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Chapter 1  

1 Introduction 

The cytoskeletal component actin is fundamental to the proper function of nearly every 

animal cell. Therefore, actin binding proteins are nearly ubiquitously expressed. The actin 

binding protein Shroom3, however, shows cell specific expression within different tissues 

and at different time points of life. Because of this, Shroom3 has considerable 

developmental and postnatal interests as an example of differential actin regulation 

between different cell types.  

1.1 The cytoskeleton 

The cytoskeleton is an essential cellular component in all organisms, from prokaryotes to 

complex multicellular animals. This dynamic network facilitates signalling cues within 

the cell, from cell to cell, and between the cell and its environment. The cytoskeleton also 

maintains cell shape and intracellular organization, and controls cell motility. 

The cytoskeleton is composed of three types of protein filaments: actin, microtubules, 

and intermediate filaments. Actin provides control over cell shape and integrity for 

organized tissues, forms vesicles and motility structures, and provides force for 

contraction (Bai et al., 2023; Guan et al., 2023; Seetharaman & Etienne-Manneville, 

2020). Microtubules provide tracts for organelle positioning and intracellular transport, 

form cilia for cell motility and signalling, and form the mitotic spindle  (Gudimchuk & 

McIntosh, 2021; Seetharaman & Etienne-Manneville, 2020). Intermediate filaments 

provide mechanical strength to the cell, participate in cell adhesion, and support the 

structure and positioning of the nucleus and organelles within the cell (Etienne-

Manneville, 2018; Guan et al., 2023). 

All cytoskeletal filaments are made of self-associating monomers that can rapidly 

assemble and disassemble. Actin and microtubule filaments are made from the 

polymerization of monomers and dimers, respectively, which bind in a directional head -

to-tail manner (Bai et al., 2023; Gudimchuk & McIntosh, 2021; Heissler & 
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Chinthalapudi, 2024; Hohmann & Dehghani, 2019). This directionality allows for force 

to move the cell membrane, internal organelles, or chromosomes (Bai et al., 2023; 

Gudimchuk & McIntosh, 2021; Hohmann & Dehghani, 2019; Seetharaman & Etienne-

Manneville, 2020). Intermediate filament units are made of eight tetramers bound in an 

antiparallel association, and multiple units are required to create the final filament 

(Etienne-Manneville, 2018; Hohmann & Dehghani, 2019).  

Accessory proteins control the distribution and number of cytoskeletal filaments. These 

proteins bind to the filament to control their assembly and disassembly, to change the 

kinetics of assembly and disassembly, and to link filaments together or to other 

structures, including the plasma membrane (Bai et al., 2023; Etienne-Manneville, 2018; 

Gudimchuk & McIntosh, 2021; Hohmann & Dehghani, 2019; Seetharaman & Etienne-

Manneville, 2020). Deployment of these accessory proteins can be controlled though 

signalling pathways. In this way, the extra- and intracellular environment can control the 

cytoskeleton. 

Precise spatial and temporal regulation of the cytoskeleton is paramount during 

embryonic development. Within cells, the cytoskeleton allows for proper migration and 

cell shape changes, for example epithelial to mesenchymal transition and axonal body 

elongation. (Bai et al., 2023; Ouzounidis et al., 2023). Within groups or layers of cells, 

cytoskeletal regulation plays a key role in producing complex structures and organs, for 

example maintaining tissue structure but also movements such as convergent extension, 

crypt formation in the developing intestines, and epithelial budding during lung 

branching. (Bai et al., 2023; Kim & Nelson, 2012). 

While acknowledging that cytoskeleton function relies on collaboration, coordination, 

and feedback between all filament types, the remainder of this thesis will focus on actin.  

1.1.1 Actin 

The actin filament, known as filamentous actin or F-actin, is a flexible right-handed 

helical polymer composed of globular actin monomers, known as G-actin. Under 

physiological conditions the actin filament assembly proceeds with sufficient G-actin and 
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ATP. Actin monomers, and subsequently filaments, are polarized structures where G-

actin associates into dimers in a head-to-tail orientation (Heissler & Chinthalapudi, 2024; 

Hohmann & Dehghani, 2019). This in turn creates a more dynamic end of the actin 

filament, known as the (+) end or the barbed end, and a slower growing end, known as 

the (-) end or the pointed end (Bai et al., 2023; Heissler & Chinthalapudi, 2024; 

Hohmann & Dehghani, 2019). Once a filament has been established, it is able to maintain 

a steady state where new subunits are added at the same rate that old subunits are 

dissociated. Addition of monomers is usually concentrated to the (+) end of the filament, 

which is the end associated with cell movement and shape change, whereas dissociation 

can occur at either end of the filament.  

1.1.1.1 Actin dynamics and actin binding proteins  

The primary way that cells control their shape, movement, and organization is through 

the control of F-actin dynamics. Multiple factors contribute to this control, however, the 

deployment of accessory proteins, known as actin binding proteins, are some of the most 

influential and specific ways to manipulate the actin cytoskeleton to the cell’s needs.  

F-actin polymerization and depolymerization can be controlled through preventing 

monomer association (thymosin), promoting monomer association (profilin), promoting 

depolymerization (ADF/Cofilin), and restricting both polymerization and 

depolymerization (capping proteins) (Hohmann & Dehghani, 2019). Actin binding 

proteins also allow actin filaments to form higher order structures. This includes parallel 

linear bundles (formin and α-actinin), two-dimensional networks, and three-dimensional 

branching gel networks (Arp2/3 complex) (Hohmann & Dehghani, 2019). The polarity, 

density, and mechanical properties of the filament, bundle, or net can change depending 

on interactions between the filaments themselves, ionic or electrostatic interactions, the 

types of actin binding proteins present, and post-translational modifications which have 

occurred to the filament (Bai et al., 2023; Heissler & Chinthalapudi, 2024; Hohmann & 

Dehghani, 2019; Nietmann et al., 2023). 
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1.1.1.2 Muscle actin and non-muscle actin 

In birds and mammals, three major families of actin exist comprising six highly 

conserved isoforms encoded by different genes. α-actins are found only in muscle cells 

and include skeletal muscle α-actin (ACTA1), cardiac muscle α-actin (ACTC1), and 

smooth muscle α-actin (ACTA2) (Bai et al., 2023; Nietmann et al., 2023). β-actins and γ-

actins are found in non-muscle cells and are the most similar of the family, showing only 

small sequence differences (Heissler & Chinthalapudi, 2024; Nietmann et al., 2023). 

These include cytosolic β-actin (ACTB), cytosolic γ-actin (ACTG1), and smooth muscle 

γ-actin (ACTG2) (Bai et al., 2023; Nietmann et al., 2023). Despite being highly 

conserved, these different isoforms have specialized equilibrium and network mechanics 

(Nietmann et al., 2023), although conflicting information exists on the redundancy 

between β-actin and γ-actin (Ervasti et al., 2025; Heissler & Chinthalapudi, 2024). 

1.1.2 Polarity in epithelial cells 

The majority of tissues and organs in animals are lined by epithelial cell layers, which 

can form barriers, tubes, and sub layers within the larger structure. An epithelial layer is 

generally considered to be a sheet of cells where each cell has three distinct domains; an 

apical domain facing the outer environment of the cell; a lateral domain where cells 

connect to each other; and a basal domain which anchors the structure to surrounding 

extracellular matrices. These domains provide coordinates within the cell to dictate an 

apicobasal axis and indicate different areas of the cell with functionally distinct properties 

and structures. 

