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SUMMARY  

Epithelial tissue is the most studied tissue type in metazoans to understand tissue architecture 

and organogenesis. Epithelial cells exhibit apicobasal polarity and adhere to adjacent cells and 

the extracellular matrix via adhesion molecules to shape organs, form boundaries, and help in 

barrier function. Tightly regulated cellular processes mediate the formation and maintenance 

of polarized epithelium. The epithelial architecture is maintained by global and local force 

generation and transmission, which are orchestrated by adherens junction proteins and the 

associated actomyosin cortex during organogenesis. Organ formation has been well studied, 

although organ degradation is equally important. The degenerating processes involved in 

altering epithelial topology contribute to organ degradation or, eventually, shortening. All three 

layers of the epithelium are involved in degenerating processes during organ deformation. We 

studied degenerating epithelia, focusing on junctional components and associated cytoskeletal 

proteins, during metamorphosis, using the Drosophila melanogaster respiratory system 

(trachea) as our model. 

We identify that the Drosophila tracheal epithelium has a non-canonical belt of lateral 

punctate E-cadherin molecules in addition to the classical zonula adherens (ZA). Lateral 

punctate E-cadherin molecules are present below the septate junction, close to the basal edge 

of the broad Dlg domain, throughout the larval and early pupal stages. These lateral adherens 

junctions (LAJs) encircle the cells in the lateral membrane basal to the ZA and are functional, 

having all ZA components, that is, Ŭ catenin, ɓ-catenin, and p120 catenin. The LAJs are active 

receptor complexes. Two distinct actomyosin cortices are associated with the ZA and LAJs. 

Both cortices show differential actin organization from the larval to pupal phase. The lateral 
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adherens junction-associated actin cortex (LAJC) transforms into a supracellular actomyosin 

mesh in late larvae. Starting from the Mid L3(110h) larva, actin bundles start from the LAJs 

and the cytoplasm. In wandering L3 (115h), a thick lateral pericellular F-actin belt forms at the 

LAJs, providing a scaffold for incorporating cytoplasmic actin extensions. The actin cables 

become longer, denser, and continuous, progressively connecting across cell boundaries and 

thus becoming supra-cellular throughout the 0h and 1h pupa. The F-actin belt disappears in 1h 

pupa. LAJs are present throughout the process. Actin organizers Rho1 and CDC42 are present 

at lateral E-cadherin contacts, which regulate the initiation of the basal actin cortex in the third 

instar larval trachea (L3). Knockdown of Rho1, CDC42, ROK, Sqh, ARP, and WASP in the 

trachea showed reduced basal F-actin, suggesting that the Rho1-ROK-MRLC and CDC42-

ARP-WASP pathways independently regulate basal actin cortex formation. 

This supracellular network alternate bands of Ŭ-actinin and phospho-myosin 

accumulate on the cables, confirming the formation of stress fibers along the AP axis of the 

dorsal trunk in early pupae. These stress fibers contribute to force generation and transmission, 

thus facilitating tissue compression by aECM remodeling in the posterior pupal trachea in the 

early pupa. 

Furthermore, we investigated the relationship between the LAJs and microtubules. 

Microtubules also show a similar pattern of supracellular arrangement in the early pupal stages, 

which coincides with actin events. The spectraplakin group of proteins crosslinks the 

microtubules with the actin cortex. We found that shortstop(shot), the only spectraplakin in 

Drosophila, mediates actin microtubule crosstalk during supracellular cable formation. In the 

early larval stages, shot is enriched in the apical membrane near the taenidial F-actin rings and 

at the LAJs. Shot enrichment at the LAJs showed an active interaction between actin and 
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microtubules. Overexpression and loss of function of Shot lead to disruption of both taenidial 

actin and LAJC in the early larval stages. Shot binds to both actin and microtubule in 1h pupa, 

promoting the supracellular actin arrangement. Knockdown of shot leads to disruption of actin 

and microtubule arrangement in 1h pupa. However, disruption of microtubule arrangement by 

knockdown of microtubule plus end binding protein Eb1 and minus-end binding protein 

Patronin showed less altered supracellular actin cortex. Shot tends to bind to stable acetylated 

microtubules. Microtubule-associated N-acetyl transferase 9(Mnat9) facilitates N-terminal 

acetylation of both alpha and beta tubulin. Disruption of microtubule stability by Mnat9 

knockdown disrupts shot activity, microtubule arrangement, and actomyosin cortex.  

To understand the basal extracellular matrix behavior and its relationship with the 

actomyosin cortex, we examined the basal ECM (bECM) component collagen (Viking) and 

found that bECM is severely sheared in pupae, indicating a delamination event in Drosophila 

tracheal DT. We also analyzed integrin, given their role in mechanosensing. In Early L3, 

integrin distribution is uniform, whereas the onset of pupation shows punctate integrin, which 

is localized around LAJs. In 6h pupa, integrin becomes highly punctate and irregular. The 

timeline of bECM remodeling phenotypes coincides with actin-bundling events, thus 

suggesting a supportive role. 

This study is the first to identify and characterize the in vivo existence of LAJs in the 

Drosophila tracheal epithelium. The LAJs contribute to force generation via LAJC, which 

redundantly supports aECM-mediated tracheal compression in early pupae. We also showed 

the cytoskeletal arrangement and extracellular matrix behavior during the larval-to-pupal 

transition, which provides insight into other functional roles of LAJs and the associated LAJC. 
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SYNOPSIS 

Epithelia is the most studied metazoan tissue type to understand tissue architecture during 

development and organogenesis. It is composed of cells attached to each other by adhesion 

molecules. These cells are arranged on the extracellular matrix via focal adhesions or dot 

junctions. The epithelium protects and shapes organs, acts as a barrier, and sets boundaries. It 

has three domains: apical, lateral, and basal. Establishing apicobasal polarity and maintaining 

the above three domains are key cellular processes in development (C. E. Buckley & St 

Johnston, 2022). 

The Drosophila respiratory system(trachea) is a network of ramified tubes with varied 

architecture that helps transport oxygen to different target tissues (Bate & Arias, 1993; G. & 

A, 1993; Loganathan, Cheng, & Andrew; Wigglesworth). It has been used extensively to 

understand tubular epithelial architecture, its development, and disassembly (F. Chen & 

Krasnow, 2014; Fraire-Zamora, Tosi, Solon, & Casanova, 2021). The cells in the tracheal 

epithelium are attached to each other via homophilic cadherin molecules at the adherens 

junction. Below the adherens junctions, septate junctions are present in the basolateral region 

of the lateral membrane. Different polarity proteins are distributed in the three domains of the 

tracheal cells. Crumbs-Par3-Stardust are present at the apical domain, E-cadherin and Catenins 

are present at the adherens junctions below the apical domain, and Scrib-Dlg-Lgl are present 

in the lateral domain (C. E. Buckley & St Johnston, 2022). Adherens junctions are associated 

with the actomyosin cortex. Drosophila trachea is a specialized epithelium with two 

extracellular matrices. One is the apical ECM, which is secreted by tracheal cells and is 

composed of polysaccharide chitin and glycoproteins, and the basal extracellular matrix is 

composed of collagen, perlecan, nidogen, and laminin. 
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Tracheal development is complex and intriguing. During embryogenesis from ten 

epithelial placodes, a complete trachea is formed (Hayashi & Kondo, 2018). The largest of 

these is the dorsal trunk (DT), a multicellular tubular structure. The branches that emerge from 

