpaired Student’s t-test in Excel, 

assuming equal variance between groups. For each comparison, the average of the 

biological replicates from the wild-type or scramble control group was taken as Group 

1, and the average from the mutant or knockdown samples was taken as Group 2. 

The following p-value thresholds were used to indicate significance: ns – p > 0.05; * – 

p ≤ 0.05; ** – p ≤ 0.01; *** – p ≤ 0.001; **** – p ≤ 0.0001 (used only for highly significant 

comparisons). 
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CHAPTER 3 

Dysregulated non-canonical Wnt signalling protein expression found 
in Pkhd1T36M/T36M mouse lungs 

 

3.1 Introduction 
PKHD1 is identified as the main ARPKD causative gene with high mutation variability. 

It is also recognized as the gene responsible for greater disease severity in patients 

compared to other gene mutations. Even though new genes and mutations continued 

to be discovered, the most frequent mutation is the T36M PKHD1 mutation, which 

accounts for 15-20% of ARPKD patients (Bergmann et al., 2003, 2004, 2005; 

Richards, Wilson, and Goggolidou, 2024). The T36M mutation is a missense mutation 

in exon 3, resulting in a truncated protein, which might be due to a changed start codon 

(Bergmann et al., 2003; Furu et al., 2003). 

It was observed that a subset of neonatal Pkhd1del3-4/del3-4 mice died due to respiratory 

insufficiency, despite no significant change being detected in the kidney phenotype 

(Garcia-Gonzalez, Miguel A et al., 2007). This finding led to the question of whether 

the lungs could be the primarily affected organ in ARPKD. In the Pkhd1T36M/T36M mice, 

unpublished data from work in the lab was collected for P2 and 4-month-old lungs 

(S.Malik, personal communication). A Western blot of Fibrocystin revealed significant 

loss of expression, indicating that these mice were a suitable model for studying 

ARPKD. 

Although pulmonary hypoplasia can be observed in ARPKD infants, no change was 

detected in P2 mice lungs in terms of lung weight, histology, or mRNA expression 

(S.Malik, personal communication). However, in 4-month-old mice lungs, a significant 

decrease in the mRNA expression of Pkhd1, Pkd1, Atmin, Vangl2, and Pkd2 was 
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recorded. Even though lung weight remained unchanged, histological examination 

suggested that the number of airspaces was reduced, while a significant increase in 

the size of airspaces was noted. 

According to Liebau, Hartung & Perrone (2022), the lung phenotype in some patients 

appeared to ameliorate with age. This, together with previous observations, indicated 

that examining phenotypical changes in the lungs of older Pkhd1T36M/T36M mice would 

be useful. 

3.2 Aims and objectives 
The purpose of this chapter was to gain a better understanding of the phenotypic and 

mechanistic impairments in the lungs of 9-month-old mice carrying the T36M mutation 

in the Pkhd1 gene. Primary focus was given to protein expression alterations, where 

significant differences in mRNA expression had been observed in 4-month-old mouse 

lungs. The proteins examined included key components of the non-canonical Wnt 

pathway, along with adhesion proteins and water channels whose expression is 

influenced by canonical Wnt signalling.. 

3.3 Results 

3.3.1 Vangl2 was downregulated while Scribble was significantly 
upregulated in 9-month-old Pkhd1T36M/T36M mouse lungs 

Vangl2 mRNA expression was drastically reduced by 0.53 fold in the mouse lung at 4 

months of age (S.Malik, personal communication). So the Vangl2 protein was first 

tested in 9-month-old lungs. Vangl2 expression was significantly reduced by 0.6 fold 

in 9-month old Pkhd1T36M/T36M mouse lungs compared to wildtype (p value = 

0.0001)(Figure 12A).Scribble showed a significant by 0.2 fold increase in 

Pkhd1T36M/T36M compared to wildtype (p value = 0.003)(Figure 12B).  
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   A) 

      

          
Figure 12: Significant changes in Vangl2 and Scribble protein expression were observed in 9-month-old 

PKHD1T36MT36M mouse lungs. Gapdh is used as control in both cases. A) Vangl2 was significantly 
downregulated by 0.6 fold and  B) Scribble was significantly upregulated by 0.2 fold (n=6, T.test is done with 

2,2 basis:  *** P≤ 0.001 and ** P ≤ 0.01, Error bar represents SEM) 

 

 3.3.2 Aquaporin-1 and E-Cadherin remained unchanged in 9-month-old 
Pkhd1T36M/T36M mouse lungs compared to wildtype. 

In the RNA sequencing of 4-month-old  Pkhd1T36M/T36M lungs, it was observed that 

Aquaporin-2 (Aqp2) was downregulated by 0.71 fold, and in the mRNA expression 

validation, it was again downregulated by 0.89 fold (S.Malik, personal communication). 

Aquaporin-1 (AQP1) is typically highly expressed in the lung and less so in the kidney, 

whereas AQP2 is predominantly expressed in the kidney (Azad, Abul Kalam et al., 

2021). AQP1 was selected for analysis as it is a Wnt-responsive water channel 

localized to the pulmonary capillary endothelium, serving as a marker of vascular 

development and fluid balance in the lung. In contrast, AQP4 and AQP5, primarily 

expressed in airway and alveolar epithelial cells respectively, were not chosen as they 

are less directly involved in endothelial function or Wnt-mediated regulation, 
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particularly in the context of PKHD1 mutation. Based on this, the expression of 

Aquaporin-1 in the 9-month-old lungs was checked. Interestingly, the protein 

expression of Aqp1 was not changed in the 9-month-old Pkhd1T36M/T36M compared to 

the wildtype mouse lungs (Figure 13A). 

According to Ciurea, Ana Maria et al. (2021), Aquaporin co-localises with E-Cadherin, 

and E-cadherin expression may be related to Aquaporin-1. In the 4-month-old 

Pkhd1T36M/T36M mouse lungs, it was observed that E-cadherin protein expression was 

not significantly changed in the western blot analysis, but there were changes in the 

localisation. Continuing the expression analysis of Aquaporin-1, the protein expression 

of E-Cadherin was also checked. Unsurprisingly, the E-Cadherin protein expression 

was not significantly different in 9-month old Pkhd1T36M/T36M compared to the wildtype 

mouse lungs (Figure 13B). 

A) 

                    

B) 

              

Figure 13: No change in Aquaporin-1 and E-cadherin protein expression was found in 9-month-old 
Pkhd1T36M/T36M mouse lungs. Gapdh was used as control in both cases. A) No change was found in the 

Aquaporin-1 expression and  B) Even though the E-cadherin was decreased by 0.2 fold, it is non-significant 
(n=6, T.test is done with 2,2 basis:  ns P≤ 0.05, Error bar represents SEM) 
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3.4 Discussion 
In the protein expression analysis of canonical Wnt signalling proteins, no changes 

were observed in E-cadherin in 4-month-old Pkhd1T36M/T36M mice (S.Malik, personal 

communication), and similarly, no changes were detected in E-cadherin protein 

expression in 9-month-old Pkhd1T36M/T36M mice. Although E-cadherin is not a direct 

component of the canonical Wnt signalling pathway, it is functionally linked to β-

catenin, as its loss has been associated with enhanced β-catenin signalling (Eskelinen 

& Oulu, 2010; Heuberger & Birchmeier, 2010). Likewise, Aquaporin-1 (AQP1) protein 

expression remained unchanged in 9-month-old mutant lungs. This may be relevant 

given the reported relationship between E-cadherin and AQP1, where AQP1 

expression is altered in response to decreased E-cadherin levels (Ciurea, Ana Maria 

et al., 2021). These findings suggest that E-cadherin and AQP1 may serve as indirect 

indicators of canonical Wnt signalling activity, potentially modulated by changes in 

cytoplasmic β-catenin dynamics, rather than being direct targets of the pathway. 

Although both E-cadherin and AQP1 expression have been implicated in pulmonary 

hypoplasia (Galán-Cobo, Ana et al., 2018), their unchanged expression in 

Pkhd1T36M/T36M lungs raises the possibility that alternative or compensatory signalling 

pathways may contribute to the development of the same phenotypic outcome. 

In contrast, key PCP pathway proteins, Vangl2 and Scribble, were found to be 

respectively downregulated and upregulated significantly in 9-month-old 

Pkhd1T36M/T36M mouse lungs. This suggests that the Pkhd1 mutation had a greater 

effect on the PCP pathway than on canonical Wnt signalling, which was consistent 

with previous results, where it was observed that PCP plays a significant role in 

ARPKD and that the molecular mechanisms of both ADPKD and ARPKD were 
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different (Richards, Taylor et al., 2019). Further research is required to determine how 

PCP is involved in the lungs phenotypes observed in some ARPKD patients. 

Vangl2 expression changes were consistent across adolescent age, in both 4-month-

old and 9-month-old lungs. The consistency between mRNA and protein expression 

levels indicated that the observed changes occurred at the gene expression level, with 

no significant differences detected between mRNA and protein levels or in protein 

localization. Vangl2 downregulation might primarily alter tracheal and alveolar 

epithelial cells structure and function, with a likely disturbance in the actomyosin 

network, focal adhesion protein distribution and density, cell migration, and cell 

adhesion (Cheong, Sek-Shir et al., 2020; Poobalasingam, Thanushiyan et al., 2017). 

The loss of Vangl2 function in the lung could be linked to  severe airspace 

enlargement, decreased lung function, altered macrophage population, aberrant 

elastin deposition, and increased elastin-modifying enzyme levels (Poobalasingam, 

Thanushiyan et al., 2017). These could also cause defected alveogenesis, which 

causes an inability to generate adequately sized alveoli, disrupting gas exchange and 

causing respiratory distress syndrome (Whitsett, Jeffrey A, and Timothy E Weaver, 

2015). This condition appears similar to that observed in ARPKD infants, suggesting 

that Vangl2 might be one of the many contributing factors. 