The apical domain facing the ‘outside’ of the larger sheet or structure is defined by apical 

polarity factors including aPKC, PAR-6, CDC42 and the Crumbs complex (Buckley & St 

Johnston, 2022; Ebnet et al., 2018; Thottacherry et al., 2023). aPKC and PAR-6, which 

are bound together, are recruited to the plasma membrane through interaction with 

CDC42. Once PAR-6 is bound to both CDC42 and the transmembrane Crumbs complex, 

it undergoes a conformational change, activating aPKC (Almagor & Weis, 2025). This 

allows aPKC to phosphorylate non-apical factors, preventing them from localizing to the 

apical domain and thus establishing and maintaining an apical identity within the cell 
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(Buckley & St Johnston, 2022). Within epithelial cells, the actin cytoskeleton is localized 

to the apical membrane to provide specialized structures such as microvilli, stereocilia, or 

microridges (Pelaseyed & Bretscher, 2018; Pinto et al., 2019). Polarity-establishing 

factors from the apical domain, particularly Crumbs and CDC42, allow for direct 

connection, organization, and phosphorylation of the actin cytoskeleton.  

Within the lateral domain, junctions on the sides of the cell allow for adherence and 

signalling between adjacent cells but also provide a protected paracellular space 

preventing free passage of membrane lipids and proteins, or extracellular molecules 

between the sides of the layer (Nakaya & Sheng, 2013). Formation of tight junctions is 

dependent on PAR-3, the nectin family, afadin, and Zona Occludens (ZO) 1 and 2 

(Campbell et al., 2017). PAR-3 is involved in the formation of the most apical tight 

junction, helping to define the apical vs lateral domain border (Mizuno et al., 2003). ZO-

1, ZO-2, and afadin work to recruit PAR-3 to the tight junctions of the lateral domain 

where it has been speculated that ZO proteins and PAR-3 connect the tight junctions to 

the cytoskeleton, particularly the actin cytoskeleton (Buckley & St Johnston, 2022).  

The basal domain is defined by its connection to the basement membrane, or the extra 

cellular matrix. Similar to the apical domain, a protein complex consisting of SCRIB, 

DLG, and LGL establishes a border between the basal and lateral domains (Buckley & St 

Johnston, 2022; Elsum et al., 2012). This prevents localization of other proteins and 

established basal domain identity. 

During development, these polarity factors are responsible for maintaining, altering, and 

re-establishing cytoskeletal filaments and junctional connections, allowing them to 

directly and indirectly control cell-cell adhesion, cell shape, and cell migration 

(Campanale et al., 2017). However, these factors do not act in isolation. Extra-, inter-, 

and intracellular signalling factors work together to carry out cell regulation and control 

cell shape change. The polarity factors work in tandem with the planar cell polarity (PCP) 

pathway to orient cells, promote convergent extension movements, and regulate polarized 

cell shapes (Buckley & St Johnston, 2022; Vladar et al., 2009). 
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1.1.2.1 Planar Cell Polarity Pathway  

The Wnt family of extracellular signalling proteins is essential during development for 

establishing polarity through the manipulation of cytoskeletal dynamics. Of particular 

significance to development, non-canonical Wnt signalling, which is β-catenin 

independent, is essential for directional cell migration, establishing cell patterning in a 

single axis, and convergent extension. This is also referred to as the planar cell polarity 

pathway. 

PCP signalling begins through the binding of a Wnt signalling molecule to the Frizzled 

transmembrane receptor. This binding leads to an activation cascade through the 

Dishevelled (Dvl) effector to activate GTPases Rho and Rac (Henderson et al., 2018; Shi, 

2023; Vladar et al., 2009). These GTPases act upon cytoskeletal effectors, such as Rho 

kinase (ROCK), to control rearrangements of the actin cytoskeleton. They can also 

interact with Jun N terminal kinase (JNK) causing it to translocate to the nucleus and 

phosphorylate transcription factors leading to differential gene expression. It is generally 

considered that Wnt5a is associated with the JNK signalling cascade, while Wnt11 is 

associated with RhoA and ROCK dependent alteration of actin filaments and adhesion 

complexes (Henderson et al., 2018; Vladar et al., 2009). 

In vertebrates, the PCP pathway is involved in many areas of development. It was 

originally found to facilitate convergent extension of the notochord and neural plate, 

allowing for proper neural tube closure and, by extension, lengthening of the body axis 

(Butler & Wallingford, 2018; Wallingford & Harland, 2002; Ybot-Gonzalez et al., 2007). 

PCP signalling is also involved in branching morphogenesis of multiple organs (Vladar & 

Königshoff, 2020; Yates & Dean, 2011), but particularly the kidneys (Elias et al., 2015; 

Torban & Sokol, 2021), and glandular organs (Cortijo et al., 2012; Satta et al., 2024). The 

PCP pathway also controls the orientation of hair cells in the sensory hairs, hair follicles, 

and motile cilia in the ear, skin, airways, and oviduct (Chang & Nathans, 2013; Guirao et 

al., 2010; Henderson et al., 2018; Shi, 2023; Sienknecht, 2015; Vladar et al., 2009). 

Finally, the PCP pathway also organizes the directionality and migration of second heart 

field cells in developing vertebrate hearts, allowing for the lengthening of the heart tube 

(Li et al., 2019; Merks et al., 2018; Ramsbottom et al., 2014), and subsequent looping and 
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outflow tract development (Li & Wang, 2018), as well as the differentiation of the 

myocardium in individual heart chambers (Sinha et al., 2015). Due to these expression 

patterns, defects in the PCP pathway during development result in disruptions in the body 

axis and defects in the neural tube, lungs, heart, kidney, and ear. 

1.1.2.2 Rho GTPases and ROCK1/2 

Alterations of the actin cytoskeleton, including through the PCP pathway, are facilitated 

by the Rho GTPase family. As Shroom3 also binds to and alters the actin cytoskeleton 

alongside a Rho effector, this family will be highlighted in more detail.  

The Rho GTPase family acts as regulatory molecules to pass incoming signalling onto 

downstream effector proteins to control cell polarity, movement and shape. This 

interaction with effector proteins occurs due to a conformational change when the 

GTPase switches from the active state, when bound to GTP, to the inactive state, when 

bound to GDP (Mosaddeghzadeh & Ahmadian, 2021). Based on sequence homology, the 

Rho GTPase family has been divided into multiple sub-families. One sub-family involved 

in the contraction of the actin cytoskeleton is the Rho sub-family, which contains RhoA, 

RhoB, and RhoC (Guan et al., 2023; Mosaddeghzadeh & Ahmadian, 2021). RhoA acts 

upon the serine/threonine kinase known as Rho-associated coiled-coil forming kinase or 

ROCK, which phosphorylates the regulatory light chain of the motor protein myosin 

(Mosaddeghzadeh & Ahmadian, 2021; Zhou et al., 2011). This phosphorylation causes a 

conformational change in myosin enabling actin-myosin interactions, thus altering the 

actin binding capacity for other actin associated molecules, including calcium and actin 

binding proteins like cofilin (Guan et al., 2023; Zhou et al., 2011). In this way, ROCK 

activity stabilizes the actomyosin filament and promotes its contraction, thus affecting 

cell shape, polarity, and migration. Two mammalian ROCK isoforms have been 

identified, called ROCK1 and ROCK2. While both ROCK1 and 2 are expressed in nearly 

all mouse tissues and share 65% sequence identity, there is higher mRNA expression of 

ROCK2 in cardiac muscle and vascular tissues (Zhou et al., 2011). 
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1.1.3 Apical constriction and apicobasal elongation 

Small, controlled changes in cell shape are essential for the coordinated movements of 

morphogenesis, organogenesis, and tissue remodelling. One example of these changes is 

apical constriction. 

During apical constriction, actomyosin filaments are localized to the apical side of the 

cell and anchored via the adherens junctions. Phosphorylation of the regulatory light 

chain of non-muscle myosin II, commonly by the RhoA-ROCK complex, causes it to 

contract against the actin filament (Martin & Goldstein, 2014; Ranie & White, 2025). 

These forces of contraction will pull against the adherens junctions, narrowing the apical 

surface area of the cell and altering it from a rectangular or square shape into a pie, 

wedge, or bottle-shaped cell. Thus, apical constriction is reliant on established polarity 

within the cell and the forces generated by the cytoskeleton. The PCP pathway plays 

important roles in the mechanisms driving apical constriction (Dush & Nascone-Yoder, 

2019; Ossipova et al., 2015).  