DT are unicellular and subcellular. The signalling processes involved in post-embryonic and 

larval (1st, 2ndand, 3rd instar) branching morphogenesis are the same (Hosono, Matsuda, 

Adryan, & Samakovlis, 2015). These mechanisms regulate radial and axial length increases 

and the patterning of the tubular epithelium. During metamorphosis, half of the posterior DT 

(tr-6-tr8) gets degenerates. The larval trachea is replaced by a temporary pupal trachea, 

followed by a de novo formed adult trachea in the late pupa. Organ disassembly occurs in late 

pupae by larval cell apoptosis. Chen et al. showed that, during metamorphosis, the posterior 

trachea is replaced by progenitor cells that are regulated by an FGF-mediated morphogen 

gradient secreted by decaying cells (F. Chen & Krasnow, 2014). Zamora et al. showed that 

tracheal tube shortening occurs through an aECM-mediated remodelling process (Fraire-

Zamora et al., 2021). Caspase-3 mediated cell death in the posterior tracheal cells is the final 

step in organ degradation. 

Degenerating larval DT in pupae provides an excellent model for studying programmed 

epithelial degeneration at the cellular level. A detailed information regarding the subcellular 

and supracellular changes during epithelial degeneration is missing. We investigated 

degenerative changes in all three layers of Drosophila pupal DT at subcellular level and 

obtained some exciting results. We examined the junctional, cytoskeletal, and extracellular 

matrix phenotypes in this study. 

 

There are five chapters in the thesis. Chapter one is the introduction, a brief review of the 
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available literature that introduces the central idea of the thesis, i.e., cellular mechanisms in 

epithelial degeneration. The introduction summarises the research on the junctional, 

cytoskeletal, and extracellular matrix mechanisms involved in Drosophila melanogaster 

development and degeneration. The study focuses on the theme of cellular processes in the 

metamorphotic trachea of Drosophila melanogaster. The second chapter describes the 

reagents, materials, and protocols used for the study. It includes the list of fly lines with 

genotypes and source information, antibodies and chemicals used, and detailed protocols. The 

results of the study are described in the remaining 3-5 chapters. Each chapter has distinct 

objectives. The discoveries provide information about cellular and supracellular mechanisms 

involving junctional, cytoskeletal, and extracellular matrix alterations that occur in the tracheal 

epithelium during metamorphosis. 

 

Chapter 3 describes the in vivo existence of novel lateral E-Cadherin junctions 

(LA)similar to the classical adherens junction and its function. In this part of the work, we have 

identified a non-canonical belt of lateral punctate E-cadherin molecules in addition to the 

classical zonula adherens (ZA) in the Drosophila tracheal epithelium. LA was present in the 

tracheal epithelium throughout the larval and pupal stages. Adherens junction component E-

cadherin had two pools, clearly showing a very tight belt like ZA and another layer of lateral 

punctate E-cadherin present below the septate junction near the Dlg domain. LA had all the ZA 

components, i.e., armadillo, Ŭ-catenin, and p120 catenin. Two distinct actomyosin cortices 

were present in ZA and LA. Actin organizers small GTPases, Rho1, and CDC42 present at the 

lateral cadherin junctions regulate the initiation of basal actin cortex formation in the third-

instar larval trachea (110h AEL). It is known that Catenin and actin organizers are important 
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players in maintaining the actin cortex (Ratheesh & Yap, 2012). Assembly of the junctional 

actin cortex is a key function of the E-cadherin cytoplasmic domain (Mason, Tworoger, & 

Martin, 2013). This junction-associated actomyosin cortex is crucial for force generation 

during organ formation (Levayer & Lecuit, 2013; Röper, 2013; S. K. Wu & Yap, 2013). We 

looked at the functional aspect of lateral junction-associated actomyosin cortex (LAJC). The 

LAJC organization started progressively from the LA and perinuclear space in the MidL3 larva. 

In WL3 a thick lateral pericellular F-actin belt was formed, which act as a scaffold for the 

incorporation of cytoplasmic actin extensions. The actin extensions grew longer thicker and 

denser in late larval and early pupal stages and transformed in to thick supracellular cables in 

1h pupa. Actin organizers Rho1 and CDC42 were present at LA, which regulated the initiation 

of the basal actin cortex. Knockdown of Rho1, CDC42, ROK, Sqh, ARP, and WASP in the 

trachea showed reduced basal F-actin, suggesting that basal actin cortex formation is 

independently regulated by the Rho1-ROK-MRLC and CDC42-ARP-WASP pathways. 

Accumulation of Ŭ-actinin and phospho-myosin on the supracellular bundles indicated the 

formation of stress fibres. These stress fibres facilitated tracheal tube compression redundantly 

by aECM remodelling in the posterior pupal trachea in the early pupa. 

 

In chapter 4, we investigated the interaction between microtubules and LAJs. In early 

pupal stages, microtubules have a supracellular arrangement pattern that is comparable to actin 

events. Microtubules and the actin cortex are crosslinked by a protein family called 

spectraplakin. Loss of spectraplakins has been demonstrated to have notable impacts on cell 

adhesion, cell polarity, microtubule organisation, and cell shape in vivo (Röper, Gregory, & 

Brown, 2002; Suozzi, Wu, & Fuchs, 2012). Drosophila possesses a single spectraplakin that is 
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encoded by short-stop (shot) (Gregory & Brown, 1998; Röper et al., 2002). Shot binds to 

microtubule and helps in microtubule actin cross-linking contributing to the cytoskeletal 

organization (Applewhite et al., 2010; A. J. R. Booth, G. B. Blanchard, R. J. Adams, & K. 

Röper, 2014). 

We discovered that Drosophila's sole spectraplakin, shortstop (also known as shot), 

promotes actin-microtubule crosstalk while creating supracellular cables. Shot was more 

abundant in the early larval stages at the LAJs and close to the taenidial F-actin rings in the 

apical membrane. Actin and microtubules were found to be actively interacting through shot 

enrichment at the LAJs. In the early larval stages, disruption of taenidial actin and LAJC was 

caused by overexpression and loss of function of Shot. Shot promotes the supracellular actin 

arrangement by binding to both actin and microtubules in the 1h pupa. In 1h pupa, shot 

knockdown disrupted the organization of actin and microtubules. Shot is prone to bind to 

acetylated microtubules that are stable (Ricolo & Araujo, 2020). N-terminal acetylation of 

alpha and beta tubulin is made possible by the enzyme microtubule-associated N-acetyl 

transferase 9 (Mnat9) in Drosophila. Shot activity, the architecture of the microtubules, and 

the actomyosin cortex were all affected when Mnat9 was knocked down in the trachea. To 

understand the relation between actin cortex and MT arrangement we disrupted MT 

organisation by Eb1 and Patronin KD. Disruption of the microtubule arrangement revealed less 

altered supracellular actin cortex. Disruption of actin cortex by ARP and WASP KD in 1h pupa 

also showed less affected MT mesh in 1h pupa. 

Chapter 5 describes further about the ECM changes during tracheal metamorphosis. 