Another possible factor is defective branching morphogenesis. Both Vangl2 and 

Scribble were observed to be involved in different stages of branching morphogenesis 

(Yates, Laura L et al.2013), and the changes found in Pkhd1T36M/T36M mice might cause 

branching defects. Through defective actomyosin and disrupted signalling pathways, 

Vangl2 was suggested to affect branch quantity and shape, ultimately altering lung 

architecture (Cheong, Sek-Shir et al., 2020; Paramore, Sarah V et al., 2023; Yates, 
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Laura L et al., 2010). Vangl2 is involved in almost all stages of morphogenesis, namely 

branch initiation, elongation, and widening (Paramore, Sarah V et al., 2023; Yates, 

Laura L et al., 2010). In contrast, Scribble could cause cellular disorganisation, 

decrease in airway number and width, decrease or lack of lumen, and disruption in the 

cell-to-cell interaction through disrupting the subcellular distribution of adherent and 

tight junction proteins, indirectly contributing to the branching defects (Yates, Laura L., 

2013). 

These branching defects, together with failed alveogenesis, might cause pulmonary 

hypertension, idiopathic pulmonary hypoplasia, and lung fibrosis in adulthood. 

Branching morphogenesis is essential for generating epithelial trees, and aids the 

formation of alveoli, further increasing the surface-to-volume ratio to enhance gas 

exchange, filtration, and secretion activities (Iber, Dagmar, 2021). The defects  might 

impair airflow and filtration ability, potentially leading to reduced gas exchange and 

lowering the blood oxygen level. 

Mesenchymal cells, which involves with process like airspace shaping, filtration, and 

absorption, might also be affected (Paramore, Sarah V et al., 2024). Vangl2 

downregulation might  results in mesenchymal thinning and airspace widening, 

altering pressure difference between alveoli and blood vessels, thus interrupting the 

oxygen intake (Paramore, Sarah V et al., 2024). 

Apart from these processes, Vangl2 and Scribble were found to play an important role 

in ciliary function. Mechanosignalling was noted to be aided by Vangl2, which might 

inhibit the expression of mechanoreceptors and focal adhesion proteins, leading to 

direct and indirect damages in mechanosensing (Cheong, Sek-Shir et al.; 2020). Cilia 

are also involved in the mucociliary clearance process, which ensures the removal of 
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hazardous particles and pathogens while facilitating the directed flow of air (Tilley, Ann 

E et al., 2015). Dysfunction in this process might lead to recurrent chest infections and 

in the long run disrupt the lung architecture. Other possible disease development 

includes cystic fibrosis, asthma, and bronchiectasis (Tilley, Ann E et al., 2015). 

Interestingly, a decrease in Vangl2 and Scribble expression was also reported in adult 

emphysema patients (Poobalasingam, Thanushiyan et al., 2017). 

3.5 Conclusion 
The significant changes observed in the 9-month-old Pkhd1T36M/T36M mouse lungs 

could potentially induce a defect in protein distribution of key mechanoreceptors and 

focal adhesion proteins, disrupting cellular processes such as cell adhesion, migration, 

polarity, cytoskeletal structure, and wound healing. These changes might result in 

defective branch development, changes in alveoli size and quantity, alveolar thinning, 

and improper ciliary function, further impacting lung functions such as 

mechanosensitivity, directed airflow, repair and regeneration of lung tissues, 

mucociliary clearance, air filtration, and oxygen intake. Patients could be at risk of 

developing pulmonary hypoplasia, pulmonary hypertension, lung fibrosis, asthma, 

anaemia, and viral or bacterial lung infections. Another notable observation was that 

in the Pkhd1 mutant mice lungs, the PCP pathway appeared to be more affected than 

canonical Wnt signalling, suggesting a distinct mechanism underlying lung pathology 

in ARPKD. 
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CHAPTER 4 

Understanding the relationship between WNT4, ATM Interacting 
protein(ATMIN), in human alveolar epithelial cells, A549 cell line 

 

4.1 Introduction 
WNT4 was identified as a ligand in the Wnt protein family that appeared to be involved 

in both canonical and non-canonical pathways (Zhang, Quanlong et al., 2021). Wnt4 

was also shown to interact with Vangl2.(Messéant, Julien et al., 2017). WNT4 was 

found to be important for cell proliferation, and its overexpression was reported to lead 

to enhanced proliferation and differentiation (Bernardi et al., 2011). It was also 

observed to enhance the self-renewal of numerous embryonic stem cells (Yu et al., 

2023). WNT4 was shown to have a role in lung epithelial differentiation via the 

canonical Wnt signalling pathway (Zhang et al., 2021). It was also found to improve 

the survival and function of alveolar-type cells, which were essential in adult lungs for 

generating surfactants and maintaining lung stability (Kovacs et al., 2014). WNT4 

signalling was reported to maintain the quiescent state of resident progenitor cells, 

resulting in low turnover rates in healthy lung tissue (Araújo-Silva et al., 2020). During 

damage, it was stimulated and promoted the regeneration of epithelial cell populations 

from progenitor cells (Raslan & Yoon, 2020). It was also found to maintain the balance 

between myofibroblast development and epithelial cell stability, which was required for 

normal lung function (Kovacs et al., 2014). During lung development, it was observed 

to interact with Frizzled receptors and modify epithelial cell shape and behaviour, 

regulating branching morphogenesis (Kadzik et al., 2014). The activation of WNT4 

signalling was found to facilitate changes in epithelial cell shape, such as apical 

constriction, which was a crucial step in bud formation during the pseudo glandular 
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stage of lung development. Alveolar epithelial cells were largely involved in WNT4 

signalling. Guillot, Loïc et al. (2013) reported that the physical barrier around the 

airspace was influenced by WNT4 signalling, affecting its shape, segregating inhaled 

particles, regulating ion and water transport, and maintaining alveolar surface fluid 

balance in developed lungs. 

RNA sequencing of 4-month-old Pkhd1T36M/T36M mouse lungs revealed that Wnt4 had 

a Log2(Fold Change): -1.10 with a P-adjusted valuee of 0.04 (S. Malik, personal 

communication). ATMIN mRNA expression study in the 4-month-old Pkhd1T36M/T36M 

mouse revealed that it was downregulated (S. Malik, personal communication). 

However, in the AtminGpg6/Gpg6 mouse model, Atmin’s loss of function was found to have 

no effect on Wnt4 mRNA expression (Goggolidou, Paraskevi et al., 2014). ATMIN was 

identified as an ARPKD modulator that also influenced lung growth and stability 

(Goggolidou, Paraskevi et al., 2014). ATMIN depletion was found to impair lung 

morphogenesis in mouse mutants (Goggolidou et al., 2014).  

4.2 Aims and Objectives 
In this chapter, the human alveolar epithelial cell line A549 was used to examine the 

involvement of WNT4 in both canonical and non-canonical Wnt signalling pathways in 

the lungs. WNT4, ATMIN, and ATMIN/WNT4 were knocked down in the A549 cell line 

to investigate the relationship between ATMIN and WNT4 in the lungs through mRNA 

expression analysis, as well as their interaction with other key genes such as PKD1 

and IFT88. The impact of WNT4 and ATMIN on proliferation, apoptosis, adhesion, 

migration, and cytoskeletal reconfiguration was subsequently examined. To determine 

the involvement of WNT4 and ATMIN in lung cell morphology, experiments were 

conducted, and various aspects of the cell's physical traits were also analysed. 
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4.3 Results 

4.3.1 The WNT4 knockdown upregulates the PKD1 and ATMIN mRNA 
expression, while ATMIN knockdown causes no change and the double 
knockdown downregulates PKD1 expression 

WNT4 was knocked down in A549, human alveolar epithelial cells. Upon mRNA 

knockdown validation, WNT4 mRNA expression was observed to decrease by 

80% (p value = 0.0021) (Figure 1A). All the following mRNA expression 

analyses and functional analyses were conducted under the same knockdown 

condition. For mRNA expression analysis, the modifiers of ARPKD, PKD1 and 

ATMIN, along with the ciliary gene IFT88, were checked through qRT-PCR. 

Both PKD1 and ATMIN were found to be significantly increased by 0.8 fold (p 

value = 0.03)and 1.4 fold (p value= 0.01), respectively (Figure 14A). No 

significant changes were detected in IFT88 expression (Figure 14A). 

Analysis of the AtminGpg6 mouse showed lung abnormalities, and alterations in 

the PCP pathway were also observed (Richards, Taylor et al., 2019). Due to the 

high mRNA change of ATMIN detected in the WNT4 knockdown, along with 

RNA sequencing results from 4-month-old Pkhd1T36M/T36M mice showing 

downregulated Atmin, both ATMIN and ATMIN/WNT4 double knockdowns were 

performed. In the validation test, ATMIN was found to be knocked down by 90% 

in both the single and double knockdown conditions (Figure 14B, 14C). The 

knockdown percentage for WNT4 in the double knockdown was the same as in 

the single knockdown (Figure 14C). 

No significant changes were detected in the mRNA expression of WNT4, 

WNT11, PKD1, or IFT88 in the ATMIN single knockdown (Figure 14B). 
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However, in the double knockdown, PKD1 was significantly downregulated by 

0.9 fold ( p value= 0.050) and IFT88 was significantly upregulated by 1.6 folds 

(p value = 0.02) (Figure 1C). 

A)          B) 

           

C) 

 

Figure 14: The observed mRNA expression changes shed light on the possible connection between WNT4, 
ATMIN and other Wnt signalling proteins. A) mRNA expression of PKD1 and ATMIN is upregulated by 0.8 

fold and 1.4 fold respectively in 80% knockdown of WNT4, while no change is found in the expression of 
IFT88, B) In the ATMIN knock downed cell with 90% downregulation, no change is found in mRNA expression 
of WNT4, WNT11, PKD1 and IFT88, C) However, in the double knockdown of ATMIN and WNT4 with similar 
knockdown percentages, PKD1 is downregulated by 0.95 fold and IFT88 is upregulated by 1.9 fold. (n=3, T.test 

is done with 2,2 basis:  ** P≤ 0.01, * P ≤ 0.05 and non-significant ns P≤ 0.05,  Error bar represents SEM) 

 

4.3.2 WNT4 knockdown decreases both apoptosis and proliferation while 
the WNT4/ATMIN double knockdown increases both apoptosis and 
proliferation.  