Observations of this mechanism in a tissue sheet have characterized the movement as a 

‘purse-string’, where the actomyosin filament runs along the apical side of the sheet of 

cells, and upon phosphorylation, acts as a cable to synchronously cause apical narrowing 

across many cells, distributing tension over the apical cortex (Baker & Schroeder, 1967; 

Nagele et al., 1989; Roh-Johnson et al., 2012). An alternative mechanism has since been 

proposed, were the actomyosin filament narrows the apical surface of a sheet of cells 

through pulsed contractions, referred to as a ‘ratcheting’ mechanism (Martin et al., 2009; 

Mason et al., 2013; Vasquez et al., 2014). It should be noted that these differing 

mechanisms may be cell-type and species-specific, and it is also possible that both 

methods could be used in a single cell type (Ranie & White, 2025). This movement will 

alter the forces of adhesion and tension over the surface of the sheet, causing it to bend. 

Constriction severity can be controlled though manipulation of the level of actomyosin 

contraction, the number of adherens junctions, or the amount of plasma membrane 

removed from the apical surface of the cell (Ranie & White, 2025). These coordinated 

actions are an important force behind tissue folding, bending, and invagination during 
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development (Lecuit & Lenne, 2007). A paradigm example of apical constriction is the 

bending and closure of the neural tube during vertebrate development.  

Apical constriction is often accompanied by elongation of the cell in the apicobasal plane. 

This action is thought to be controlled through the elongation of microtubules, where the 

filaments are oriented with the plus end towards the apical pole of the cell. These 

microtubules not only function to change the shape of the cell, but also to allow for the 

trafficking of apical constriction factors, such as Rho GTPases (Lecuit & Lenne, 2007; 

Ranie & White, 2025). 

One overarching theme of this section is that the pathways and factors which control 

actin cytoskeletal dynamics, cell polarity, and apical constriction are inextricably linked, 

often contributing to each other. Multiple factors from the PCP pathway are also 

prevalent in nearly all of these topics, although they are not always functioning in the 

same role and at times show tissue specific functions.  

1.2 Shroom family 

The name ‘shroom’ originates from a gene trap mutagenesis screen carried out by 

Hildebrand and Soriano in 1999. One mutation from this screen resulted in a dramatic 

exencephaly phenotype, resembling the brain mushrooming out of the open skull, and the 

associated gene was named Shroom. Later, the Shroom family of proteins, consisting of 

Shroom1 through 4, was established (Hagens et al., 2006). The family members were 

numbered in the order in which they were discovered but were named after Shroom, now 

Shroom3, the most prominently studied member. The family is united by a common 

APX/Shroom Domain 2 (ASD2), a specific protein domain which directly binds ROCK 

and is not found anywhere else in the animal genome (Hagens et al., 2006). ASD2 has a 

highly conserved leucine zipper motif that is found in all family members, indicating that 

its role in cytoskeletal regulation is evolutionarily conserved (Figure 1.1) (Dietz et al., 

2006). All but one member contains an additional ASD1 domain, which can directly bind 

to F-actin (Figure 1.1). Thus, all members of the Shroom family are involved in the 

control of cell shape and elongation in developing epithelial tissues through direct 
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binding of F-actin and control over γ-tubulin distribution (Dietz et al., 2006; Lee et al., 

2009).  

The Shroom3 family has been established in vertebrates, including humans, Xenopus 

laevis, and Mus musculus. Drosophila melanogaster contains a single Shroom gene 

containing an ASD2 domain. It has been shown to activate apical constriction in 

polarized cells, directly interacts with F-actin and Drosophila Rock, and controls actin 

skeleton localization both in vivo and in vitro (Bolinger et al., 2010; de Matos Simões et 

al., 2014; Dietz et al., 2006; Hildebrand et al., 2021; Lan et al., 2015; Mohan et al., 2012). 

During fly development, Shroom has been identified in the intercalation and convergent 

extension movements of germ band extension and in the development of the eye and 

wing (de Matos Simões et al., 2014; Hildebrand et al., 2021; Lan et al., 2015). Thus, the 

ASD2 sequence and the role in cytoskeletal regulation has been conserved throughout 

animal evolution.  

 

Figure 1.1: Schematic of human Shroom protein family domains 

Domain maps of human Shroom family members. The family is united by a common C-

terminal ASD2 domain. Other known binding domains include the N-terminal PDZ, 

which is shared between Shroom2, Shroom3, and Shroom4, and the ASD1 domain, 

which is shared between Shroom1, Shroom2, and Shroom3.  
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1.2.1 Shroom1 

Located on human chromosome 5, Shroom1 encodes an 852aa protein which contains an 

N-terminal ASD1 and C-terminal ASD2 (Figure 1.1). This is the shortest protein 

sequence of the family. In humans, two other SHROOM1 isoforms have been identified 

based on alternate splice sites and start codons, however, both still contain the ASD1 and 

ASD2 domains. 

Originally discovered in Xenopus laevis and named Apical Protein from Xenopus (APX), 

Shroom1 forms a complex with the epithelial sodium channels in the Xenopus oocyte and 

facilitates their apical localization and function in an actin dependent manner (Assef et 

al., 2011; Prat et al., 1996; Staub et al., 1992; Zuckerman et al., 1999). While Shroom1 

does not direct the accumulation of microfilaments, it is able to localize γ-tubulin to 

apical cell-cell junctions, allowing for epithelial cell elongation (Lee et al., 2007). 

There is evidence that Xenopus Shroom1 (xShroom1) may also be involved in the 

maintenance and localization of other membrane proteins, as suppression of xShroom1 

expression resulted in an increase of cystic fibrosis transmembrane regulators in the 

plasma membrane of Xenopus oocytes (Palma et al., 2016). This role may be conserved 

in other species, as human Shroom1 (hShroom1) binds to the cytoplasmic domain of the 

epithelial adhesion and signalling protein Melanoma Cell Adhesion Molecule (MCAM) 

in human neuronal cell lines and co-localizes with β-actin (Dye et al., 2009). 

Interestingly, the ASD2 domain is not required for interaction between hShroom1 and 

MCAM (Dye et al., 2009). In this study, expression of hShroom1 was detected in human 

brain, heart, skeletal muscle, colon, small intestine, kidney, placenta and lung tissues by 

Northern blot (Dye et al., 2009).  

hShroom1 has been identified as a potential candidate for osteoarthritis disease 

progression, as hypermethylated hShroom1 was identified in diseased cartilage samples 

from human patients (Bonin et al., 2016). However, mechanisms behind this observation 

are unknown. In a similar fashion, Shroom1 was identified as being hypomethylated in 

myocardial tissues from Zebrafish embryos after treatment with silver nanoparticles in an 

experiment replicating the impacts of pollution on aquatic life (Xu et al., 2018). 
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Interestingly, Shroom1 was identified as a suppressor of homology directed repair in 

animal cells. Both in vivo and in vitro knockdown of Shroom1 using CRISPR and siRNA 

resulted in higher efficiency of homology directed repair and gene integration, 

implicating Shroom1 in the efficacy of gene editing in future cell and animal models 

(Zhao et al., 2020). However, the mechanism or the cellular machinery involved in this 

function are also unknown. 

1.2.2 Shroom2 

Located on the human X chromosome, Shroom2 encodes a 1616aa protein, with an N-

terminal PSD-95/Dlg1/ZO-1 (PDZ) domain, central ASD1 domain, and a C-terminal 

ASD2 domain (Figure 1.1) and is the most similar family member to Shroom3. Two 

other isoforms of SHROOM2 have been identified in humans, based on alternate 

downstream start promoters. Both isoforms are much smaller and contain only the ASD2 

domain (Dietz et al., 2006).  