Collagen (Viking), a component of basal extracellular matrix (bECM), was examined to better 

understand the behaviour of the basal extracellular matrix and its relationship to the actomyosin 



ix 
 

 

 

 

cortex. We discovered that bECM is severely sheared in pupae, indicating a delamination event 

in Drosophila tracheal DT. Given their importance in mechanosensing, we also studied talin 

and integrin. Integrin is distributed uniformly in Early L3, but it becomes punctate when 

pupation begins and is concentrated near LAJs. Integrin became very punctate and irregular in 

6h pupa. Actin-bundling events and the timeframe of bECM degradation phenotypes coincides, 

suggesting a supporting function. 

In summary, these studies identified the cellular and supracellular phenomena involved 

in epithelial degeneration using Drosophila trachea as a model. These data provide the first 

evidence of in vivo existence of lateral junction and its function in Drosophila trachea and 

several other cellular events related to the degeneration of tubular epithelium. The processes 

can provide light on the deteriorating epithelial alterations that take place in conditions that 

affect tubular organs. 
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1.1 General Introduction 

Cells are the fundamental units of life that execute diverse array of biological functions in 

living organisms. The diversity in their shape, size, and function makes each cell type unique. 

Cells are broadly categorized into prokaryotic and eukaryotic (Bruce Alberts et al., 2008). 

Prokaryotic cells, like bacteria, lack a distinct nucleus and other membrane-bound organelles. 

In contrast, eukaryotic cells, found in plants, animals, and fungi, have distinct nuclei and other 

membrane bound organelles. Eukaryotic cells are more complex than prokaryotic cells. The 

complexity extends further as eukaryotic cells organize into tissues to perform common 

functions. Epithelial, connective, muscular, and nervous tissues are the four broad 

classifications of tissue types. Epithelial tissues line interior cavities and cover the body's 

surface. They play a role in processes like secretion, absorption, and defence. Bone, cartilage, 

and blood vessels all belong to the category of connective tissues, which give the body structure 

and support. Movement is mediated by muscle tissues, which include skeletal, cardiac, and 

smooth muscle. Finally, nervous tissues, composed of glial cells and neurons, are involved in 

transmitting and processing information (B. Alberts, (2015)). To attain the intricate process of 

organ development, the cells constituting tissues must establish polarity and undergo a 

multitude of biological processes, such as cell division, cell death, shape alteration, cell 

migration, and differentiation. This process of complexity thus begins at the cellular level, 

progresses through the tissue, then organs, and culminates in the organism (T. Lecuit & Le 

Goff, 2007). (Figure 1.1) 

Most of the organs in the human body are epithelial in origin. One of the examples is 

the skin, the largest epithelial organ made up of squamous epithelium and acts as a primary line 

of defence against the external environment and pathogens. Similarly, the lining of the 

intestine, respiratory tract, reproductive organs, and the excretory system comprises epithelial 

cells. It is responsible for essential activities, including the absorption of nutrients, gas 
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exchange, and waste elimination. Any disruption of these functions can severely impact our 

physiological and biochemical activities. Therefore, it is imperative to achieve an in-depth 

understanding of the design and functionality of the organs, and the biology of the underlying 

epithelia, to diagnose and treat various diseases and ailments effectively (B. Alberts, (2015); 

Bruce Alberts et al., 2008; Bryant & Mostov, 2008). 

 

 

 

 

 

 

 

Figure 1.1: Complexity of levels of organization in biological systems 

Schematic illustrating how complex biological systems are organized. The building block of 

life is a single cell. Organs are formed by the arrangement of cells into functioning tissues. 

After that, multiple tissues form an organ system, and finally, an organism is created. (Image 

adapted from the Encyclopedia Britannica website)  
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1.1.1 Epithelia  

Epithelial tissue is the most ubiquitous tissue type in metazoans. Around 60% of mammalian 

cell types are epithelial or epithelial-derived, making epithelia the most archetypally polarised 

tissues in metazoa from an evolutionary perspective (Bruce Alberts et al., 2008). In an 

epithelium, the cells are attached to each other by cell junctions and arranged on top of a 

basement membrane. Focal adhesions or dot junctions act as the anchor between cells and the 

extracellular matrix. During organogenesis, the cells in epithelia are arranged, remodelled, or 

migrated to mould into stereotype shapes and forms to develop into an organ (Coopman & 

Djiane, 2016). The epithelial cells are organized into squamous or stratified lattice-like 

arrangements in the form of sheets to cover the external and internal sides of various organs 

for separating different environments or protection from the external environment. Epithelia 

also acts as a barrier to prevent or regulate the exchange of nutrients and macromolecules 

(Bryant & Mostov, 2008). The epithelium's role in protecting the organism from harmful 

chemical exposure and external infections is another crucial one. This function of epithelia 

depends on the proper positioning of the cell adhesion molecules to form impermeable septate 

junctions in insects and tight junctions in vertebrates. Apicobasal polarity is another crucial 

aspect of classical epithelium. Polarised secretion of the cargos, ECM proteins, ion channels, 

and signalling molecules highly depends on this. Thus, it is essential to maintain the integrity 

of the epithelia. The schematics of the epithelial architecture and functions are showed in 

(figure 1.2). 

 

1.1.2 Hallmarks of classical epithelium 

To understand the complexity of the epithelial organization, the epithelial tissue is broadly 

categorized into three distinct domains; apical, basal, and lateral domain (C. E. Buckley & St 

Johnston, 2022). The apical domain faces outside the tissue or organ or inside the lumen; the 
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lateral domain is attached to the neighbouring cells in an epithelium, and the basal domain 

connects the cell with the extracellular matrix. Different types of polarity proteins are 

distributed throughout these domains, demarcating three distinct regions (C. E. Buckley & St 

Johnston, 2022). 

 

 

Figure 1.2: Schematic of structure and function of simple epithelium. 

Diagram showing the structure and function of simple epithelium. (a, b, c, d) The epithelia play 

an important role in shaping the organs, takes part in secretion, act as a barrier from the external 

environment and pathogens. The epithelia have three domains, apical domain, apical junctions, 

lateral domain and basal domain. (e) The apical junctions consist of tight junctions, adherens 
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junctions etc. Lateral domain has lateral membrane and septate junctions or gap junctions. 

Basal membrane comprises of basal domain. Integrins and focal adhesion proteins present on 

the basal membrane interacts with the basement membrane. The image adapted from (C. E. 

Buckley & St Johnston, 2022) 

 

1.1.2.1 Apical Domain 

The apical domain is defined by the distribution of certain proteins throughout the apical 

membrane. These proteins are called apical polarity proteins. The apical polarity marker 

proteins are the atypical protein kinase C (aPKC), PAR-6, CDC42, and the Crumbs complex 

proteins (C. E. Buckley & St Johnston, 2022). The crumbs complex is a conserved set of apical 

markers thoroughly distributed in the apical membrane consisting of MAGUK (Membrane 

associate guanylate kinase) family of scaffolding protein Stardust, PATJ, and LIN7 (Ass®mat, 

Bazelli¯res, Pallesi-Pocachard, Le Bivic, & Massey-Harroche, 2008; Bulgakova & Knust, 

2009). These apical polarity proteins play an essential role in maintaining vital cellular 

processes. Apical polarity protein aPKC phosphorylates Par-3 and lateral polarity markers 

Lethal giant larvae (lgl), Par-1, and Yurt to restrict them at the apical domain. Given this 

function, aPKC is regarded as the primary determinant of apical polarity (Betschinger, 

Mechtler, & Knoblich, 2003; Plant et al., 2003; T. Yamanaka et al., 2003). PatJ and Lin7 support 

apical polarity proteins, nevertheless (C. E. Buckley & St Johnston, 2022). 