In the lungs, active Wnt/β-catenin signalling promotes proliferation and survival of 

alveolar epithelial cells and improves the lungs repair (Liu, Jiaqi et al., 2022). In order 

to evaluate the proliferative index of the cells, the Phosphohistone H3 protein was 

stained and cell were counted from images taken. In the ATMIN knockdown, no effect 

on proliferation was observed. However, in the WNT4-ATMIN double knockdown, 
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proliferation was upregulated by 0.3 fold (Figure 15A, 15D) (p value= 1.20239E-08). 

In contrast, WNT4 knockdown caused a 0.2 fold (p value= 0.04) downregulation in 

proliferation (Figure 15A, 15B). 

A) 

                      

                      

                       

                         

C)     D)    E) 
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Figure 15: Proliferation is downregulated in WNT4 knockdown, ATMIN does not affect proliferation, 
while it is upregulated in WNT4/ATMIN double knockdown. The cells are stained with DAPI and Anti-
Phospho histone H3, A) Dapi, PH3 and merged staining images for Scramble, WNT4 knockdown, ATMIN 
knockdown and WNT4-ATMIN double knockdown. B) Proliferation is downregulated by 0.2 fold in WNT4 

knockdown, C) Proliferation is not affected in ATMIN knockdown and D) Proliferation is upregulated by 0.4-
fold in WNT4-ATMIN knockdown (n=3, T.test is done with 2,2 basis:  ****  P ≤ 0.0001, * P ≤ 0.05 and non-

significant ns P≤ 0.05, Error bar represents SEM) 

 

Wnt signalling was observed to regulate apoptosis through various mechanisms, 

particularly in both the early and late stages of apoptosis (Pećina-Slaus, Nives., 2010). 

In most cases, apoptosis was positively regulated by the canonical Wnt signalling 

pathway (Ma, Qinmei et al., 2023).Similar to proliferation, cells were stined by Cleaved 

caspaxe-3 protein and apoptotic index were calculated from images. Apoptosis was 

found to be downregulated by 0.4 fold in the WNT4 knockdown (Figure 16A, 16B). 

Similarly, in the ATMIN knockdown, apoptosis was downregulated by 0.6 fold (p value 

= 0.003) (Figure 16A, 16C). However, in the WNT4-ATMIN double knockdown, 

apoptosis was upregulated by almost 1-fold (Figure 16A, 16D)(p value = 0.1) (Figure 

2C, 2F). 
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Figure 16: Apoptosis is downregulated in WNT4 and ATMIN knockdown, while it is upregulated in 
WNT4-ATMIN double knockdown. The cells are stained with DAPI and Cleaved caspase 3, A) Dapi, CC3 and 

merged staining images for Scramble, WNT4 knockdown, ATMIN knockdown and WNT4-ATMIN double 
knockdown B) Apoptosis is downregulated by 0.4 fold in WNT4 knockdown, C) apoptosis is downregulated by 
0.6 fold in ATMIN knockdown and D) apoptosis is upregulated by almost 1-fold in WNT4-ATMIN knockdown 

(n=3, T.test is done with 2,2 basis:  ** P≤ 0.01, Error bar represents SEM) 

 

Canonical Wnt signalling has been proposed to regulate cell adhesion by stabilizing 

β-catenin, a key component of adherents junctions. However, cell adhesion is also 

influenced by several other factors, including extracellular matrix components and 

signalling interactions beyond adherents junction proteins (Amin, Nancy, and Elizabeth 

Vincan, 2012). One of the simple methods used to detect cell adherence was staining 

live cells with crystal violet dye (Feoktistova, Maria et al., 2016). No significant changes 

were found in the WNT4 knockdown, ATMIN knockdown, and the double knockdown 

(Figure 17A, 17B, 17C). 

A)                                                                                 B)  

                           

 

C) 
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Figure 17: Adhesion is not significantly changed in WNT4 and ATMIN, both single and double 
knockdown. A) In the WNT4 single knockdown, the adhesion is downregulated by just 6% and its not 

significant. B) It is non-significantly upregulated by 40% in ATMIN knockdown and C) similarly, it is non 
significantly upregulated by 30% in WNT4-ATMIN double knockdown (n=3, non-significant: ns P≤ 0.05, Error 

bar represents SEM) 

The migration and directional movement of cells are regulated by the non-canonical 

Wnt signalling pathway (Komiya, Yuko, and Raymond Habas, 2008). The Wnt 

signalling pathway also plays an important role in lung repair (Raslan, Ahmed A, and 

Jeong Kyo Yoon, 2020). A wound healing assay or scratch assay was used to measure 

cell migration and repair/healing in vitro (Liang, Chun-Chi et al., 2007). In the WNT4 

knockdown, migration was downregulated by 0.6 fold (p value = 0.001) (Figure 18A), 

while ATMIN knockdown did not affect cell migration (Figure 18B). Similar to the WNT4 

knockdown, migration in the WNT4-ATMIN double knockdown was downregulated by 

0.6 fold (p value = 0.02) (Figure 18C). Double knockdown cells appeared unhealthy 

following the scratch assay, indicating the need for additional viability assessment. 

This will require further validation in future experiments to confirm the observed 

effects. 
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B)                                           C)                                              D) 

     

Figure 18: Migration is downregulated by 0.6 fold in both WNT4 and WNT4-ATMIN double knockdown. 
A) The migration of cells in Scrambled, WNT4, ATMIN single and double knockdown between time 0 and time 
24h B)In the WNT4 knockdown, migration is downregulated by .6 fold, C) In the ATMIN knockdown, there is 

no significant change in migration of cell, D) while in the WNT4-ATMIN knockdown, the migration is 
downregulated by 0.6 fold ( (n=3, T.test is done with 2,2 basis:  ** P≤ 0.01, * P ≤ 0.05. non-significant: ns P≤ 

0.05, Error bar represents SEM) 

 

4.3.3 The WNT4 knockdown increases the cell size and area, whereas no 
change is found in both the ATMIN and double knockdowns 

WNT4 is known for its dual role in both canonical and non-canonical Wnt signalling 

pathways. The non-canonical pathway, especially the Planar Cell Polarity pathway, is 

responsible for cytoskeletal formation and remodelling (Shi, De-Li., 2024). The 

cytoskeleton is composed of intermediate filaments, actin filaments, and microtubules 

(Chazotte, Brad., 2010). Phalloidin, a mushroom-derived fluorescent toxin, was used 

to label the F-actin component of the cytoskeleton (Chazotte, Brad., 2024). 

Additionally, cytokeratin was labelled. Cytokeratin, the largest group of intermediate 

filaments, is mainly expressed in epithelial cells and is responsible for the maintenance 

of epithelial structure (Fuertes, L et al., 2013). 

In the WNT4 knockdown, no change was observed in phalloidin intensity and 

distribution, but cytokeratin expression over the nucleus was significantly increased by 

0.2-fold (p value = 0.05) (Figure 19B). In the ATMIN knockdown, overall phalloidin 

expression across the cytoplasm was decreased by 0.2-fold (p value = 0.04), and 
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cytokeratin localisation over the nucleus was also decreased by 0.2-fold (p value= 

0.0006), significantly concentrating cytokeratin over the nucleus rather than the 

cytoplasm by 0.2-fold (p value=8.17776E-05) (Figure 19C). In the WNT4-ATMIN 

double knockdown, no significant difference was found in either overall expression or 

localisation of both phalloidin and cytokeratin (Figure 19D). 

Using the same images, the overall size of the cell was measured by calculating cell 

parameters such as length, width, length-width ratio, total area, total perimeter, and 

circularity. This analysis also helped in assessing cell elongation. In the WNT4 

knockdown, the overall area was significantly increased by 0.6-fold (p value= 

3.68691E-05), while length, width, and perimeter were significantly increased by 0.25-

fold ( p value =  0.03, 0,0009, 0.0002 respectively) (Figure 19C). In both ATMIN and 

WNT4-ATMIN knockdowns, no significant differences were observed in overall cell 

perimeter (Figure 19C, 19D). 
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C) 

      

D) 

         
Figure 19: Cytoskeletal expression analysis in WNT4, ATMIN single and double knockdown. A) The cells 

were stained with DAPI, PHALLOIDIN, and CYTOKERATIN, and all three images were stacked into a 3D 
merged image for scrambled, WNT4 single knockdown, ATMIN single knockdown, and WNT4-ATMIN double 

knockdown conditions. B) Three graphs from WNT4 single knockdown showed cell parameters, where area was 
upregulated by 0.6-fold, while length, width, and perimeter increased by 0.3-fold. Additional graphs for 

PHALLOIDIN and CYTOKERATIN intensity analysis over the nucleus, cytoplasm, and their ratio indicated 
that CYTOKERATIN intensity over the cytoplasm was upregulated by 0.4-fold. C) Three graphs from ATMIN 
single knockdown showed no significant changes in cell parameters. Additional graphs for PHALLOIDIN and 
CYTOKERATIN intensity analysis over the nucleus, cytoplasm, and their ratio revealed that PHALLOIDIN 

intensity over the nucleus was downregulated by 0.27-fold, while CYTOKERATIN intensity over the nucleus 
was downregulated by 0.2-fold. Moreover, CYTOKERATIN localization over the nucleus was found to be 0.2-

fold lower than over the cytoplasm. D) Three graphs from WNT4-ATMIN double knockdown showed no 
significant changes in cell parameters. Additional graphs for PHALLOIDIN and CYTOKERATIN intensity 

analysis over the nucleus, cytoplasm, and their ratio indicated no changes in PHALLOIDIN or CYTOKERATIN 
intensity. However, CYTOKERATIN localization over the nucleus was found to be 0.1-fold lower than over the 
cytoplasm. (n=3, T.test is done with 2,2 basis:  ****  P ≤ 0.0001, ***  P ≤ 0.001 ** P≤ 0.01, * P ≤ 0.05 and non-

significant ns P≤ 0.05,  Error bar represents SEM) 

4.4 Discussion 
This work generated a significant volume of data on the WNT4-ATMIN relationship in 

the lung. ATMIN expression was elevated in the WNT4 knockdown, although WNT4 

was unaffected in the ATMIN knockdown (Table 11). As a result, ATMIN is suggested 

to be downstream of WNT4, and WNT4 is proposed to either directly or indirectly inhibit 

ATMIN. This was found to be analogous to the kidneys of the AtminGpg6/Gpg6 mouse, in 
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which Wnt4 was unaffected by Atmin loss of function. This differed from the 4-month-

old Pkhd1T36M/T36M mouse lungs, where both WNT4 and ATMIN were downregulated.  