Within the cell, Shroom2 alters the distribution of γ-tubulin, localizing it to cortical actin 

through the ASD1 domain, and binds ROCK through the ASD2 domain to induce 

downstream myosin contractility (Dietz et al., 2006; Fairbank et al., 2006; Farber et al., 

2011; Zalewski et al., 2016). The ASD2 domain of Shroom2 is also able to bind 

phosphorylated SCRIB (Zalewski et al., 2016). In intestinal Caco-2 cells, SCRIB was 

essential in regulating cell shape, and utilized Shroom2 as part of this function (Boeda et 

al., 2023). However, Shroom2 cannot induce apical constriction as Shroom3 does (Dietz 

et al., 2006).  

Shroom2 was originally sequenced in relation to a human patient cohort with the 

recessive disorder ocular albinism type 1, where a region of the X chromosome was 

thought to carry a candidate gene (Schiaffino et al., 1995). Shroom2 was first named 

APX-like (APXL) after APX (Shroom1) in Xenopus due to sequence similarities. 

Although Shroom2 was not the gene responsible for ocular albinism 1, the study showed 

Shroom2 transcripts in human brain, placenta, lung, kidney, pancreas, retina, and 

melanoma cells (Schiaffino et al., 1995). During development, it is expressed in 

endothelial cell populations, kidney tubules, retinal pigment epithelium, luminal gut cells, 
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and the neural tube, where it is presumably regulating cell shape (Dietz et al., 2006). In 

vertebrates, Shroom2 has strong expression in the developing eye, and regulates the 

localization of melanosomes in retinal pigment epithelial cells through the control of γ-

tubulin (Fairbank et al., 2006). Improper localization of Shroom2 has downstream effects 

on proper lens and cornea formation due to disruptions in proper localization of 

cytoskeletal elements and melanosome structures. Shroom2 has also been identified in 

the developing vasculature of mouse embryos, where it complexes with ROCK to control 

the shape and contractility of the endothelial vascular cells, and thus angiogenesis (Farber 

et al., 2011). 

Shroom2 has also been identified in correlation to multiple cancer types. Loss or under 

expression of Shroom2 through DNA copy number changes have been found in ovarian 

tumor specimens (Tsuda et al., 2004). In two different esophageal cancer cell lines, 

Shroom2 was found to be either downregulated or upregulated compared to baseline 

expression (Timme et al., 2014). In liver cancer cells, it was found that over expression of 

MAP3 Kinase long non coding RNAs resulted in increased expression of Shroom2, 

which subsequently inhibited proliferation of cancer cells and increased apoptosis (Chen 

et al., 2025). It is unknown if this interaction exists in other cancer types. In 

nasopharyngeal carcinoma cells, Shroom2 was able to inhibit epithelial to mesenchymal 

transition (EMT) through maintenance of epithelial cell morphology. Loss of Shroom2 

showed increased mesenchymal transition and tumor metastasis (Yuan et al., 2019). 

Polymorphisms in Shroom2 have been identified in relation to colorectal cancer (Closa et 

al., 2014; Dunlop et al., 2012; Rajtmajerova et al., 2025) and prostate cancer (Eeles et al., 

2013). Finally, from RNA sequences and patient clinical data, higher expression of 

Shroom2 in breast cancer cells was linked to poorer clinical outcomes, modulation of 

immune cells, and increased cancer proliferation and migration (Wang et al., 2025).  

1.2.3 Shroom4 

Located on the human X chromosome, Shroom4 encodes a 1493aa protein (Figure 1.1) 

and was the last family member to be discovered. Shroom4 contains both the N-terminal 

PDZ domain, and the C-terminal ASD2 domain but lacks the central ASD1 domain that 

other family members have. Shroom4 has been shown to interact with cytoplasmic F-
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Figure 1.2 Mouse Shroom3 protein isoforms 

Schematic of murine Shroom3 protein isoforms and binding domains. Isoform 1 contains 

an N-terminal PDZ domain, a central ASD1 domain, and a C-terminal ASD2 domain. 

Based on alternate transcription start sites, isoforms 2 and 3 are shorter and lack the PDZ 

domain. All isoforms are able to bind F-actin through ASD1 and bind ROCK through 

ASD2.  

1.3.2 SHROOM3 function in regulating cell shape  

Prior to the publication presented in chapter 3 and a publication from our collaborators 

(Herstine et al., 2025), two mouse lines were used to understand the role of Shroom3. 

The first came from a gene trap screen which utilized a ROSAβ-galCre gene trap 

insertion (Hildebrand & Soriano, 1999). In brief, a gene trap construct will randomly 

insert itself into the target genome. If inserted into an intron, the construct contains a 

splice acceptor site that will cause the upstream exon to splice to the construct rather than 

the next exon. The endogenous promoter will then drive expression of any coding 

sequences in that construct, in this case, β-galactosidase (β-gal) and Cre recombinase. In 

addition, if any subsequent splices to downstream exons occur, the stop codons should 

prevent any downstream coding sequences from being transcribed, potentially 

introducing a loss of function for the allele. With this specific screen, the gene trap 

construct was inserted into the Shroom3 gene between exon 4 and 5. This line is available 

as B6.129S4-Shroom3Gt(ROSA53)Sor/J from Jackson Laboratories. The second mouse line, 

from the Niswander laboratory, contains an ENU-induced C to T mutation, resulting in 

an arginine to cysteine mutation in amino acid 1663 (Das et al., 2014). This is also 
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publicly available from Jackson Laboratories as 129S1.B6-Shroom3m1Nisw/J. Both mouse 

lines result in a loss of function disruption to the Shroom3 protein. 

The best characterized role for Shroom3 is in the closure of the vertebrate neural tube 

during development (Baldwin et al., 2022; Das et al., 2014; Haigo et al., 2003; 

Hildebrand & Soriano, 1999; McGreevy et al., 2015; Nishimura & Takeichi, 2008). 

Using both mouse lines described above, Shroom3 is shown to drive apical constriction 

of polarized epithelial cells. Importantly, Shroom3 does not determine or alter polarity in 

epithelial cells, but functions in already polarized cells (Haigo et al., 2003; Hildebrand, 

2005). This function is, firstly, facilitated through the ASD1 domain, which binds F-actin 

and directs its subcellular distribution to the apical pole of the cell (Figure 1.3) (Haigo et 

al., 2003; Hildebrand, 2005; Hildebrand & Soriano, 1999). Secondly, this function is 

facilitated through direct interaction of the ASD2 domain with ROCK1/2, where 

Shroom3 localizes ROCK1/2 to the apical junction of the cell to induce contractile 

activity of non-muscle myosin II (Figure 1.3) (Hildebrand, 2005; Nishimura & Takeichi, 

2008). Exogenous expression of Shroom3 in Xenopus embryos and MDCK cell lines 

have shown that Shroom3 is sufficient to drive apical constriction in polarized cells (Das 

et al., 2014; Hildebrand, 2005; Lee et al., 2007; Plageman et al., 2011). The PDZ domain 

is not required for apical constriction, (Dietz et al., 2006; Haigo et al., 2003; Hildebrand 

& Soriano, 1999; Nishimura & Takeichi, 2008) and its function remains poorly 

understood.  

Shroom3 has also been characterized as being both necessary and sufficient to control 

localization of the microtubule organizing center, γ-tubulin, to the apical surface of 

polarized epithelial cells (Figure 1.3) (Lee et al., 2007, 2009). This provides an additional 

role for Shroom3 in the assembly of microtubule arrays and influencing apicobasal 

elongation. No genetic or physical interaction between Shroom3 and γ-tubulin or 

microtubule filaments have been documented, and no clear mechanism has been 

established for this activity. Although this is a very interesting aspect of cell shape 

control, more research is needed to better understand this function of Shroom3.  
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Figure 1.3 Shroom3 promotes apical constriction and apicobasal elongation in 

polarized epithelial cells 

SHROOM3 binds F-actin and ROCK and localizes to the apical side of epithelial cells, 

promoting apical constriction. SHROOM3 also controls the localization of γ-tubulin to 

the apical side of the cell, allowing for apicobasal elongation of the cell.  