The apical domain is frequently absent in crumbs mutants of the Drosophila, but Crumbs 

overexpression extends the apical domain, thereby garnering Crumbs the appellation "apical 

determinant" (Campbell, Knust, & Skaer, 2009; Tepass, Theres, & Knust, 1990; Wodarz, Hinz, 

Engelbert, & Knust, 1995). However, not all cells require it to establish an apical domain. The 

survival or epithelial polarity of C. elegans is unaffected by a triple deletion of all three Crumbs 

orthologues (Waaijers, Ramalho, Koorman, Kruse, & Boxem, 2015). The fly embryonic 
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epithelia require Crumbs to maintain the apical-basal polarity. Knock down of Crumbs (CRB2 

or CRB3) in the mice, the majority of epithelia are appropriately polarised, but their 

morphogenesis is impaired (C. E. Buckley & St Johnston, 2022). 

 

1.1.2.2 The apical-lateral junctions 

Cell-cell adhesion is characteristic of classical epithelium. This adhesion is maintained and 

coordinated by different types of cellular junctions in the metazoans. The apical junction in 

vertebrate epithelia is the tight junction, and in insect or fly epithelia, it is the adherens junction. 

(Figure 1.3) Apart from cell adhesion, these junctions are crucial in defining a boundary 

between apical and lateral domains and act as a mechanical and biochemical signalling hub in 

the cell. The localization of Par-3 proteins regulates the position and formation of tight 

junctions in vertebrates in fly epithelia. The positioning of the adherens junction  is determined 

by Bazooka (Par-3 in fly)(Morais-de-S§, Mirouse, & St Johnston, 2010). 
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Figure 1.3: Schematics illustrating the arrangement of apical junctional complexes in 

polarized insect and vertebrate epithelia. On the left of each type of junction and the 

canonical functions are shown. The type of junctions are (sub-apical complex, zonula 

adhaerens (ZA), septate junction, tight junction, and desmosome). In Vertebrates, E-cadherin-

based junctions are found along the lateral contacts of epithelial cells (puncta adherentia). A 

list of proteins linked to the junctions is displayed on the right. Bold text indicates proteins of 

vertebrate epithelia. The image is adapted from (Citi, Guerrera, Spadaro, & Shah, 2014) 

 

1.1.2.3 Tight Junctions  

Tight junctions or Zonula occludens (ZO) are the apical most junction in vertebrates. Apart 

from Par-3, the core tight junction proteins are nectin family proteins, afadin, and Zonula 

occludens proteins ZO-1 and ZO-2. Par-3 is required for the formation of tight junctions 

(Fanning et al., 2007; Ooshio et al., 2007; Umeda et al., 2006). Knockdown of these proteins 

in mouse mammary gland epithelia lead to disruption of Par-3 localization at tight junctions 

affecting its function. KD of only ZO-1 and ZO-2 shows that ZO-1 and ZO-2 play a role in 

Par-3 localization redundantly (Matsuzawa et al., 2021). The MAGUK family proteins help in 

Claudin assembly and interact with the components of tight junctions. The discovery that ZO 

proteins and Par-3 generate phase-separated condensates has recently shed new light on this 

intricate web of interconnections. The PDZ3-SH3-GUK domains of ZO-1 and ZO-2 

oligomerize to produce condensates in substantial part(Beutel, Maraspini, Pombo-Garc²a, 

Martin-Lemaitre, & Honigmann, 2019). Other tight junction proteins found  in these phase 

separated condensates include claudins, occludin, cingulin, and afadin. These proteins also 

connect directly to the actin cytoskeleton (Beutel et al., 2019).  The anchoring, positioning and 

endocytic delivery of JAMs (Junctional Adhesion Molecules) are regulated by Par-3. 
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Interactions between JAMs with the underlying actin cytoskeleton are under the direction of 

PAR-3, which also places and stabilizes the apical junction. PAR-3 binds also to the nectins 

and JAM1-3 in mammals (Ebnet et al., 2003; Takekuni et al., 2003). 

The concentration of claudins at tight junctions has a significant impact on the 

permeability of ions passing through the paracellular route. Claudins are responsible for 

creating selective openings that act as gates for ions within the paracellular diffusion barrier. 

Additionally, these junctions contribute to the segregation of the apical and basolateral cell 

surface domains in polarized epithelial cells, thereby maintaining cell polarity and preventing 

the intermixing of polarity proteins between these domains. Tight junctions are crucial for the 

regulation of signaling pathways involved in epithelial cell polarization and the development 

of distinct apical domains, which is a conserved process across evolution. They serve as 

bidirectional signaling platforms, receiving signals from the cell interior to regulate cell 

assembly and transmitting signals to the cell interior to control essential cellular processes such 

as proliferation, migration, and differentiation (C. E. Buckley & St Johnston, 2022; Rusu & 

Georgiou, 2020).  

 

1.1.2.4 Adherens junctions (AJ)- 

Adherens Junctions (AJs), a distinguishing characteristic of all epithelial sheets, are apical 

adhesive structures where the homophilic interactions of single-pass transmembrane E-

Cadherin (E-Cad) molecules mediate and strengthen the close membrane apposition between 

neighbouring epithelial cells. The development of a dense actin filament-based cortical 

network, and in particular the molecular connections that bind E-Cad clusters to the inner 

cytoskeleton, stabilizes these structures (Baum & Georgiou, 2011; Coopman & Djiane, 2016; 

Harris, 2012; Harris & Tepass, 2010; K. Rºper, 2015). There are currently four forms of AJ 
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known: Zonula adherens (ZA), Lateral AJ (LAJ), Punctate AJ (PAJ), and Spot AJ (SAJ)(S. K. 

Wu & Yap, 2013). Notably, these junction types have primarily been identified based on their 

morphology and organization pattern. However, their formation, core complexes, biochemical 

processes, and functions are extensively investigated by many scientists (S. K. Wu & Yap, 

2013). The fundamental adhesion unit of AJs is E-Cadherin clusters. In the AJs, E-Cadherin 

clusters and their higher-order organization depend on the AJ-associated cytoskeleton.  

Figure 1.4: Schematic representing the crystal structure of core adherens junction 

complex Cadherin-Catenin (a) A model showing the AJ arrangement based on the crystal 

structures obtained from PDB. Image showing the five EC domains of E-Cadherin and other 

cytoplasmic domains interacting with p-120 catenin and ɓ-Catenin. (b)  A model showing the 
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two states of adherens junction. The interaction between Cadherin-catenin complex and F-actin 

is possible in presence of vinculin (VCL). Image adapted from (M. Takeichi, 2014) 

1.1.2.4.1 Types of AJs- 

(a) Zonula adherens 

The Zonula adherens (ZA) is the most common type of adherens junction found in polarised 

epithelia as a dense, continuous band of E-Cadherin that spans the apical circumference of the 

cells (Miyaguchi, 2000; S. K. Wu & Yap, 2013). Initially, ZA was discovered as an electron-

dense region between cells by Electron microscopy, which later was visualized as a ring-like 

band at the apical cell membrane by immunofluorescence microscopy (Farquhar & Palade, 

1963; Hirokawa & Heuser, 1981; Meng, Mushika, Ichii, & Takeichi, 2008; Miyaguchi, 2000). 