 

 

Table 11 : Summarizing mRNA expression in different knockdown models. 

 

In the WNT4/ATMIN double knockdown, IFT88 was altered (Table 11). Changes in  IFT 

proteins are known to result in ciliary abnormalities. The loss of IFT88 function was 

suggested to cause airway remodelling and was found to result in non-inflammatory 

bronchiectasis and hyperreactive airways (Gilley, Sandra K et al., 2014). Loss of 

function of IFT88 was observed to inhibit club cell differentiation into epithelial cells, 

resulting in club cell accumulation and airway epithelial cell hypertrophy and 

hypoplasia (Gilley, Sandra K et al., 2014). 

The disrupted airway, along with a ciliary abnormality, is proposed to impair mucociliary 

clearance (Bustamante-Marin, Ximena M, and Lawrence E Ostrowski., 2017). ARPKD 

patients can be more susceptible to infections and to develop chronic inflammatory 

disorders due to impaired mucosal clearance. In the long run, tissue damage and lung 

failure might result (Stevens, Elizabeth M et al., 2020). 

ATMIN depletion was found to impair protection against oxidative stress and DNA 

repair, resulting in ROS buildup and DNA damage (Kanu, Nnennaya et al., 2010; Guo, 
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Chunyan et al., 2013). Increased ROS generation was observed to cause 

mitochondrial damage and malfunction (Guo, Chunyan et al., 2013). IFT88 was found 

to be important in mitochondrial function; its downregulation was reported to reduce 

oxidative phosphorylation capability, induce defective fatty acid oxidation, and 

decrease ATP production (Fujii, Rie et al., 2020). Mitochondrial failure in many lung 

cell types was suggested to cause disorders such as asthma, chronic obstructive 

pulmonary disease (COPD), pulmonary fibrosis, and lung cancer (van der Vliet, Albert 

et al., 2018). 

IFT88 delocalisation was observed in cystic fibrosis patients. This was suggested to 

be caused by impaired mucociliary clearance, an intercellular trafficking problem, or 

altered Hedgehog signalling due to dysregulated IFT88 protein expression (Stevens, 

Elizabeth M et al., 2020; Kim, Eunjoo et al., 2022 ). The above collectively suggest a 

potential role of ATMIN and IFT88 in ARPKD. 

PKD1 mRNA expression was downregulated in the WNT4 knockdown, whereas its 

upregulation was observed in the double knockdown; both scenarios might disrupt 

calcium influx into cells. PKD1 (Polycystin-1) was identified as a receptor that 

associated with Polycystin-2 and functioned as a calcium-permeable ion channel (Kim, 

Seokho et al, 2016). Calcium signalling in airway epithelial cells was suggested to 

mediate and orchestrate inflammatory and immune responses by stimulating the 

production and release of chemokines, cytokines, and prostaglandins from the airway 

epithelium; its dysregulation was linked to asthma, chronic obstructive pulmonary 

disease, and pulmonary fibrosis (Jairaman, Amit, and Murali Prakriya, 2024). 

Calcium signalling was suggested to be important in surfactant formation, and its 

disruption due to improper inflow was proposed to weaken lung stability and induce 
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disorders in old age (Jairaman, Amit, and Murali Prakriya, 2024). The increased 

permeability and high frequency and amplitude of cytosolic Ca2+ oscillations, 

particularly in the WNT4/ATMIN knockdown where PKD1 was upregulated, were 

identified as key contributors to acute lung injury (Hao, Ying et al., 2022). 

Regarding the affected cellular processes, apoptosis was found to be elevated in the 

double knockdown (Table 12), possibly due to PKD1 overexpression (Table 12). 

According to Asaithambi, Arunkumar et al. (2011), PKD1 was suggested to serve as 

both an anti- and pro-apoptotic factor depending on the cell type and environment. 

The downregulation of apoptosis in both WNT4 and ATMIN knockdowns (Table 12) 

suggested that apoptosis was occurring downstream of both WNT4 and ATMIN. Both 

WNT4 knockdown and double knockdown resulted in an apoptosis-proliferation 

imbalance (Table 12), which is linked to a variety of disorders. 

 

 
Table 12: Summary of functional analysis in WNT4 and ATMIN single and double knockdown 

 

During lung development, an imbalance between apoptosis and proliferation was 

suggested to alter bud size and shape, influencing branching morphogenesis (Dean, 
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Charlotte H et al., 2005). Proliferation was considered essential, and its 

overexpression was suggested to result in overgrowth and malformed buds. During 

the alveolar stage, increased proliferation and apoptosis were reported to cause 

widespread alveolar septation and barrier weakening, altering alveolar size and shape, 

as well as causing a malfunctioning barrier (Del Riccio, Veronic et al., 2004). Apoptosis 

and proliferation were found to increase and decrease during lung development for 

angiogenesis and proper vascular network construction, and elevated proliferation 

was suggested to hinder normal vascular growth (Del Riccio, Veronic et al., 2004). 

Emphysema was characterised by prominent apoptosis, whereas undesired 

proliferation was linked to lung fibrosis and pulmonary hypertension (Ryter, S.W., Kim, 

H.P., Choi, A.M.K., 2009). Apoptosis was found to be upregulated in the early stages 

of COPD (Demedts, Ingel K et al., 2006). In bronchopulmonary dysplasia, the 

proliferation-apoptosis imbalance was exhibited as increased proliferation, whereas 

increased apoptosis was observed to worsen the condition (Del Riccio, Veronic et al., 

2004). Imbalanced proliferation and apoptosis were suggested to contribute to age-

related lung illnesses (Ancer-Rodríguez, Jesús et al., 2024). 

Cell size was found to be increased in WNT4 knockdown cells. Interestingly, in the 

WNT4-ATMIN double knockdown, cell size was restored to normal, while cell adhesion 

remained unaffected across WNT4, ATMIN, and double knockdown conditions. 

Instead, cytokeratin expression was elevated in the WNT4 knockdown, but returned 

to normal levels in the double knockdown. This suggests that the observed cell size 

alterations were more likely due to increased cytoskeletal protein expression rather 

than changes in adhesion protein levels. 
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Among cytoskeletal components, the cortical actin cytoskeleton plays a key role in 

determining cell size and shape, particularly through actin polarization during cell 

division (Daeden, Alicia et al., 2023). The use of phalloidin staining, which specifically 

labels F-actin, allowed visualization of the cortical actin network—a thin layer of 

filamentous actin just beneath the plasma membrane (Luo, Zhen-Hong et al., 2024; 

Rivero, F. et al., 1996). Rivero et al. (1996) demonstrated that F-actin actively 

contributes to defining cell morphology. 

Furthermore, Wnt signalling has been implicated in regulating actin polymerization and 

polarity. In a study by Chai, Yongping et al. (2022), Wnt signalling was shown to 

influence actin dynamics during cell division, thereby affecting cell shape and size. 

Based on this, our findings suggest that WNT4 may influence cell size through 

modulation of the cortical actin cytoskeleton. However, the mechanism by which 

ATMIN counteracts the cell size increase observed in WNT4 knockdown remains 

unclear. These results raise the possibility that ATMIN may act downstream or parallel 

to WNT4, contributing to the preservation of cell morphology, potentially by stabilizing 

cytoskeletal organization. 

Cell size changes affect cellular stiffness, extracellular matrices, and 

mechanotransduction. Increased cell stiffness was reported in pulmonary fibrosis (He 

et al., 2024; Li et al., 2023). The aggregation of ECM components such as collagen 

and elastin was observed to alter tissue elasticity and viscoelasticity, influencing gas 

exchange. In the long run, patients were suggested to be at risk of developing anaemia 

(Chen & Zhu, 2024; Burgess & Gosens, 2024). Epithelial-mesenchymal transition 

(EMT), a factor in fibrosis, increased in larger cells due to changes in the 

mechanotransduction pathway, altering cellular responsiveness (Li et al., 2023; 
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Burgess & Gosens, 2024). Mechanical changes in cells were suggested to act as 

feedback loops, exacerbating lung fibrosis (He et al., 2024; Chen & Zhu, 2024). 

Cytoskeletal dysorganisation was suggested to be present in pulmonary fibrosis, 

increasing the risk of mild Pulmonary hypertension (Wang et al., 2024). Specifically, 

significant variants in microtubule organisation genes were identified in PF patients 

(Wang et al., 2024). Cytoskeletal remodelling of lung cells was suggested to cause 

aberrant fibroblast activation, leading to excessive extracellular matrix deposition, a 

hallmark of pulmonary fibrosis (Niu et al., 2024). 

Changes in cell permeability were suggested to affect inflammatory responses and 

cause barrier failure, resulting in lung inflammation and injury (Taniguchi et al., 2010). 