1.4 Shroom3 expression patterns and known interactions 

The apical constriction and apicobasal elongation function of Shroom3 has been 

characterized in several developing tissues. Here, an overview of the tissues with known 

Shroom3 expression, the established function in those tissues, if known, and any 

established genetic and protein interactions which aids this function, is provided. 

Importantly, the structure of Shroom3 allows it to have binding partners which vary 

depending on cell type and life stage. Especially as an actin binding protein, this 

plasticity and adaptability make Shroom3 an integral member of multiple protein 

complexes and an effector of many instances of cell shape control. 
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1.4.1 Shroom3 in neural tissue 

As the failure of neural tube closure was the original phenotype that led to discovery of 

Shroom3, research into its role in this tissue has been abundant. This is not only due to 

the importance of neural tube closure for vertebrate development, but also because it 

poses a significant congenital defect in humans. It is based on this role in neural tube 

closure that the best understood function for Shroom3 is in driving apical constriction and 

apicobasal elongation in epithelial cells. While the exencephaly phenotype is the most 

predominant phenotype in mouse studies, and almost fully penetrant, other neural tube 

closure defects have been observed with Shroom3 loss at lower penetrance levels, 

including spinabifida and craniofacial clefting (Herstine et al., 2025; Hildebrand & 

Soriano, 1999; McGreevy et al., 2015). Neural tube closure defects including 

anencephaly and spinabifida have also been seen in humans born with mutations in 

Shroom3 (Deshwar et al., 2020; Diaz Perez et al., 2023; Lemay et al., 2015). 

It has been shown that Shroom3 is necessary and sufficient to drive localization and 

contraction of the actomyosin cytoskeleton to the apical side of epithelial cells in the 

neural plate, allowing it to fold into the neural tube (Das et al., 2014; Hildebrand, 2005; 

Hildebrand & Soriano, 1999; Nishimura & Takeichi, 2008). More specifically, studies in 

mouse and Xenopus have shown that Shroom3 is involved in the formation of the 

dorsolateral and mediolateral hinge points of the closing neural tube (Das et al., 2014; 

Haigo et al., 2003; Lee et al., 2007). These are discreet cells at the base and on the sides 

of the neural tube which undergo very prominent apical constriction. Shroom3 is also 

required for apicobasal elongation in these hinge point cells, further contributing to the 

folding movement of the tissue (Lee et al., 2007). Importantly, Shroom3 is necessary for 

apical constriction but is not a determinant of hinge point formation in the neural tube 

(Sawyer et al., 2009). Notably, expression of Shroom3 has been seen throughout the 

neural plate including in the cranial and spinal regions, indicating that it is not only 

involved in hinge point formation and is active throughout the closing neural tube tissue 

(Baldwin et al., 2022; Hildebrand, 2005). However, Shroom3 induced localization of 

actomyosin filaments allows for connection to N-cadherin at the apical junctional surface 

of the neural plate cells, facilitating apical constriction, and is highly expressed in the 
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anterior hinge points where more prominent apical constriction is required (Baldwin et 

al., 2022). 

More recently, researchers have used CRISPR to produce a Shroom3 knockout in a 

human-derived brain organoid model. This study found Shroom3 loss resulted in 

organoids with enlarged lumens, representing incomplete neural tube closure, as well as 

disorganized F-actin and microtubules causing a three-fold reduction in the apical surface 

of knockout organoid cells (Takla et al., 2023). Interestingly, it was also found that lumen 

size and cytoskeleton mis-localization increased in a gene-dose response manner (Takla 

et al., 2023). Very similar results were seen in a Shroom3 knockout neuroepithelial 

organoid model derived from cynomolgus monkeys (Li et al., 2024). Use of optogenetics 

to drive Shroom3 expression in neuroepithelial organoids also results in tissue folding 

and thickening showing that Shroom3 expression is also sufficient to induce 

morphological changes (Martínez-Ara et al., 2022). 

Multiple interactions for Shroom3 in the developing neural tube have been uncovered 

since its discovery. Most prominently, Shroom3 has been found to act downstream of the 

PCP pathway, where genetic interactions with Vangl2 and Wnt5, and physical interaction 

with Dvl2, act to bridge cell signalling and cytoskeletal control (McGreevy et al., 2015). 

Other mechanisms involved in cell shape change may also be related to Shroom3. It was 

found that Lrp2, an endocytosis mediating surface receptor interacts with Shroom3 at the 

apically constricting hinge point cells of the closing neural tube, and assists in apical 

constriction through remodeling of the cytoskeletal membrane (Kowalczyk et al., 2021). 

During Xenopus neural tube closure, the protein Lulu is required for the apical 

localization of Shroom3 in the neural placode and works with Shroom3 to induce apical 

constriction in these cells (Chu et al., 2013). However, this interaction has not been 

shown in other vertebrates.  

Finally, other interactions for Shroom3 in neural tissue have been established through in 

vitro research. Using a pluripotent embryonic carcinoma cell line, as well as isolated 

neurons from E14.5 and E16.5 mouse brains, it was shown that Shroom3 and ROCK 

form a complex with the scaffolding protein POSH (Taylor et al., 2008). This complex 
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relays upstream CNS inhibitory signals to limit axon outgrowths and regulate the length 

of developing axons (Dickson et al., 2010; Taylor et al., 2008). This finding strongly 

suggests that Shroom3 controls alterations in cell shape through different interacting 

proteins, while relying on the same cytoskeletal control.  

1.4.2 Shroom3 in the eye 

Roles for Shroom3 in proper eye development have been visually (pun intended) 

apparent since the initial description of an open eye phenotype by Hildebrand and 

Soriano (1999). Here, the role for Shroom3 is similar to its role in the neural tube. During 

eye development, the Shroom3-ROCK1/2 complex localizes to the apical edge of the 

epithelial lens pit cells by interacting with p120 catenin, inducing apical constriction 

through the actomyosin cytoskeleton and allowing for proper invagination of the lens pit 

(Lang et al., 2014; Plageman et al., 2010; Plageman et al., 2011). Mutant embryos 

showed disrupted actomyosin localization to the apical side of lens pit cells, causing 

failed apical constriction and ultimately misshapen lens pits and disrupted eye 

morphology (Lang et al., 2014; Plageman et al., 2010). More recently, another role for 

Shroom3 in optic cup morphogenesis has been observed. During formation of the optic 

cup, a subset of cells near the optic fissure loses their apicobasal polarity and the two 

sides of the fissure begin to intercalate. The cells then re-establish their polarity to reform 

a continuous epithelial layer. In Shroom3 mutant mice, re-establishment of the polarity is 

disrupted resulting in coloboma from the failed alignment and fusion of the optic fissure 

(Herstine et al., 2025). Shroom3 also acts in a balanced manner with planar cell polarity 

pathway member Cdc42 to tightly control the shape of epithelial lens placode cells during 

development, however direct genetic or physical interaction has not been demonstrated 

(Muccioli et al., 2016). This is a unique instance, as all previous descriptions of polarity 

involving Shroom3 indicate that Shroom3 only functions in already polarized epithelial 

cells. 

Shroom3 possesses a proline rich sequence between the ASD1 and ASD2 domain which 

is able to bind and localize Mena/Vasp in the developing lens pit epithelia, an interaction 

which is necessary for apical constriction in this cell type (Plageman et al., 2010). The 

Mena/Vasp family of proteins is implicated in cell adhesion and actin dynamics. In the 
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invaginating lens placode, Pax6 is both necessary and sufficient to induce Shroom3 

expression, allowing for proper lens pit invagination (Plageman et al., 2010) 

Inhibition of Shroom3 in zebrafish embryos resulted in retinal neuroepithelial cells which 

were shorter and had an enlarged apical domain. Notch activity in these cells was also 

increased, maintaining the progenitor state of the cells and preventing the initiation of 

neurogenesis pathways (Clark et al., 2012). This indicates that Shroom3-controlled apical 

constriction may impact cell fate.  