Localization of ZA varies in vertebrates and insects. In vertebrates, ZA is present basal to the 

tight junctions, whereas, in insect epithelia i.e., in Drosophila epithelia, ZA is located at the 

starting of the lateral membrane below subapical complexes (Coopman & Djiane, 2016; Meng 

& Takeichi, 2009). 

Junctional F-actin bundles are closely associated with the ZA E-Cadherin belt.. The F-actin 

bundles interact with the ZA E-Cadherin via the E-cadherin effector alpha-catenin. Catenins 

are the downstream effector proteins of E-cadherins. The F-actin bundles or ZA actin cortex 

plays an important role in force generation and transmission by closely acting with E-cadherin. 

Disruption of F-actin leads to junctional deformities or irregular E-cadherin dispersions(Cavey, 

Rauzi, Lenne, & Lecuit, 2008). 

(b) Lateral Adherens junction 

E-cadherin receptors are also found at other locations of epithelial cell-cell contacts, despite 

the fact that apical ZAs are conspicuous in basic epithelia, particularly when examined by 
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immunofluorescence microscopy. ZA is the primary AJ present in the simple epithelium, 

another prominent AJs found in the vertebrate epithelium (cell culture models) is lateral 

adherens junctions (LAJ). First, LAJs were discovered in cross-sections of rat colonic crypt 

tissue, where cadherin-catenin complexes had equally distributed over the lateral membrane of 

the cells(Larsson, 2006).Experiments using in vitro cell culture demonstrated that both primary 

and transformed cell lines included LAJs. Below the traditional ZA in cell lines, LAJs were a 

dispersion of E-cadherin clusters (Y. Kametani & M. Takeichi, 2007). LAJs form after the 

establishment of ZA in primary keratinocytes and Caco-2 cells (Vaezi, Bauer, Vasioukhin, & 

Fuchs, 2002). Actin-rich lateral contacts gradually form at the lateral region after initial contact 

below ZA  and they protrude downward in an apical-to-basal direction under the control of rho 

associated protein kinase (ROCK)-dependent cortical contractility (Zhang et al., 2005). Lateral 

AJ then appear as the lateral interface expands suggesting that lateral AJ assembly coincides 

with, and may contribute to, growth in cell height (Vaezi et al., 2002).These lateral E-Cadherin 

junctions are highly dynamic and they flow from the basal to apical direction (Soonjin Hong, 

Troyanovsky, & Troyanovsky, 2013; Yoshiko Kametani & Masatoshi Takeichi, 2007; Priya & 

Yap, 2015; Vaezi et al., 2002).Lateral AJ associated actin cables were joined to trans-interacting 

E-cadherin molecules, which most likely represented adhesion clusters, and were embellished 

with non-muscle myosin II. E-cadherin promotes F-actin network assembly at lateral junctions 

by recruiting Arp2/3, similar to the situation at adherens junctions, as evidenced by the 

concomitant reduction of both the actin-nucleating Arp2/3 complex that localised at E-cadherin 

clusters and the accompanying lateral F-actin network upon reduction of E-cadherin 

expression. Wu et al  noticed that N-WASP was being redistributed from apical domains to 

lateral junctions at the boundary between untransformed and transformed H-RasV12-

expressing cells (Priya & Yap, 2015). This redistribution inhibited E-cadherin movements and 

enhanced lateral junctional tension, whereas tension at apical junctions was decreased, which 
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is consistent with N-WASP's role in stabilising actin. Additionally, lowering N-WASP 

expression in transformed cells made it more difficult for cells to extrude by reducing stress at 

lateral junctions (Yoshiko Kametani & Masatoshi Takeichi, 2007). Kametani et al suggested 

that cadherin flow might be a cell-cell contact sliding mechanism for cellular motility in cancer 

metastasis because it was particularly noticeable in altered cells (Yoshiko Kametani & 

Masatoshi Takeichi, 2007). According to them, cadherin flow was only detected in 

untransformed MDCK cultures when collective cell migration began during wound healing but 

not in confluent cultures (Yoshiko Kametani & Masatoshi Takeichi, 2007). 
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Figure 1.5 Model showing different types of adherens junctions. (a) Actin filaments run 

parallel to cell borders to form linear adherens junctions (AJs), which are also known as the 

zonula adherens (ZA). The dashed arrow indicates an indirect interaction between Ŭ-catenin 

and afadin. (b) Punctate adherens junctions appear like puncta and are attached with 

actomyosin filaments via vinculin and catenins. (c) Lateral contacts or lateral adheres 

junctions are non-specialised contacts found below the ZA. Image adapted from (M. Takeichi, 

2014). 

(c) Spot adherens junction 

The conspicuous areas of E-cad accumulation close to the apical cell connections were called 

spot adherens junctions (SAJ). In the early and mid-embryonic stages of Drosophila 

melanogaster, these spot junctions were originally discovered close to the apical membrane 

(Tepass & Hartenstein, 1994).  Subsequent immunofluorescence investigation using DE-

Cadherin showed that they were associated with significant DE-cadherin spots found in the 

apical-most region of cell-cell interactions (Cavey et al., 2008; Tepass, 1996). SAJs are initially 

transient or present for a brief period of time. In the posterior endoderm and ectoderm, SAJ 

concentrates at apical cell-cell junctions during and immediately after gastrulation and 

eventually merge into the continuous ZA (Cavey et al., 2008; Tepass & Hartenstein, 

1994).Nevertheless, distinct, high-intensity foci of transgenically expressed DE-cadherin-GFP 

may still be seen within the ZA even after fusion. Based on FRAP (Fluorescence recovery after 

photobleaching) data, these are cadherin foci that are stable, as opposed to the cadherin 

population that is distributed throughout the rest of the ZA, which is characterized by a higher 

rate of turnover. In contrast to the remainder of the ZA, which was lost, it is remarkable that 

these SAJs continue to exist at junctions even after Latrunculin A inhibits F-actin 

polymerization (Cavey et al., 2008). 

 



15 
 

(d) Punctate adherens junction 

PAJs are described as emerging points of contact where elongated bundles of F-actin, oriented 

towards the plasma membrane, are linked to concentrated patches of E-cadherin. During the 

initial stages of cell contact formation, multiple clusters of E-cadherin form along the growing 

interface and promptly engage with small bundles of actin filaments aligned perpendicular to 

the plasma membrane (Taguchi, Ishiuchi, & Takeichi, 2011; Yonemura, 2011). As contacts 

lengthen, more PAJs are formed at the contact's margins, increasing the density of 

PAJs(Yamada & Nelson, 2007). The ZA is established by the ensuing rise in E-cadherin density 

at junctions. As a result, the actin cytoskeleton is reorganized, with bundles now oriented 

parallel to the cell-cell connections. Additionally, the recruitment of the actin-binding protein 

epithelial protein lost in neoplasia (EPLIN) correlates with the contraction of numerous PAJ at 

the same time during wound closure which in turn correlates E-Cad with actin (Abe & Takeichi, 

2008; Taguchi et al., 2011). At the apical region of cell-cell contacts in a colony of EpH4 cells, 

the ZA, which is situated inside the colony, is covered with circumferential actin filaments. 