Patients were suggested to be prone to lung infections. Most cytoskeletal alterations 

were detected during lung injury, indicating a role in cellular responses to damage and 

healing processes (Ferrer-Navarro et al., 2018). 

4.4 Conclusion 
The study suggests that WNT4 and ATMIN are related to each other and have the 

potential to affect lung function. The observed mRNA expression analysis indicated 

that ATMIN was downstream of WNT4 and that ATMIN inhibition might be regulated 

by WNT4. WNT4 and ATMIN might be involved in the regulation of process like the 

apoptosis-proliferation balance and cytoskeletal remodelling. The dysregulation of 

cellular pathways found in this knockdown study, including IFT88 expression, PKD1- 

expression and the apoptosis-proliferation balance, suggests that lung pathology 

might be influenced by WNT4 and ATMIN. Further in vivo studies are required to 

establish a direct connection between these changes and PKHD1 mutations found in 

ARPKD patients. 
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CHAPTER 5 

Understanding the relationship between WNT11 and PKD2 in A549, 
human alveolar epithelial cells 

 

5.1 Introduction 
WNT11 was identified as a non-canonical Wnt signalling ligand (Pandur, Petra et al., 

2002; Wang, Jingcai et al., 2020). WNT11, like WNT4, was discovered to co-

immunoprecipitate with Vangl2, the core PCP protein, indicating a physical interaction 

and association (Messéant, Julien et al., 2017. One of the genes identified in both RNA 

sequencing and mRNA expression studies in 4-month-old Pkhd1T36M/T36M mice was 

Foxf1 (S. Malik, personal communication), and it was also highlighted that Foxf1 is an 

activator of the Wnt11 gene (Goggolidou et al., 2014a; Richards et al., 2019; Nagy et 

al., 2016). Wnt11 was located at 11q13.5 and was often involved in organogenesis, 

particularly the formation of the kidney, lung, and heart. WNT11 levels were high at the 

cellular level in growing skeletal cells, lung mesenchyme, and the tip of the urethra 

(Lako, M et al., 1998). WNT11 had a tight association with mitochondrial integrity, and 

its overexpression was found to reduce hypoxia-induced apoptosis and necrosis (Li, 

Hong-Xia et al., 2020). Other biological processes regulated by Wnt11 included cell 

differentiation, cell proliferation, cell migration, and E-Cadherin expression (Tenjin, 

Yuki et al., 2019; Kim, JuHwan et al., 2020). Interestingly, WNT11 activation via non-

canonical signalling was found to enhance angiogenesis by boosting blood vessel 

development (Wang, Jingcai et al., 2020). Induced pulmonary fibrosis mice exhibited 

elevated levels of both WNT11 and activated JNK protein; it was hypothesised that 

WNT11 promoted myofibroblast differentiation via a non-canonical signalling pathway, 



103 
 

playing an important role in the development of pulmonary fibrosis (Liu, Tianju et al., 

2021). 

PKD2 was initially discovered in ADPKD patients by Mochizuki in 1996. PKD2 

mutation, which was the second most common cause of ADPKD after PKD1, was 

found to affect approximately 15% of patients (Cornec-Le Gall, Emilie et al., 2018). 

PKD2 was mostly expressed in renal tubules, as well as epithelial cells in the liver, 

lung, colon, brain, reproductive organs, and other tissues (Ong, A C et al., 1999). 

Polycystin-2 was identified as a transmembrane protein encoded by PKD2, and it was 

closely related to Polycystin-1, a protein product of PKD1. The coiled domain of PC-2 

was observed to interact with PC-1, and together they served a key function in cellular 

Ca2+ signalling (Casuscelli, Jozefina et al., 2009). 

PKD2 overexpression in the lungs was linked to acute lung injury by boosting cytokine 

production, changing inflammatory factors, and triggering autophagy in lung epithelial 

cells (Pan, Fan et al., 2023). Even though the severity and clinical manifestation of 

ARPKD patients was associated with the presence of an extraPKD2 mutation, no clear 

link had been shown thus far (Liebau, 2021). 

5.2 Aims and Objectives 
The primary goal of this chapter was to understand the distinct roles of WNT11 and 

PKD2 in lung alveolar epithelial cells, as well as the influence of WNT and PKD2 on 

each other and on other critical genes such as ATMIN, IFT88, and PKD1. mRNA 

expression analysis was performed for WNT11 and PKD2 single knockdown cells as 

well as WNT11-PKD2 double knockdown cells in order to create a basic relationship 

chart, while functional analysis such as apoptosis, adhesion, and scratch assays were 
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used to determine the functional impact of WNT11 and PKD2 individual knockdown 

and double knockdown on basic cellular processes.  

5.3 Results 

5.3.1 WNT11 knockdown downregulates PKD2 mRNA expression, but no 
changes were found in WNT11 expression in the PKD2 knockdown  

WNT11 was knocked down in the A549 cell line, and upon mRNA knockdown 

validation, WNT11 mRNA expression was found to be reduced by 85% (Figure 20A). 

Similarly, PKD2 was knocked down, and validation revealed that PKD2 mRNA 

expression was reduced by 90% (Figure 20B). The WNT11-PKD2 double knockdown 

experiment was conducted under the same conditions, and validation was similar to 

single knockdown (Figure 20C). All of the following mRNA expression and functional 

analyses were carried out under comparable knockdown conditions. 

In the WNT11 knockdown, PKD2 was downregulated by 0.6 fold (p value = 0.02) 

(Figure 20A), while no significant changes were observed in PKD1, ATMIN, or IFT88 

(Figure 20A). Similarly, in the PKD2 knockdown, no significant changes were found in 

ATMIN, PKD1, or IFT88, although WNT11 was borderline non-significantly (p=0.06) 

downregulated by 0.5 fold (Figure 20B). Interestingly, in the WNT11-PKD2 double 

knockdown, PKD1, ATMIN, and IFT88 were all considerably downregulated by 0.3, 

0.8, and 0.9 fold, respectively ( p value= 0.05, 0.0002, 0.0006, respectively)(Figure 

20C). 
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A)          B) 

 

             C) 

 

Figure 20: mRNA expression changes observed lights the possible connection between WNT11, PKD2 and 
other Wnt signalling proteins. A) mRNA expression of PKD2 is downregulated by 0.4 fold in 85% 

knockdown of WNT4, while no change is found in the expression of IFT88, ATMIN and PKD1, B) In the PKD2 
knock downed cell with 90% downregulation, no change is found in mRNA expression of WNT11, PKD1, 
ATMIN and IFT88, C) However, in the double knockdown of PKD2 and WNT11 with similar knockdown 

percentages, PKD1,ATMIN and IFT88  is downregulated by 0.3, 0.8 and 0.9-fold, respectively. (n=3, T.test is 
done with 2,2 basis:  ****  P ≤ 0.0001, ***  P ≤ 0.001 ** P≤ 0.01, * P ≤ 0.05 and non-significant ns P≤ 0.05,  

Error bar represents SEM) 

 

5.3.2 WNT11 knockdown downregulates apoptosis and upregulates 
adhesion, PKD2 knockdown downregulates apoptosis and migration while 
double knockdown downregulates only the migration of epithelial cells 

Non-canonical WNT signalling was shown in lung cells to negatively regulate the 

apoptosis process, whereas PKD2 was found to promote multiple kinds of cell death 

in the majority of lung cells (Pan, Fan et al., 2023; Liu, Yong et al., 2024; Li, Changgong 

et al, 2015). To find the apoptosis index for each knockdown condition, the cell were 

stained  for Cleaved caspase-3 protein. Interestingly, the apoptosis index was reduced 

by 0.6-fold (p value = 0.0001) in WNT11 knockdown (Figure 21A, 21B), and by 0.4-

fold (p value= 6.7E0.5) in PKD2 knockdown (Figure 21A, 21C). No significant 

differences were detected in the WNT11-PKD2 double knockdown (Figure 21A, 21D). 
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   Figure 21: Apoptosis is downregulated in WNT4 and ATMIN knockdown, while no change is found in 
WNT4-ATMIN double knockdown. The cells are stained with DAPI and Cleaved caspase 3, A) Dapi, CC3 and 

merged images for scrambled, WNT4 knockdown, ATMIN knockdown and WNT4-ATMIN knockdown. B) 
Apoptosis is downregulated by 0.6 fold in WNT11 knockdown, C) apoptosis is downregulated by 0.4 fold in 

PKD2 knockdown and D) no significant change in apoptosis index in WNT4-ATMIN knockdown (n=3, T.test is 
done with 2,2 basis****  P ≤ 0.0001, Error bar represents SEM) 

Non-canonical WNT signalling, particularly modifications in the Planar Cell Polarity 

pathway, was found to cause changes in adhesion proteins and, hence, cell adhesion 

by altering cytoskeletal structure and arrangement (Zhang, Kuan et al., 2022). Crystal 

violet dye was used to detect both live and attached cells (Feoktistova, Maria et al., 

2016). Adhesion cell population was increased by 60% (p value = 0.05) in the WNT11 

knockout cells (Figure 22A); however, no changes were observed in the PKD2 

knockdown and double knockdown cells (Figure 22B, 22C). 