1.4.3 Shroom3 in the gut  

Shroom3 is expressed in the developing gut tube epithelium as early as E8.5 (Hildebrand 

& Soriano, 1999) and peaks at E14.5 where expression is greater in the proximal 

intestine, which gives rise to the small intestine, than the distal intestine, which gives rise 

to the large intestine (Grosse et al., 2011). Similar to what is described above, Shroom3 

induces apical constriction and apicobasal elongation in the gut epithelia to allow for 

proper gut tube morphogenesis (Chung et al., 2010; Grosse et al., 2011; Plageman et al., 

2011).  

In Xenopus embryos, Shroom3 transcription is controlled by Pitx1, where loss of either 

or both of these factors leads to failed elongation of gut epithelial cells, causing gut tube 

thinning and improper gut development (Chung et al., 2010). A similar interaction was 

identified in the developing mouse embryo, where Shroom3 and N-cadherin were found 

to function downstream of Pitx2 in the dorsal mesentery of the developing gut (Plageman 

et al., 2011). This interaction not only allows for proper elongation and apical 

constriction of the gut epithelial cells but also specifies this cell shape change within the 

left dorsal mesentery, allowing for directional gut tube looping (Plageman et al., 2011). 

Shroom3 also plays a role in the elongation and constriction of the emerging villi of the 

gut post mitosis (Grosse et al., 2011). In mouse embryos lacking Shroom3, these cell 

extensions are instead disorganized, with rounded and larger apical surface areas in the 

villi (Grosse et al., 2011). The control of apical constriction and apicobasal elongation 

within the epithelial gut tube and the establishment of villi extensions provide an 



23 

 

interesting example of how properly controlled cell shape dynamics during development 

affects both the morphogenesis and function of the organ. 

1.4.4 Shroom3 in other tissues 

Shroom3 expression has been well researched in the above organs, however, other organ 

systems have also had brief characterizations of Shroom3 expression and function.  

In mouse embryos, Shroom3 and F-actin localize to the apical side of the thyroid bud, an 

outgrowth of the foregut endoderm, and facilitate its invagination into the underlying 

mesenchyme before breaking off to form the thyroid (Loebel et al., 2016). Loss of 

Shroom3 causes the thyroid bud to protrude in an incorrect orientation, and the prominent 

cleft in the normal thyroid is lost. Apical localization of Shroom3 in the sites of cell 

constriction and tissue bending of the thyroid bud was also disturbed upon Cdc42 loss 

(Loebel et al., 2016). This suggests that Cdc42 is able to recruit or influence the sub-

cellular localization of Shroom3 in these cells.  

In both mouse and human lung, Shroom3 is expressed in the smooth muscle, specifically 

in the cytoplasm of the pulmonary arterial smooth muscle cells (Sevilla-Pérez et al., 

2008). This expression was down-regulated in samples with induced pulmonary arterial 

hypertension (Sevilla-Pérez et al., 2008), suggesting a role for Shroom3 smooth muscle 

cell structural maintenance in the lung. While Cdc42 is involved in the orientation of the 

developing lung epithelia (Wan et al., 2013), interactions between Cdc42 and Shroom3 in 

the lung have not been investigated.  

Finally, Shroom3 is expressed as early as stage 9 in the Xenopus gastrula (Lee et al., 

2009) where it has been shown that PCP components Prickle and Daam1 are required for 

Shroom3 induced apical constriction in the ectoderm (Ossipova et al., 2015). However, as 

there has been no documentation of significant loss of pre-implantation embryos in 

Shroom3 mutants, and that early mouse embryos appear normal until the time of specific 

organ developments, it is unlikely that this occurrence during gastrulation is also 

occurring in mice.  
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Two other organs with Shroom3 expression have been identified, however, Shroom3 

expression in these organs does not correspond to sites of paradigm apical constriction 

and apicobasal elongation. These two organs, the heart and the kidney, are a focus of two 

chapters in this thesis and will be addressed in the next two sections. 

1.5 Heart development and postnatal functionality  

Although Shroom3 has been well researched for its role in the apical constriction of 

epithelial cells, our knowledge of its expression range and roles continues to expand. 

Shroom3 has been implicated in vertebrate heart development, where its loss produces 

congenital heart defects in animal models (Durbin et al., 2020; Grover, 2009). Shroom3 

has also been linked to heterotaxy syndrome in humans (Tariq et al., 2011). Despite these 

links to cardiac morphogenesis, roles for Shroom3 in the heart, and the consequences of 

its loss both developmentally and physiologically, remain poorly understood. For this 

reason, we have chosen to focus on Shroom3 in the heart in more detail.  

1.5.1 Cardiac precursors, lateral plate mesoderm, and cardiac crescent 

The vertebrate heart begins to form very early during development. At embryonic day (E) 

6.5 during mouse gastrulation, pluripotent cells from the epiblast migrate through the 

posterior primitive streak to establish the three germ layers; the endoderm, mesoderm, 

and ectoderm. During this time, cell patterning and lineage specification is imparted upon 

the migrating cells based on signalling cues emanating from the primitive streak, 

predominantly bone morphogenic protein (BMP) and Nodal signalling (Bardot & 

Hadjantonakis, 2020). That signalling results in regional expression of Mesp1, a key 

transcription factor within the primitive streak, which instills cardiac precursor identity in 

ingressing cells (Krup et al., 2023; Meilhac & Buckingham, 2018). Mesp1 also allows for 

proper anterior migration of the future cranial and cardiac mesoderm (Krup et al., 2023; 

Liu, 2017). Once properly positioned, these cell populations will form a bilateral 

epithelial layer called the lateral plate mesoderm (LPM).  

From E7.5 to E8.5, the LPM delaminates to form two layers: the somatic layer on the 

dorsal side, which goes on to line the body cavity and form the limbs, and the splanchnic 

layer on the ventral side, which goes on to form the heart, blood vessels, and blood cells, 
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along with the lining and smooth muscles in other organs (DeRuiter et al., 1992; Esteban 

et al., 2022; Meilhac & Buckingham, 2018). The anterior region of splanchnic LPM will 

then migrate towards the midline to form a horseshoe shaped area of cardiac mesoderm 

known as the cardiac crescent. This area contains two populations of cells called the first 

heart field (FHF) and second heart field (SHF), which are named due to the timing of 

their arrival and differentiation at the anterior LPM from the primitive streak, and their 

contributions to heart development. After ingression through the primitive streak, the 

FHF will rapidly proliferate and differentiate into cardiomyocytes to begin the cardiac 

crescent formation (Ivanovitch et al., 2017; Tyser et al., 2016), where the SHF maintains 

a proliferative state.  

Signals from adjacent embryonic structures, including BMP and Nodal morphogen 

gradients, fibroblast growth factor (FGF) signaling and Wnt signaling, impart regional 

differences along the dorso-ventral and anteroposterior axis of the LPM, cause the 

specification and maintenance of cardiac progenitor cells, and initiate the expression of 

key cardiogenic transcription factors in the splanchnic mesoderm, Nkx2-5, GATA4, and 

Tbx5 (Bruneau, 2008; Harvey, 2002; Katsu et al., 2013; Kelly et al., 2014). Nkx2-5 is 

responsible for the specification of cardiac precursor cells and functions with other 

cardiac transcription factors to promote cardiomyocyte differentiation, specification of 

chamber identity, and development and maintenance of the cardiac conduction system 

(McCulley & Black, 2012; Meilhac & Buckingham, 2018). GATA4 and Tbx5 regulate 

cardiomyocyte differentiation and cardiac morphogenesis through control of 

transcriptional pathways or through binding to other cardiogenic factors (McCulley & 

Black, 2012; Meilhac & Buckingham, 2018). These factors are clinically important 

because mutations in humans result in congenital heart defects and conduction system 

arrhythmias, even when mutations are heterozygous (McCulley & Black, 2012). While 

some genes have been identified as belonging to distinct heart fields, assigning their role 

to the first or second heart field remains difficult due to the rapid differentiation of the 

FHF, changes in expression and morphology over the course of development, and overlap 

of classical markers such as Tbx5 (Tyser, 2023). 
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1.5.2 Heart tube formation, extension, and looping 

From the cardiac crescent, FHF cardiomyocytes will continue ventral migration and fuse 

at the midline to form the heart tube at E8.0. The heart tube is initially open along the 

dorsal axis but quickly closes by E8.25 (Ivanovitch et al., 2017). It is at this point that a 

formal heartbeat is established which will eventually drive circulation of the blood 

throughout the developing embryo (Ivanovitch et al., 2017).  