Through the colocalization of E-cadherin with these actin filaments, the zonula adherents (ZA) 

are organized. E-cadherin is observed at lateral cell-cell connections (LAJs) below the ZA, 

where it overlaps with amorphous actin networks, which are typically depicted as tilted 

intercellular boundaries. Punctate AJs are located near the border of the cell colony. When actin 

filaments perpendicularly terminate at plasma membranes, they drag E-cadherin puncta 

(Masatoshi Takeichi, 2014). In A431 cells, the PAJs are micrometre-sized adhesion structures 

made up of tightly and loosely packed cadherin regions. Additionally, it is shown that non-

junctional cadherin is mainly monomeric. A small percentage of the cadherin molecules in PAJs 

were labelled using two distinct methods, and that allowed scientists to demonstrate that these 

structures are continually and entirely rebuilt in a sub-minute period. According to a dynamic 

model of AJs proposed by both structural biology studies and live imaging findings, AJ 
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plasticity is based on controllable actin filament-driven instability of the intra-junctional 

cadherin adhesive clusters (I. Indra et al., 2018). The two different sections that make up PAJ-

associated actin bundles are the bundle stalk (AJ-BS) and the tip (AJ-BT), which is situated in 

between the stalk and cadherin clusters. The actin-bundling protein calponin is absent from the 

tip, and it has a substantially higher rate of F-actin turnover, two features that set it apart from 

the stalk. Although the F-actin in the stalk moves centripetally, it is static in the tip. The 

cadherin cluster stability, which is controlled by F-actin, is necessary for the F-actin turnover 

in both the tip and stalk. The "dynasensing" mechanism, which is proposed by (Indrajyoti Indra, 

Troyanovsky, Shapiro, Honig, & Troyanovsky, 2020)referred to as the intimate bidirectional 

link between the stability of cadherin and related F-actin, demonstrates how PAJs and maybe 

other AJs enable cells to detect and coordinate the dynamics of the actin cytoskeleton in 

neighbouring cells. 

 

1.1.2.4.2 Core complexes of Adherens junction- 

(a) E-Cadherin 

The Ca2+-dependent cell-cell adhesion protein E-Cad is a large single-pass transmembrane 

glycoprotein that has undergone evolutionary conservation. E-cadherin or epithelial cadherin, 

along with neural cadherin (N-Cad), placental cadherin (P-Cad), and vascular endothelial 

cadherin (VE-Cad), is one of the prominent classical Cadherins present in metazoan(Gumbiner, 

2005). It is also known as CDH1 in humans and Shotgun in Drosophila. The molecular family 

of E-, N-, VE-, and other cadherins have five extracellular cadherin domains (ECs), 

transmembrane, and cytoplasmic domains. 

Extracellular cadherin (EC) domains engage in homophilic trans interactions with the E-

cad molecules of neighboring cells. The Cadherin intracellular domain facilitates interactions 

with a variety of effectors on the cytoplasmic site that regulates E-Cadherin functionality(Katja 
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Rºper, 2015) (Figure 1.4). The cytoplasmic domain of the E-Cad molecule is highly conserved, 

which allows regulated binding of Ŭ-, ɓ- and p120-catenins and carry out various cellular 

processes (Baum & Georgiou, 2011; Harris, 2012). In particular, they enable E-Cad's 

association with the ZA actin-myosin cortex, its transport and recycling, and its interactions 

with the various apicobasal and planar polarity machinery at work in epithelial cells. These 

downstream E-Cad binding proteins also interact with actin regulators to mediate and regulate 

the activity of actin remodelling and E-Cad. 

(b) Catenins 

The two important cytoplasmic adapter proteins of E-Cadherin are the ɓ-catenin (ɓ-Cat) and p-

120 catenin. Through its interaction with beta catenin, alpha-Cat plays a major role in mediating 

the link to the actin cytoskeleton. These proteins are highly conserved and contain repeats of 

the armadillo domain (Coopman & Djiane, 2016). The connection of E-Cad molecules with 

the actin/myosin network has been attributed to a complex that includes actin, alpha-Cat, beta-

Cat, and E-Cadherin (Figure 1.4). In fact, both in human cell culture experiments and in 

Drosophila, the assembly of E-Cad/alpha-Cat fusions can directly link alpha-Cat and E-Cad, 

thereby rescuing the majority of E-Cad loss-of-function defects, including remodelling(Desai 

et al., 2013). Alpha-cat also plays a vital role in force transduction to the ZA E-Cadherin. Under 

mechanical stress, E-Cad/alpha catenin binds directly to F-actin (C. D. Buckley et al., 2014).  

Alpha catenin can bind to many actin binding proteins and actin regulators such as formins, 

alpha actinin. Vinculin, afadin, ZO-1 and ELPIN (Abe & Takeichi, 2008; Bershadsky, 2004; 

Yonemura, 2011). 

The crucial function of p120-Ctn in the control of AJs has been underlined by numerous 

investigations in mammalian systems. It has been demonstrated that p120-Ctn interacts with a 

number of microtubule regulators, including CLASP2 and kinesin, as well as actin regulators, 

including the small GTPase Rho regulator p190RhoGAP, to mediate local Rho/Rac activity (X. 
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Chen, Kojima, Borisy, & Green, 2003; Noren, Liu, Burridge, & Kreft, 2000; Shahbazi et al., 

2013; Wildenberg et al., 2006). It also controls the endocytosis and turnover of E-Cad(X. Chen 

et al., 2003). In addition, p120-Ctn transiently interacts with a number of its upstream and 

downstream effectors, including ROCK1, to dynamically regulate Rho-GTPase activity 

(Smith, Dohn, Brown, & Reynolds, 2012). These findings further indicate that p120-Ctn 

modulates the stability of E-Cadherin in epithelial cells, which helps to maintain cell-cell 

adhesion. Interestingly, Drosophila does not require p120-Ctn function, implying p120 role is 

minor or supportive function (Myster, Cavallo, Anderson, Fox, & Peifer, 2003). In Drosophila, 

p120 catenin facilitates E-Cad-Par3 endocytosis and recycling (Bulgakova & Brown, 2016). 

E-Cad and catenins are the crucial components of AJ that interact with the Rho family 

of GTPases, which modulates other downstream effectors and thereby regulates the dynamics 

of F-actin dynamics. These are important processes in the regulation of cell adhesion, force 

production, and AJ remodelling. 

 

(c) Rho GTPases at Adherens junction 

Small GTPases, notably the RHO GTPases RHO, RAC, and CDC42, and their effectors, play 

significant roles in a number of mechanisms that control the polymerization and stability of 

actin filaments at AJs (M. Takeichi, 2014). The WAVE2 (also known as WASF2)-actin-related 

protein 2/3 (ARP2/3) complex, a RAC effector, appears to be essential for junctional actin 

nucleation (Tang & Brieher, 2012; Verma et al., 2012). A CDC42 effector known as neural 

Wiskott-Aldrich syndrome protein (NWASP) is crucial for maintaining actin networks at AJs 

(Kovacs et al., 2011; Otani , Ichii , Aono , & Takeichi 2006). As described below, formins, 

another actin regulator class that works after small GTPases, also encourage junctional actin 

polymerization. These mechanisms organize actin filaments which are connected to non-

muscle myosin IIA, myosin IIB, and/or myosin IIC at the ZA and other junctions (Ivanov et 
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al., 2007). The small GTPases RHO and repressor/activator protein 1 (RAP1; also known as 

TERF2IP) homologue, which are members of the RHO and RAS GTPase families, 

respectively, are particularly significant in controlling the circumferential actomyosin belt at 

adherens junction (M. Takeichi, 2014).  