A)      B)                            C) 

               

Figure 22: Adhesion is significantly increased in WNT11 and no changes were found in PKD2 single and 
WNT11-PKD2 double knockdown. A) In the WNT11 single knockdown, the adhesion is upregulated 60%. B) It 

is non-significantly downregulated by 10% in PKD2 knockdown and C) similarly, it is non significantly 
upregulated by 7% in WNT11-pkd2 double knockdown (n=3, non-significant: * P ≤ 0.05, ns P≤ 0.05, Error bar 

represents SEM) 

The non-canonical Wnt signalling pathway was found to regulate cell migration and 

directional movement. The fold change was measured using the wound healing or 

scratch assay. WNT11 knockdown had no significant effect on cell migration (Figure 

23B), whereas the PKD2 knockdown and WNT11-PKD2 double knockdown reduced 

cell migration by 0.4-fold (p value = 0.01) (Figure 23C, 23D). 
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B)                                                    C)                                                                D) 

         

Figure 23: Migration is downregulated by 0.6 fold in both PKD2 and WNT11-PKD2 double knockdown. 
A) The migration of cells in Scrambled, WNT11, PKD2 single and double knockdown between time 0 and time 

24h B) Scratch In the WNT11 knockdown, no significant change in migration of cell, C) In the ATMIN 
knockdown, the migration is downregulated by 0.4 fold, D) while in the WNT4-ATMIN knockdown, the 

migration is downregulated by 0.4 fold ( (n=3, T.test is done with 2,2 basis* P ≤ 0.05. non-significant: ns P≤ 
0.05, Error bar represents SEM) 

5.4 Discussion 
The WNT11 knockdown resulted in a drop in PKD2 levels, while the PKD2 knockdown 

did not alter WNT11 expression, suggesting that PKD2 may be downstream of WNT11. 

Interestingly, even though the change in WNT11 was non-significant in PKD2 

knockdown, it was borderline with a p-value of 0.06 and a difference of 0.4-fold, 

indicating that there was a possibility of biological interaction between the two and that 

they may have been regulating each other. Increasing the sample size or conducting 

additional experiments such as co-immunoprecipitation would aid in further 

understanding the relationship. 

In the double knockdown, ATMIN, PKD1, and IFT88 were significantly downregulated. 

All three are known to play a crucial part in cilia. ATMIN is involved in the transcription 

of ciliogenesis-related genes such as DYNLL1, PKD1 mutations are linked to ADPKD, 

a known ciliopathy, and IFT88 is important for intraflagellar transport and cilia 

assembly and maintenance (Goggolidou et al., 2014; Rosa et al., 2023; Driscoll et al., 

2008; Delaval, Benedicte et al., 2011). ATMIN and IFT88 were both observed to result 

in shortened or incomplete cilia formation (Goggolidou, Paraskevi et al., 2014; Delaval, 
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Benedicte et al., 2011). In severe situations, this was found to cause primary ciliary 

dyskinesia, whereas in milder cases, it was found to limit mucociliary clearance, 

resulting in recurring chest infections, lung damage, or COPD (Tilley, Ann E et al., 

2015; Petit, Laure M G et al., 2013). 

Downregulation of both IFT88 and ATMIN increased the likelihood of disruption in 

Hedgehog signalling. Pulmonary agenesis and hypoplasia are relatively rare 

conditions related to both WNT and HH signalling (Goggolidou, Paraskevi et al., 2014; 

Chang, Ching-Fang, and Rosa Serra., 2013). Hedgehog signalling was found to be 

critical for cell proliferation, differentiation, migration, and cell persistence. Disruptions 

in the Hh signalling system were observed to cause airway asthmatic remodelling 

(Zeng, Ling-Hui et al., 2022; Fernandes-Silva, Hugo et al., 2017). On the other hand, 

because it targeted pathogens, the disturbance was suggested to have had an impact 

on tissue regeneration and immune-related illnesses. 

Other airway lung disorders linked to abnormal Hh signalling included bronchial or 

tissue fibrosis, lung cancer, and pulmonary arterial hypertension (Zeng, Ling-Hui et al., 

2022). One of the Hedgehog proteins, Sfrp5, an antagonist of the canonical signalling 

pathway, was suggested to have been altered by IFT88 decrease, resulting in 

increased Wnt canonical signalling (Chang, Ching-Fang, and Rosa Serra, 2013). The 

reduction in IFT88 was also found to create a mitotic problem in the cells. Its principal 

function was to transport microtubules to spindle poles, and its reduction was observed 

to affect spindle orientation, as well as the cell cycle and division (Delaval, Benedicte 

et al., 2011). 

Individually, both WNT11 and PKD2 knockdowns were found to reduce apoptosis. 

Apoptosis was relevant in the majority of lung disorders in two ways: by producing 
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inflammation due to failure to clear undesirable cells and delaying the repair process, 

or by excessive apoptosis, which was found to lead to pulmonary fibrosis. Apoptosis 

of type 1 alveolar and endothelial cells was observed to cause acute respiratory 

distress syndrome (ARDS) and acute lung injury (Matute-Bello G, Liles WC, Frevert 

CW, et al., 2001; Hagimoto N, Kuwano K, Miyazaki H, et al., 1997; Matute-Bello G, 

Winn RK, Jonas M, Chi EY, Martin TR, Liles WC., 2001). 

Severe bronchial asthma is found to be caused by either excessive apoptosis and loss 

of columnar epithelial cells or insufficient apoptosis and airway inflammation, as well 

as inflammatory cell infiltration into submucosal tissue (Bucchieri F, Puddicombe SM, 

Lordan JL, et al., 2002). Other disorders marked by aberrant apoptosis in numerous 

lung cell types included pulmonary emphysema and COPD (Hogg JC, Chu F, 

Utokaparch S, et al., 2004; Henson PM, Cosgrove GP, Vandivier RW, 2006; Aoshiba 

K, Yokohori N, Nagai A., 2003). 

The WNT11 knockdown was found to trigger an increase in cell adhesion. In this 

context, cell adhesion refers to the general increase in the attached cell population, 

which is closely associated with the function of adhesion proteins and interactions with 

the extracellular matrix in adherent cell types. Adhesion was closely linked to adhesive 

proteins. And the rise was suggested to have resulted in immunological complications 

and related illnesses such as inflammation (Hamacher, J, and T Schaberg, 1994). The 

changes were found to cause the accumulation of alveolar macrophages, which were 

linked to bronchial hyperreactivity and branchial asthma. They were also suggested to 

have caused the accumulation of eosinophils, which was associated with pulmonary 

fibrosis. Finally, due to a lack of immune activity, patients were observed to be 

susceptible to infection, acute lung injury, and pulmonary parenchyma (Hamacher, J, 

and T Schaberg, 1994). 
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Cell migration was identified as another biological activity that relied on adhesion and 

cytoskeletal reorganisation. It was emphasised that for cell migration, there should 

have been a formation followed by the development of new adhesions (Parsons, J 

Thomas et al., 2010). Surprisingly, WNT11 knockdown was found to have had no 

significant effect on migration, whereas the PKD2 knockdown and the WNT11-PKD2 

knockdown were found to have drastically reduced cell migration. Excessive cell 

migration was suggested to have promoted airway remodelling and constriction, while 

a low level was found to have led to failure in healing and increased susceptibility to 

infection. In the long run, this was proposed to have resulted in acute lung injury and 

lung failure (Xiao, Helan et al., 2012; Zhi-Ying Lv, Qi Meng, Lei-Miao Yin, 2022). 

5.5 Conclusion 
This study highlights a potential regulatory interaction between WNT11 and PKD2, 

suggesting that PKD2 may function downstream of WNT11. The observed 

downregulation of ATMIN, PKD1, and IFT88 in the double knockdown indicates a 

critical role for these genes in ciliogenesis and pulmonary function, with possible 

implications for ARPKD-related lung abnormalities. Modifications in these pathways 

may result in decreased mucociliary clearance, increased susceptibility to infections, 

and abnormal structures in the lung. Furthermore, altered apoptosis reveals a possible 

relationship to pulmonary fibrosis, ARDS, emphysema, asthma, and COPD, whereas 

enhanced cell adhesion in WNT11 knockdown indicates immunological dysfunction. 

Finally, reduced migration in PKD2 and double knockdown was found to suggest an 

impact on lung repair and regeneration. Collectively, these results suggest that WNT11 

and PKD2 may play critical roles in lung homeostasis. Further in vivo research is 

needed to corroborate these findings and determine their direct contribution to 
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ARPKD-associated lung disease, which could provide fresh insights into possible 

treatment targets. 
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Chapter 6 

Discussion 

6.1 Study perspectives 

6.1.1 The mutation in Pkhd1 causes disruption in Planar cell polarity 
pathway 

The Vangl2 and Scribble protein levels were found to be altered in the lungs of 9-

month-old Pkhd1T36M/T36M mice, whereas no changes were observed in Aquaporin-2 or 

E-cadherin protein levels. The Pkhd1T36M/T36M model was identified as an excellent 

representation of ARPKD, in which a substantial decrease in Fibrocystin levels was 

noticed. ARPKD patients were frequently reported to die during pregnancy due to 

pulmonary hypoplasia. The purpose of this study was to determine how lung 

phenotypes formed in ARPKD patients—whether they were a result of the enlarged 

kidney or the Pkhd1 mutation itself. 

The Pkhd1 T36M mutation was found to primarily influence the Planar Cell Polarity 

(PCP) pathway, a non-canonical Wnt signalling pathway, as evidenced by the 

abnormalities identified in 9-month-old and younger mice. Vangl2 and Scribble are 

recognized as core PCP signalling proteins, whereas Aquaporin and E-cadherin are 

well known for their association with canonical signalling. The PCP pathway is crucial 

for lung development, homeostasis, and repair, with mechanobiology playing a key 

role in airway branching morphogenesis (Cheong, Sek-Shir et al., 2020). It  primarily 

regulated asymmetrical cell organisation and directional tissue morphogenesis, and it 

was suggested to play a critical role in lung development, including branching 

morphogenesis, epithelial integrity, cilia orientation, alveolar formation, and vascular 

modelling (angiogenesis) (Vladar, Eszter K, and Melanie Königshoff., 2020). 
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Both Vangl2 and Scribble are involved in various stages of lung development, namely 

branching morphogenesis, alveolar development, mechanosignaling, and repair 

mechanisms (Kim, Sally Yunsun et al., 2024; Cheong, Sek-Shir et al., 2020; 

Poobalasingam, Thanushiyan et al., 2017). Disruption in epithelial cell layer 

arrangement, cytoskeletal defects, and airway narrowing have been observed as 

consequences of Vangl2 mutation, thus leading to changes in branching 

morphogenesis (Kim, Sally Yunsun et al., 2024). These defects are further 

exacerbated by impaired actin cytoskeleton remodeling, disruption in cell migration, 

and mechanosignaling dysfunction caused by Vangl2 mutation, with all the listed steps 

being essential for normal lung architecture (Kim, Sally Yunsun et al., 2024; Cheong, 

Sek-Shir et al., 2020). Interestingly, branching abnormalities and airway narrowing 

have also been observed in Scribble mutation (Yates et al 2013). Since both genes 

are disrupted in the Pkhd1T36M/T36M mouse lungs, similar lung morphogenetic changes 

can be expected. 