The looping of the linear heart tube is a predominant symmetry breaking event during 

development. At E8.5, autocrine FGF, BMP, and Wnt signalling initiates the migration of 

SHF cells to the atrial and venous poles of the closed heart tube (Ivanovitch et al., 2017; 

Rochais et al., 2009). This addition of cells, in combination with growth of existing cells, 

extends the length of the heart tube, allowing for proper looping (Cortes et al., 2018; 

Meilhac & Buckingham, 2018). Heart tube looping itself consists of a right-handed 

rotation of the tube, progressing through a helical shape, and ends at E10.5 with the 

folding of the of the atrial and venous poles of the tube on the cranial side of the structure 

(Desgrange et al., 2018). This allows for proper alignment of the ventricles, atria, and 

outflow tracts. During looping, although proliferation of the cardiomyocytes ceases, 

certain regions along the outer curves of the looping heart will re-enter a proliferative 

state (de Boer et al., 2012; Günthel et al., 2018). Under the control of the PCP pathway, 

cardiomyocytes in these regions become elongated causing the structure to bulge, or 

“balloon”, out (Merks et al., 2018). This establishes distinct regions for the future 

ventricle and atrial chambers and provides sufficient tissue for their development (Soufan 

et al., 2006; van den Berg & Moorman, 2009). 

Lineage tracing and retrospective clonal analysis have shown that cells from the FHF 

contribute to the entire left ventricle with minor contributions to the right ventricle, both 

atria, and the atrioventricular canal of the mature heart (Meilhac & Buckingham, 2018). 

Cells of the SHF form the majority of the right ventricle, both atria, the myocardium of 

the outflow tracts, and the musculature of the great arteries, and contribute to the atrial 

septum (Dyer & Kirby, 2009; Meilhac & Buckingham, 2018). During heart tube looping, 

pro-epicardial cells growing over the outer surface of the heart tube form the epithelial 
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epicardium layer, which subsequently contributes to most of the fibroblasts in the heart 

during chamber formation and maturation (Meilhac & Buckingham, 2018). 

1.5.3 Trabeculation, compaction, and valvulogenesis 

Once looping is completed, the atrial and ventricular chambers begin remodelling and the 

outflow tracts begin to form. Much of these processes rely on the positioning and 

signalling of the endocardium, an epithelial layer of mesodermal origin which lines the 

inner surface of the heart tube, and eventually, the luminal side of the heart. Beginning at 

E10.5, the ventricular septum begins growing upwards from the apex of the heart. At the 

same time, the inner and outer layers of the myocardium become distinguishable, 

showing distinct morphologies and behaviours. The outer layer becomes the compacted, 

or working, myocardium, and the inner layer forms a meshwork of muscular protrusions 

extending into the chamber lumen called trabeculae (de Boer et al., 2012). Trabeculae are 

necessary for generating the compaction force of the heart during development and allow 

for nutrition and oxygen exchange in the embryonic myocardium. Recently, trabeculae 

have also been implicated in establishing proper electrophysiological conduction within 

the mouse heart (Olejnickova et al., 2024). Trabeculation occurs through the interaction 

of the myocardium and endocardium, were endocardial Notch signalling acts on the 

myocardium to initiate structural differentiation and proliferation of trabecular 

cardiomyocytes (D’Amato et al., 2016; Grego-Bessa et al., 2007; Luxán et al., 2016). The 

orientation of these cells is essential for proper demarcation of the chambers, 

proliferation of chamber walls, and ultimately their function (Meilhac et al., 2004). 

Continued Notch signalling from the endocardium also allows for the eventual 

compaction of the myocardium beginning at E13.5 (D’Amato et al., 2016). This muscular 

layer will then begin to produce the force for the beating heart, rather than the trabeculae. 

During this time, endocardial cells will invade the proliferating compact myocardium to 

form the epithelial coronary vasculature (D’Amato et al., 2016). The volumetric growth 

of the heart through proliferation and apoptosis is also controlled through the HIPPO 

pathway (Günthel et al., 2018). 
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The endocardium is also necessary for the development and maturation of the outflow 

tracts and cardiac valves. At the end of heart tube looping, the endocardium undergoes 

EMT to migrate and populate multiple areas near the atrioventricular canal and the 

outflow tracts (Tao et al., 2012). These clusters of undifferentiated cells are referred to as 

endocardial cushions. These endocardial cushions fuse and elongate to create valve 

leaflet primordia. Eventually, the valves will be repatterned to have layers of interstitial 

cells covered by a monolayer of epithelial cells (O’Donnell & Yutz, 2020). Notch 

signalling in the endocardium will drive the process of EMT in response to BMP and 

TGF signalling from the myocardium and defects in this pathway can cause thickened 

leaflets or abnormal valve morphology (Luxán et al., 2016; Meilhac & Buckingham, 

2018; O’Donnell & Yutz, 2020). Hemodynamics from the beating heart also plays a large 

role in the proper development of the valves and can influence the expression of 

transcription factors required to drive remodelling and maturation of the valves (Goddard 

et al., 2017; Poelmann & Gittenberger-De Groot, 2018). 

1.5.4 Cardiac neural crest contributions to heart development  

The cardiac neural crest cells (CNCCs) are a subgroup of the vagal neural crest cells 

found in the dorsal neural tube near somites 1-3 (George et al., 2021; Kirby & Stewart, 

1983; Kirby & Waldo, 1995; Yamagishi, 2021). At E8.5, neural crest cells undergo EMT 

and delaminate from the closing neural tube. They migrate through the 3, 4, and 6 th 

pharyngeal arches to the developing heart via chemo attractants, including Eph-ephrin 

signalling and semaphorin cues (Davy & Soriano, 2007; Toyofuku et al., 2008). During 

this migration, the CNCCs influence the development of the aortic arch endothelium and 

the outflow tracts of the heart through signalling and minor cell contributions (Hutson & 

Kirby, 2003; Keyte & Hutson, 2012; Yamagishi, 2021).  

Once at the developing heart, the CNCCs contribute to the cardiac cushions which 

eventually give rise to the semilunar valve leaflets (Ma et al., 2016; Phillips et al., 2013). 

CNCCs also provide signalling cues and contribute a small amount of cells to the cardiac 

conduction system, where they give rise to the neurons and supporting cells of the cardiac 

ganglia, which eventually contributes to the Bundle of His (Gurjarpadhye et al., 2007; 

Keyte & Hutson, 2012). Lineage tracking has shown contributions of CNCCs to the 
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myocardium of the heart, where migrating CNCCs integrate into the myocardium and 

expressing cardiomyocyte markers, including troponin and myosin heavy chain (Tang et 

al., 2019). Due to their lineage deriving from neuroectodermal tissue, the CNCCs are the 

only non-mesodermal cell population which contributes to heart development.  

1.5.5 Congenital heart defects 

Congenital heart defects (CHDs) are the most prevalent congenital defects in the human 

population. Their detected incidence has increased over the past century, with a recorded 

rate of 0.6 per 1000 live births in 1930 and reaching 9.4 per 1000 live births in 2017 (Liu 

et al., 2019; van der Linde et al., 2011), although these number can vary depending on 

research methodologies (Wu et al., 2020; Xu et al., 2025). CHD incidence also differs 

between populations, countries, and income levels (Liu et al., 2013; Liu et al., 2019; van 

der Linde et al., 2011; Wu et al., 2020; Xu et al., 2025). Generally, it is estimated that 

CHDs affect approximately 1% of live births in the human population (Bruneau, 2020; 

Dellborg et al., 2023; van der Linde et al., 2011). Within this statistic, varying rates of 

CHD subtypes are seen. Globally, the most prevalent types of CHDs are septal defects 

and patent ductus arteriosus (Liu et al., 2019; van der Linde et al., 2011; Wu et al., 2020). 