 

 

 

 

 

 

 

 

Figure 1.6: Small GTPases at AJ (a) G-actin and F-actin are in a state of dynamic equilibrium 

where the slow nucleation process controls the rate of actin polymerization.  The G-actin 

polymerizes to form F-actin. (b) Important actin regulators are regulated Rho, Rac, CDC42 

take part in actin bundling. They regulate formins to initiate and extend filament length, Arp2/3 

initiate the branching, and Ena/VASP regulate and helps the filament growth. The figure is 

adapted from (Han & Yap, 2012) 

 

RHO inhibition causes the ZA to be disrupted, according to early investigations (Citi, Spadaro, 

Schneider, Stutz, & Pulimeno, 2011). Diaphanous homologue 1 (DIA1; also known as DIAPH1 

in D. melanogaster) and RHO-associated protein kinase (ROCK; also known as RHO kinase 
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or Rok in D. melanogaster) are two of the effectors that RHO positively regulates at the ZA 

(Goode & Eck, 2007). Under the direction of small RHO GTPases, the formin family protein 

DIA1 stimulates actin polymerization. The ZA is disrupted when DIA1 is depleted, whereas 

actin buildup at junctions is increased when DIA1 is overexpressed (Homem & Peifer, 2008; 

Sahai & Marshall, 2002). Formin 1 is yet another formin that is crucial for AJ 

maintenance(Kobielak, Pasolli, & Fuchs, 2004). RHO thus appears to maintain actin 

polymerization via formins at the ZA to support ZA stability. The actomyosin contraction is 

brought on by the Ser/Thr kinase ROCK, another RHO target, which phosphorylates the MLC 

and MLC phosphatase (Riento & Ridley, 2003). ROCK can only be detected at a moderate 

level along the ZA in epithelial cell lines. Junctional ROCK levels have been suppressed by an 

atypical protein kinase C (aPKC)-dependent mechanism (Ishiuchi & Takeichi, 2011). Linear 

connections are messed up when ROCK is constitutively activated, though. The actomyosin 

filaments that are perpendicularly linked to AJs are thought to contract as a result of enhanced 

ROCK activity, allowing them to pull the junctions in radial directions as seen in peripheral 

AJs, which is how this phenomenon was explained. As a result, when ROCK is hyperactive, it 

can act as an inhibitor of ZA formation. The two RHO effectors DIA1 and ROCK operate in 

balance for maintenance of ZA in epithelial cells (Warner & Longmore, 2009). 

 

1.1.2.3 The basolateral domain 

The key polarity factors that make up the basolateral domain are the Scribble (scrib), Discs 

large (dlg), and Large giant larva (lgl) collectively known as the Scribble complex. They define 

the basolateral domain in fly and vertebrate epithelia. However, several other paralogues of 

Scribble (Scribble, Erbin, Lano (LRRC1) and Densin), Lgl (LLGL1 and LLGL2) and Discs 

large (DLGL1-5) are found in mammals (C. E. Buckley & St Johnston, 2022).  Single protein 

knockdowns or knockouts of these proteins result in unexpected phenotypes and have 
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negligible influence on polarity speculating their redundant role in apicobasal polarity. But, 

triple knockouts of the genes Scribble, Erbin, and Lano completely alter the polarity of colon 

carcinoma cells, but single knockouts frequently have no impact on apical-basal polarity (Choi, 

Troyanovsky, Indra, Mitchell, & Troyanovsky, 2019). Due of Lgl's ability to inhibit aPKC, the 

scrib complex prevents apical proteins from entering the basolateral region (Bonello & Peifer, 

2019b; Riga, Castiglioni, & Boxem, 2020; Stephens et al., 2018). In Drosophila, the Scribble 

complex controls the transport of Crumbs and other cargo from early endosomes to the Golgi 

apparatus via the retromer pathway (de Vreede et al., 2014). The Scribble proteins operate via 

a common pathway to govern AJ formation, limit apical determinants to the apical domain, and 

regulate cell growth in Drosophila (Bonello & Peifer, 2019a; Tomoyuki Yamanaka & Ohno, 

2008). They are mutually dependent on their localization. It has been identified to have a very 

early role in organizing AJs in the developing Drosophila embryo, upstream of other polarity 

regulators including Baz/par3 (Bonello & Peifer, 2019a). Another group of basolateral polarity 

markers [Yurt, Coracle (Cora), Neurexin IV, and Na+K+-ATPase] counteracts apical polarity 

regulators to maintain basolateral polarity during mid-embryogenesis in Drosophila (Laprise 

et al., 2009; Tepass, 2012). Another important feature of the basolateral domain is septate 

junction. 

 

(a) Septate junction 

Septate junctions (SJ) emerge later in development as the epithelium matures and are not seen 

in all epithelia. The initial distribution of septate junction proteins in the lateral membrane is 

uniform; nevertheless, these proteins organize into a continuous band eventually right below 

the adherens junction and create stationary complexes (Oshima & Fehon, 2011). The Scribble 

complex also plays distinct functions that govern establishment of the lateral domain in flies 

and vertebrates. Dlg and Scribble are essential for the formation of the septate junctions in flies, 
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which act as barriers to the paracellular diffusion in a manner akin to tight junctions (Bilder, 

Schober, & Perrimon, 2003; Tanentzapf & Tepass, 2003). The failed localization and continued 

immobility of the septate junction proteins in dlg and scrib mutants indicate that these proteins 

are crucial for positioning the junctions to establish a continuous barrier. However, they are 

dispensable for junction assembly. 

 

1.1.2.4 The basal domain 

The basal domain comprises of the basal plasma membrane of the cells that is attached to the 

basement membrane via focal adhesions or dot junctions. These basal membranes are 

interacting with the basement membrane proteins i.e., Collagen, Laminin, Perlecan and 

Nidogens via integrins (Barrera-Vel§zquez & R²os-Barrera, 2021). Integrins serve as 

transmembrane intermediaries that mediate interactions between the extracellular matrix and 

the cytoskeleton(Bruce Alberts et al., 2008). The majority of integrins are joined to networks 

of F-actin bundles. Talin and the integrin-linked kinase (ILK), interact with the actin 

cytoskeleton and the microtubules, respectively. The alteration in the integrin-mediated cell-

ECM interaction leads to many morphogenetic defects of the epithelia and altered bECM 

composition (Barrera-Vel§zquez & R²os-Barrera, 2021). 