Vangl2 has also been implicated in alveologenesis, with its loss of function leading to 

a reduction in alveolar surface area and structural defects (Kim, Sally Yunsun et al., 

2024; Poobalasingam, Thanushiyan et al., 2017). In the Pkhd1T36M/T36M mouse lungs, 

some alveolar structural defects have been observed, which may be due to 

dysregulation of Vangl2 protein expression. Particularly, due to its involvement with 

the YAP/TAZ signaling, changes in Vangl2 have been suggested to cause airspace 

enlargement, altered elastin deposition, and increased macrophage activation 

(Cheong, Sek-Shir et al., 2020; Poobalasingam, Thanushiyan et al., 2017). Another 

change that has been identified includes a reduction in membrane-associated β-

catenin, leading to changes in cell adhesion and actin filament integrity, which 

subsequently affects alveolar septation (Cheong, Sek-Shir et al., 2020). 



116 
 

Regarding repair mechanisms, Vangl2Lp/+ mutants have exhibited a disorganized actin 

cytoskeleton, impaired wound healing, and defective alveologenesis (Cheong, Sek-

Shir et al., 2020; Poobalasingam, Thanushiyan et al., 2017). Due to their role in tissue 

repair, both Vangl2 and Scribble have been found to be significantly downregulated in 

the lungs of COPD patients (Poobalasingam, Thanushiyan et al., 2017). Notably, while 

Vangl2 has been identified as essential for PCP signaling, WNT5A has been observed 

to still promote cell migration in Vangl2 mutants, suggesting the involvement of 

alternative compensatory pathways (Cheong, Sek-Shir et al., 2020; Poobalasingam, 

Thanushiyan et al., 2017). 

Vangl2 has also been found to play a significant role in mechanosignaling, regulating 

cell polarity, focal adhesion size, localization, and traction force generation through 

RhoA signaling (Cheong, Sek-Shir et al., 2020; Poobalasingam, Thanushiyan et al., 

2017). Defective mechanical force generation has been observed in Vangl2 mutations, 

which has been suggested to further disrupt branching morphogenesis (Cheong, Sek-

Shir et al., 2020). Interestingly, M2 macrophage polarization has been detected in 

Vangl2Lp/+ lungs, implicating Vangl2 in immune regulation and tissue remodeling 

(Poobalasingam, Thanushiyan et al., 2017). 

It was previously hypothesized that the development of pulmonary hypoplasia in 

ARPKD newborns resulted from branching morphogenesis, alveologenesis, and 

angiogenesis defects, which were believed to be secondary effects of enlarged 

kidneys and oligohydramnios. However, this study has suggested that Pkhd1 

mutations might have directly contributed to pulmonary hypoplasia via a defective PCP 

pathway. 
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PCP dysfunction has been found to affect not only lung development but also adult 

lung function and repair mechanisms, reinforcing the developmental origins of 

diseases such as COPD (Kim, Sally Yunsun et al., 2024). In disease pathology, Vangl2 

mutants have shown increased MMP12 expression, contributing to elastin degradation 

and emphysema-like phenotypes (Poobalasingam, Thanushiyan et al., 2017). 

6.1.2 The WNT4-ATMIN andWNT11-PKD2 relationships form an interesting 
cascade and might be involved in causing pulmonary hypoplasia in ARPKD 
patients 

The mRNA expression analysis (Table 14) suggested that ATMIN might have been 

negatively regulated by WNT4 and positioned downstream of WNT4. In the case of 

WNT11 and PKD2, ATMIN might have been downstream of both, where WNT11 was 

observed to positively regulate PKD2, which in turn appeared to positively regulate 

ATMIN, PKD1, and IFT88. Interestingly, although IFT88 was positioned downstream 

of both WNT4 and ATMIN, it was found to be negatively regulated by both together, 

similar to PKD1. However, PKD1 was positively regulated when influenced by both 

together. In contrast, PKD1 was negatively regulated by WNT4 individually. Similar to 

the case of WNT4-ATMIN, PKD2 was either parallel to WNT11 or positioned 

downstream of WNT11 (Figure 24) . 

The apoptosis-proliferation balance was found to be critical at various stages of lung 

development (Ancer-Rodríguez, Jesús et al., 2024). Both WNT4 single and WNT4-

ATMIN double knockdowns caused an imbalance in apoptosis and proliferation. 

Individually, WNT4 knockdown was observed to supress both apoptosis and 

proliferation. ATMIN knockdown alone had little effect on apoptosis but negatively 

regulate proliferation. Both WNT11 and PKD2 knockdown reduces apoptosis 
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independently but did not do so together, as evidenced by the WNT11-PKD2 double 

knockdown. 

WNT4 was found to maintain cell size through cytoskeletal expression. In the 

cytoskeletal expression analysis, WNT4 was discovered to negatively influence 

cytokeratin expression, and its knockdown resulted in cytoskeletal upregulation and 

an increase in cell size. Similarly, WNT11 knockdown was found to regulate adhesion 

rather than cytoskeletal expression. Even in the WNT11 knockdown, a change in cell 

size was observed, with some cells exhibiting slight elongation (Appendix B). Migration 

was found to be supported by both WNT4 and PKD2 knockdown. 

The apoptosis-proliferation balance, cell adhesion, cell migration, and cytoskeletal 

reorganisation play distinct roles in lung development (Caldeira, Inês et al., 2021). 

Branching morphogenesis depends on the interaction between epithelial and 

mesenchymal cells, in which extracellular matrix (ECM) remodelling and proliferation 

played crucial roles (Herriges, Michael, and Edward E Morrisey, 2014). ECM 

remodelling is significantly influenced by adhesion, cytoskeletal expression and 

organisation, and cell shape. Genes involved in cell-to-cell adhesion and the actin 

cytoskeleton (ACTN3, ACTN4, and TNS1) regulate tissue integrity and interactions 

between cells and the extracellular matrix (ECM), which are crucial for lung 

morphogenesis (Portas, Laura et al., 2020). The apoptosis-proliferation balance is 

particularly important in lung remodelling, new bud development, and widespread 

branching (Kresch, M J et al., 1998; Levesque, B M et al., 2000). 

For alveolar development, a proper apoptosis-proliferation balance is required in 

myofibroblasts for alveolar septation. Just before birth, extensive proliferation and 

differentiation of type 2 alveolar cells are observed for functional alveoli formation 
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(Frank, David B et al., 2016). Surfactant production is primarily triggered by the 

proliferation of type 2 cells, which is found to be critical for the initiation of breathing 

(Frank, David B et al., 2016; Vilos, G A, and G C Liggins, 1982). After birth, the excess 

type 2 cells are eliminated through widespread apoptosis, resulting in alveolar wall 

thinning and alveolar gap formation (Bruce, M C et al., 1999; Schittny, J C et al., 1998). 

If both proliferation and apoptosis are reduced, larger airspaces could have emerged, 

as observed in the Pkhd1T36M/T36M mouse lungs. 

Decreased levels of WNT4, ATMIN, and WNT11 can thus be suggested to result in 

indirect defects in branching morphogenesis and alveolarisation. It is important to 

emphasise that these factors were recognised as contributing to pulmonary hypoplasia 

in ARPKD infants. Additionally, the potential for ciliary malfunction is indicated due to 

the change in expression of ATMIN, IFT88, PKD1, and PKD2, which might lead to a 

deficient immune response and impaired mucosal clearance, increasing susceptibility 

to acute lung injury and infection. Figure 24 illustrates both the findings of this project 

and relevant literature references, demonstrating a potential connection to the 

pulmonary hypoplasia observed in ARPKD patients. 
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Figure 24: Illustration of the Possible PCP Cascade Led by WNT4 and WNT11 Ligands, Linking Wnt 
Ligands and Genes to Cellular Functions, Lung Phenotypes, and Diseases. The Wnt ligands, WNT4 and 

WNT11, are depicted as being connected to other genes such as ATMIN, PKD1, PKD2, and IFT88, which are 
further associated with various cellular functions, including apoptosis-proliferation balance, adhesion, 

migration, cytoskeletal expression, localization and rearrangement, and cilia regulation. The interaction of these 
cellular processes has been shown to play a crucial role in key lung development stages, including lung bud 

formation, branch initiation and spreading, vascular branching, mucosal clearance, extracellular matrix 
remodelling, cell morphology, and immune response. In a broader context, these genes have been identified as 

key regulators of branching morphogenesis, alveolarization, and angiogenesis. Disruptions in these 
developmental processes have been linked to pulmonary hypoplasia, while additional lung disorders such as 

inflammation, acute lung injury, and lung infections may also arise due to these defects. The green lines indicate 
individual or direct effects, brown lines represent the combined effects of multiple genes, and light blue lines 

refer to findings based on literature references. 

6.2 Study Limitations 
Although protein analysis for E-Cadherin and Aquaporin was conducted on the 9-

month old Pkhd1T36M/T36M mouse, no investigation was performed on direct Wnt 

canonical signalling pathway proteins such as β-catenin to draw a definitive conclusion 

on the involvement of the canonical pathway. Many Wnt signalling molecules, such as 
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inversin, required study at both the mRNA and protein levels to better understand the 

magnitude of the alterations. Localisation-based analysis using confocal microscopy, 

particularly for receptor proteins such as E-cadherin, was also lacking, making it 

difficult to determine whether changes occurred in protein localisation rather than 

expression.  