 

1.1.3 Tubular epithelial organs 

Epithelial tubes are the structural and functional units of tubular epithelial organs. Tubular 

epithelial organs are specialized organs primarily consisting of hollow tubes lined by a single 

layer of epithelial cells, and they can be found in many organisms, including humans. These 

organs, including the respiratory system (trachea and bronchi), digestive system (salivary 

glands, intestines), urinary system (renal tubules, lining of urethra), and reproductive system 

(fallopian tubes), play crucial roles in processes like transportation, secretion, absorption, and 
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excretion. The efficient transportation of gases, liquids, nutrients, and waste items is made 

possible by their tubular form. The interchange of molecules and ions between the interior of 

the organ and its surrounding tissues is regulated by the epithelial lining, which serves as a 

selective barrier. Significant scientific interest exists in figuring out how these organs arise, 

work, and are maintained. Several molecular mechanisms and signalling pathways crucially 

involved in the generation and patterning of tubular structures throughout embryonic 

development have been revealed in the past (Lubarsky & Krasnow, 2003). Congenital 

malformations and illnesses affecting tubular organs can have underlying dysregulation of 

these systems. For instance, research on renal tubule formation has shed light on the molecular 

causes of diseases like polycystic kidney disease (PKD) (Dow & Romero, 2010). The 

pathology of respiratory disorders, including COPD and pulmonary fibrosis, have been better 

understood by studying the development of the respiratory system (Scholl, Ndoja, & Jiang, 

2021). Drosophila melanogaster has been used as a model organism extensively to investigate 

the fundamental biology of epithelial tubular systems.  
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Figure 1.7: Schematic showing the resemblance of human lungs with Drosophila 

respiratory system. Both the systems are made up of tubes made up of epithelium. Image by 

A. Prokop and adapted from droso4schools.wordpress.com. 

1.1.4 Drosophila trachea: a tubular epithelium 

The development of tubular tissue architecture and organogenesis to create functional tubular 

organs is an integral part of all metazoan development. In most multi-cellular organisms, major 

cellular processes like the generation, secretion, storage, and transport of physiological fluid 

and gas depend on tubular organs. The emergence of tubular tissue topologies and their 

significance in respiration is an essential physiological phenomenon of all metazoans 

(Loganathan, Cheng, & Andrew, 2016). Holometabolous insects have a network of epithelial 

tubules that serve as their respiratory organs, called trachea, to deliver oxygen to the target 

tissue. The tracheal system, made up of a network of ramified tubules stretching throughout 

the body cavity, allows air to pass through openings in the body wall known as spiracles and 

transports it to the destination cells via highly branched tracheal termini. Waste gas (carbon 

dioxide) diffuses from the terminal to the spiracles across the broad surface area of the tracheole 

lumen. In contrast, oxygen diffuses in the opposite direction(Wigglesworth).The Drosophila 

trachea, is a widely used developmental model to comprehend the cellular and physiological 

mechanisms that underlie the formation and function of tubular organs (Markus Affolter & 

Caussinus, 2008; G. & A, 1993; M, 1980; R. Pradhan, Urbieta-Ortiz, Kumar, Mathew, & R²os-

Barrera, 2022; Samakovlis, Hacohen, et al., 1996). 

 The development of the trachea in Drosophila has been utilised to study the genetic, 

molecular, and cellular mechanisms driving tubulogenesis in the embryonic and larval stages. 

The trachea is comprised of an interconnected web of different-sized tubules and sacs of 

epithelial origin with diverse cellular-scale architectures. The three-dimensional tissue space 
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of the entire body is permeated by the tracheal tubules, which are largely responsible for gas 

exchange and transport. Cuticle secretion in the tubules and oxygen storage in the air sacs, 

respectively, are instances of its secretory and storage roles. Consequently, the cellular 

processes and physiological functions of the Drosophila trachea are relatable to a substantial 

number of physiological roles carried out by equivalent but more intricate tubular organs in 

higher metazoans including humans (Hayashi & Kondo, 2018). 

 

1.1.5 Development of tracheal epithelium 

Tracheal formation starts in stage 10 of embryogenesis, approximately 5 hours after the egg 

laying. The process starts with the specification of 10 pairs of epithelial placodes which are 

located in the lateral part of the second thoracic (T2) to eighth abdominal (A8) segments of the 

embryo (Figure 1.7).These placodes invaginate into the body cavity while retaining epithelial 

integrity and go through regulated branching and fusion processes that create a network of 

tubular epithelium (Campos-Ortega   Jos® A., 1997). However, early studies concentrated on 

determining the factors that determine the fate of tracheal cells and tracheal tissue-specific 

attributes. Those are trachealess, breathless and branchless. Breathless (Btl), which encodes the 

FGF receptor, is one of many tracheal genes regulated by the transcription factor Trachealess 

(Trh), which is expressed in all tracheal cells from the beginning of tracheal placode 

specification through adulthood (Chung, Chavez, & Andrew, 2011; T. Ohshiro & Saigo, 1997). 

Tracheal placode invagination is a multi-mechanistic process. The apical surface of the 

epithelium is shifted basally to generate the tracheal pit via the constriction of apical cell 

surfaces in the middorsal placode. This process progresses through EGF receptor (EGFR) 

signalling, which is governed by Rho GTPase signalling and controlled by the EGF ligand 

activator molecule Rhomboid (Rho) and the intracellular signal transducers ERK and MEK 
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(Brodu & Casanova, 2006; Llimargas, 1999). The invasion of the tracheal placode cells into 

the body triggers the final embryonic mitosis (cycle 16).  

Most tracheal cells in the larval stage grow by endo cycling. The process of primary 

branching commences as the tracheal primordia begin to express the FGF receptor tyrosine 

kinase, i.e., Btl, which is activated by Branchless (Bnl), one of the three FGF ligands in 

Drosophila (Glazer & Shilo, 1991; Klªmbt, Glazer, & Shilo, 1992; Shishido, Higashijima, 

Emori, & Saigo, 1993). Each branch moves in the direction of a certain target tissue; for 

instance, the dorsal branch migrates in the direction of the dorsal epidermis, the visceral branch 

proceeds in the direction of the intestine, and the ganglionic branch moves in the direction of 

the ventral nerve cord. Bnl, which is expressed in a number of nontracheal tissues, directs 

branch migration. Bnl-Btl signalling promotes the development and expansion of terminal 

cells, seamless tracheal tubes that extend their cytoplasmic branches into target regions to 

facilitate respiration during stages 15 and beyond (Du et al., 2017; Tomokazu Ohshiro, Emori, 

& Saigo, 2002; Sutherland, Samakovlis, & Krasnow, 1996).After being activated by Bnl, Btl 

forms a complex with the FGFR adaptor protein Dof and activates ERK MAP kinase via the 

RAS signaling pathway which plays a significant role in the primary branching morphogenesis 

(Imam, Sutherland, Huang, & Krasnow, 1999; Michelson, Gisselbrecht, Buff, & Skeath, 1998; 

Vincent, Wilson, Coelho, Affolter, & Leptin, 1998). 
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Figure 1.7: Drosophila tracheal system in embryo (A) ten epithelial placodes in Stage 11 (B) 

Stage 14 of tracheal development showing dorsal trunk branch fusion and (C) developed 

embryonic trachea of stage 16 embryo, green dots represent the nuclei. Images adapted from 

(Hayashi & Kondo, 2018) (D) Types of tracheal tubes embryo (E) Cellular arrangement in 

tracheal DT. Images adapted from (Loganathan et al., 2016) 

The branches formed during primary branching are distinct in their pattern and cellular 

composition. The transcription factors Knirps/Knirps-like (Kni/Knrl) and Spªlt(Sal), which are 

expressed in a complementary pattern, are responsible for the most significant aspects of tube 

structure, cell composition, and target organ specificity: Sal is expressed in the dorsal region 

and results in the development of the dorsal trunk and branch, whereas Kni/Knrl is expressed 

in the ventral region and results in the development of the lateral trunk and the ganglionic and 

visceral branches. The dorsal trunk (DT) is distinctive in that cells with multicellular 

junctions cover the lumen surface, resulting in a multicellular tubule with a comparatively 

broad diameter. Other branches, such as the dorsal branch (DB) and lateral branch (LB), are 

composed of single cells with auto-cellular junctions and have small-diameter unicellular 
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