Despite the transition from mice to humans being considered in the study, no cell work 

was conducted on PKHD1 or VANGL2 to establish a direct connection between these 

molecules and either WNT4 or WNT11 in human lung. This was due to the lack of 

PKHD1 expression in the A549 cell line (Appendix D). In human cells, the Culu3 cell 

line, which has been shown to exhibit high PKHD1 expression, can be used to perform 

single and double knockdowns of PKHD1, WNT4, and WNT11 to further explore the 

relationship between these molecules.  

Each key molecule in the project, whether ATMIN, IFT88, or PKD1/2, was associated 

with cilia; however, due to time limitations no ciliary-related experiments were 

performed in either the mouse  or the knockdown human cells, despite airway 

development and stability being strongly dependent on cilia. 

Wnt11 was found to cause adhesion alterations and was identified as a major PCP 

ligand, yet minimal work was conducted to analyse cytoskeletal changes and cell 

morphology in WNT11 and PKD2 single and double knockdowns. Additionally, in the 

PKD2 single knockdown, the mRNA expression of WNT11 was found to be borderline 

non-significant with minimal error but a considerable change, necessitating either 

repetition or a larger sample set. 



122 
 

6.3 Future work 
More mRNA, protein expression, and localisation investigations of major Wnt proteins 

and receptors, as well as cytoskeletal and ciliary analyses, can be conducted in the 

lungs of 9-month-old Pkhd1T36M/T36M mice. Embryonic samples can also be gathered, 

if possible, and Wnt signalling, specifically PCP protein analysis, can be performed on 

those samples.  

All knockdown models require ciliary analysis. Additionally, proliferation, cytoskeletal, 

and ciliary investigations can take place for the WNT11, PKD2 single and double 

knockdown models. Since the PKD2 mutation is linked to ARPKD severity, its 

relationship with PKHD1 can also be examined in the same cell line. 

As previously discussed, PKHD1 expression was not detected in our cell line. 

However, in experiments conducted by Hu Q. et al. (2014), fibrocystin expression was 

observed in human type II alveolar epithelial A549 cells and airway submucosal Calu-

3 cells. This expression may have occurred following guided differentiation of A549 

cells. In future studies, PKHD1 expression could be assessed by either serum-starving 

the cells to induce ciliogenesis or by differentiating A549 cells into alveolar type II-like 

cells, followed by expression analysis and knockdown experiments. 

To further understand the physical relationship between WNT11 and PKD2, co-

immunoprecipitation can be employed in addition to knockdown studies. For alveolar 

cells, knockdown studies can be conducted alongside epithelial cell-to-alveolar type 2 

cell differentiation studies to better understand the molecular influence on cell 

differentiation. Surfactant protein expression can also be examined in those cells. 

Since ATMIN appears to alter cell morphology and other processes in mice, its 

overexpression in the Pkhd1T36M/T36M mouse model can be attempted to determine if 
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any recovery in lung morphology occurs. Additionally, as various studies suggest that 

these mice are more prone to lung injury and infection, exposure to pollutants can be 

tested to observe changes in the lung phenotype. Subsequently, ATMIN 

overexpression in those mice can be evaluated to assess its potential protective 

effects. 

Furthermore, the Hedgehog (Hh) pathway appears to interact with the PCP pathway 

and may be disrupted due to its positioning downstream of IFT88 and ATMIN. Hh, 

together with WNT, was found to play a vital role in lung development and conditions 

such as pulmonary hypoplasia (Goggolidou, Paraskevi et al., 2014). The effects of 

Hedgehog signaling could also be investigated in both mutant mouse and knockdown 

models to determine whether it plays a role in the pulmonary hypoplasia observed in 

ARPKD patients. 

Compared to humans, the development of lung phenotypes appeared to differ 

significantly, as the disease predominantly affected the postnatal period in humans, 

whereas in mice, lung deterioration occurred progressively with age. If possible, 

patient samples could be collected, and the expression of WNT/PCP molecules could 

be examined. 

There is always the possibility that the lung is under pressure from both external and 

internal sources, such as an enlarged kidney or the PKHD1 mutation. The severity of 

the condition depends on whether external or internal or both pressures are stronger. 

Identifying different patient groups and undertaking RNA sequencing analysis could 

provide more insights, but this remains difficult due to a limited patient pool. 
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6.4 Conclusion 
The results indicate that the PKHD1 mutation largely affects the Planar Cell Polarity 

(PCP) pathway, resulting in lung development problems independent of kidney 

enlargement. The WNT4-ATMIN and WNT11-PKD2 cascades have been found as 

important regulators of apoptosis-proliferation balance, cytoskeletal organisation, 

adhesion and migration, all of which are required for lung formation. These changes 

might lead to pulmonary hypoplasia in ARPKD patients by compromising branching 

morphogenesis, alveolarization, and angiogenesis. While human ARPKD mostly 

affects the neonatal period, lung damage in mice increases with age, indicating 

species-specific variations. More study on PCP signalling in embryonic lung 

development, ciliary function, and molecular interactions in human-derived models is 

required to completely comprehend ARPKD-related pulmonary issues. 
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Appendix B 
A)           B)        C) 

         

The cell parameter and Phaloidin and Cytokeratin intensity measured in WNT11 knockdown 
cells 
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Appendix C 

 

 

Apoptosis index measured in WNT11 knockdown cells 
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Appendix D 

 

The qRT-PCR results for the PKHD1 primer in normal A549 cells indicated no detectable 
PKHD1 expression. 

 

 

Well Well PositionOmit Sample NameTarget NameTask Reporter Quencher Quantity Quantity MeanQuantity SDRQ RQ Min RQ Max CT
1 A1 FALSE N1 GAPDH UNKNOWNFAM NFQ-MGB 16.575
2 A2 FALSE N1 GAPDH UNKNOWNFAM NFQ-MGB 16.308
3 A3 FALSE N1 GAPDH UNKNOWNFAM NFQ-MGB 16.412
4 A4 FALSE N1 GUSB UNKNOWNFAM NFQ-MGB 1.000 0.858 1.166 22.957
5 A5 FALSE N1 GUSB UNKNOWNFAM NFQ-MGB 1.000 0.858 1.166 23.011
6 A6 FALSE N1 GUSB UNKNOWNFAM NFQ-MGB 1.000 0.858 1.166 23.010
7 A7 FALSE N1 PKHD1(N) UNKNOWNFAM NFQ-MGB Undetermined
8 A8 FALSE N1 PKHD1(N) UNKNOWNFAM NFQ-MGB Undetermined
9 A9 FALSE N1 PKHD1(N) UNKNOWNFAM NFQ-MGB Undetermined

10 A10 FALSE N1 PKHD1(O) UNKNOWNFAM NFQ-MGB Undetermined
11 A11 FALSE N1 PKHD1(O) UNKNOWNFAM NFQ-MGB Undetermined
12 A12 FALSE N1 PKHD1(O) UNKNOWNFAM NFQ-MGB 1.000 38.187
13 B1 FALSE N2 GAPDH UNKNOWNFAM NFQ-MGB 16.743
14 B2 FALSE N2 GAPDH UNKNOWNFAM NFQ-MGB 16.206
15 B3 FALSE N2 GAPDH UNKNOWNFAM NFQ-MGB 16.379
16 B4 FALSE N2 GUSB UNKNOWNFAM NFQ-MGB 0.979 0.715 1.339 22.976
17 B5 FALSE N2 GUSB UNKNOWNFAM NFQ-MGB 0.979 0.715 1.339 23.020
18 B6 FALSE N2 GUSB UNKNOWNFAM NFQ-MGB 0.979 0.715 1.339 23.108
19 B7 FALSE N2 PKHD1(N) UNKNOWNFAM NFQ-MGB Undetermined
20 B8 FALSE N2 PKHD1(N) UNKNOWNFAM NFQ-MGB Undetermined
21 B9 FALSE N2 PKHD1(N) UNKNOWNFAM NFQ-MGB 38.368
22 B10 FALSE N2 PKHD1(O) UNKNOWNFAM NFQ-MGB 0.069 42.064
23 B11 FALSE N2 PKHD1(O) UNKNOWNFAM NFQ-MGB Undetermined
24 B12 FALSE N2 PKHD1(O) UNKNOWNFAM NFQ-MGB Undetermined
25 C1 FALSE N3 GAPDH UNKNOWNFAM NFQ-MGB 16.447
26 C2 FALSE N3 GAPDH UNKNOWNFAM NFQ-MGB 16.249
27 C3 FALSE N3 GAPDH UNKNOWNFAM NFQ-MGB 16.428
28 C4 FALSE N3 GUSB UNKNOWNFAM NFQ-MGB 1.046 0.903 1.213 22.932
29 C5 FALSE N3 GUSB UNKNOWNFAM NFQ-MGB 1.046 0.903 1.213 22.785
30 C6 FALSE N3 GUSB UNKNOWNFAM NFQ-MGB 1.046 0.903 1.213 22.892
31 C7 FALSE N3 PKHD1(N) UNKNOWNFAM NFQ-MGB Undetermined
32 C8 FALSE N3 PKHD1(N) UNKNOWNFAM NFQ-MGB 37.870
33 C9 FALSE N3 PKHD1(N) UNKNOWNFAM NFQ-MGB Undetermined
34 C10 FALSE N3 PKHD1(O) UNKNOWNFAM NFQ-MGB Undetermined
35 C11 FALSE N3 PKHD1(O) UNKNOWNFAM NFQ-MGB Undetermined
36 C12 FALSE N3 PKHD1(O) UNKNOWNFAM NFQ-MGB Undetermined