CHDs are multifactorial in etiology, arising from external, maternal, and genetic factors. 

External environmental factors are thought to cause approximately 30% of documented 

CHDs cases (Boyd et al., 2022; Liu et al., 2013). These include prescription medication, 

alcohol and recreational drugs, biological pathogens, radiation, and pollution. CHD 

causing influences from the maternal environment, or internal influences, may include 

gestational diabetes, maternal nutrition and physiology, and placental impairment (Boyd 

et al., 2022; S. Liu et al., 2013; Maduro et al., 2022). Placental impairment and pre-

eclampsia highly correlate with instances of CHDs in human cohorts, and it is thought 

that similar developmental pathways and timings between the heart and the placenta may 

cause the two organs to influence the other during embryogenesis (Cohen et al., 2021; 

Llurba Olive et al., 2018; Miremberg et al., 2019; Schlatterer et al., 2019).  

Genetic factors are thought to contribute to approximately 10-15% of documented CHDs 

cases (Blue et al., 2012; Liu et al., 2013). These include chromosomal abnormalities, the 
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most common of which is trisomy 21 and trisomy 18, micro deletions, and single gene 

disorders. CHDs arising from micro deletions and single gene disorders usually arise 

from mutations in genes which affect heart specification and morphogenesis. A 

prominent example of this is Holt-Oram syndrome, which is a mutation in the 

transcription factor Tbx5 (Blue et al., 2012). However, mutations in other key 

cardiogenic transcription factors, including Nkx2-5, GATA4, and Tbx20 have all also 

been linked to CHDs (Ang et al., 2017; Chen et al., 2021; McCulley & Black, 2012; 

Schott et al., 1998; Steimle & Moskowitz, 2017; Yamoto et al., 2024; Zhao et al., 2019). 

As knowledge of heart development advances, so too does knowledge of causes of 

CHDs. For example, double outlet right ventricle, a defect in the formation of the right 

side of the outflow tract, can be attributable to insufficient contributions to the heart tube 

from the SHF (Bell-Cheddar et al., 2023). Another outflow tract defect, persistent truncus 

arteriosus, consists of the failed septation of the outflow tracts during development 

resulting in a single large artery exiting the heart. This defect has been directly linked to 

improper migration and patterning of the CNCCs (Keyte & Hutson, 2012). 

1.5.6 Cardiac function 

The heart exists as a pump to circulate blood throughout the body. In this role, it is the 

first organ to begin functioning during development and will continue to function for the 

entire life of the organism. The beating of the heart is achieved through the tight 

regulation and conduction of electrical impulses which propagates the contraction of the 

myocardium, the muscular layer of the heart. 

The myocardium is composed of cardiomyocytes, elongated, striated, cylindrical cells 

with branched ends. These cells are connected end-to-end through a membrane complex 

called the intercalated disc, which contain three major structures. The adherens junctions 

anchor the thin actin filament to the cell membrane and creates tension across the 

cardiomyocytes, allowing for transmission of actin based mechanical forces (Bennett, 

2018; Zhao et al., 2019). Desmosomes mechanically bind the cardiomyocytes together 

through adhesion of the intermediate filaments, ensuring structural integrity of the cell 

and allowing for mechanical transduction (Bennett, 2018; Zhao et al., 2019). Finally, gap 

junctions are channels formed of connexin 43 monomers which bind to adjacent 
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cardiomyocytes to electrically couple them, ensuring synchronous contractions and 

mediating the propagation of regular heart rhythms (Mezzano et al., 2014; Palatinus et 

al., 2012; Zhao et al., 2019). Mutations in gap junction genes present with 

electrophysiological dysfunction in the heart, including arrhythmias, infarct, and 

myocarditis.  

Within the cardiomyocytes, the functional contractile unit is the sarcomere. Sarcomeres 

are composed of three major components: thick filaments consisting of myosin motor 

proteins called myosin II; thin filaments made of α-actin monomers which are covered in 

strands of actin binding proteins tropomyosin and troponins; and are capped on either 

side by a Z-disc which anchors the thin filament and scaffolds the sarcomeric structure 

(Crocini & Gotthardt, 2021). At rest, binding sites on the actin filament are blocked by 

tropomyosin. This not only prevents other actin binding protein interactions, but also 

provides stiffness and stability to the filament (Dupuis et al., 2016). Upon depolarization 

of the cell, calcium ions (Ca2+) enter and bind the troponins, causing their conformational 

change and thus a shift in tropomyosin orientation, exposing the actin binding sites 

(Dupuis et al., 2016; Martin et al., 2022). The myosin filament is composed of a globular 

domain, or globular head, containing an ATPase site and a coiled-coil rod domain which 

forms the thick filament (Crocini & Gotthardt, 2021; Martin et al., 2022). These globular 

heads bind the exposed actin binding sites and hydrolyze ATP to “walk” towards the plus 

end of the actin filament (Martin et al., 2022). This allows for opposing actin filaments to 

be brought closer together shortening, or contracting, the sarcomere. Dissociation of Ca2+ 

from troponin causes the tropomyosin strands to shift back to an inhibitory position over 

the actin binding sites (Dupuis et al., 2016; Martin et al., 2022).  

Specific isoforms of cardiac muscle actin exist at different time points of development 

and postnatal function. Resurgence of earlier actin isoforms can be indicative of 

cardiomyopathies including ischemia (Heissler & Chinthalapudi, 2024). Mutations in any 

genes of the sarcomere can lead to cardiomyopathies including hypertrophic 

cardiomyopathy, characterized by thickening of the left ventricle wall and septum, 

restrictive cardiomyopathy, a stiffening of the heart walls and reduced diastolic function, 

and dilated cardiomyopathy, a thinning of the ventricular walls and reduced systolic 
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function (Crocini & Gotthardt, 2021; Garg et al., 2024; Martin et al., 2022). These 

cardiomyopathies present in a heterogeneous manner, the impacts of which can range 

from minimal effect on cardiac function and life expectancy to major heart dysfunction 

and sudden cardiac death.  

1.5.7 Shroom3 in the heart 

In their 1999 study, Hildebrand and Soriano assessed the entire embryo until E14.5 for 

Shroom3 expression. Among the organs analyzed, the embryonic heart was found 

positive for Shroom3 expression at E10.5. However, no further embryonic stages or adult 

expression was assessed at this time. Due to the cell shape changes that Shroom3 

contributes to in other developing organs, it is possible that several aspects of heart 

development could require this same function. Looping of the heart tube requires 

alterations of cell morphology similar to the gut tube (Plageman et al., 2011) and the 

neural tube (Haigo et al., 2003) and fusion of the epithelial sheets during heart tube 

closure is similar to the fusion of epithelial sheets seen in eye formation (Herstine et al., 

2025).  

Our lab has previously shown Shroom3 expression in the hearts of Xenopus laevis 

embryo using in situ hybridization (Grover, 2009). This expression was seen prior to the 

formation of the heart tube and continued during heart tube looping, becoming specific to 

the myocardial cells of the heart. Loss of Shroom3 in the Xenopus embryos showed 

delayed heart tube formation and heart looping defects in earlier development, where 

disorganized myocardial cells and lack of cell elongation in the forming myocardial layer 

was seen in later development (Grover, 2009).  

More recently, using the same mouse line from Hildebrand and Soriano (1999), Shroom3 

expression has been shown in the early myocardium of the developing mouse at E10.5, 

and this expression is maintained throughout development (Durbin et al., 2020). 

Expression for Shroom3 was also documented in the CNCCs and SHF as early as E10.5 

(Durbin et al., 2020). Interestingly, full-body loss of Shroom3 in mice did not show 

evidence of heart tube looping or closure defects, and instead incurs both muscular and 

membranous ventricular septal defects and thinning of the left ventricular wall in E14.5 
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embryos (Durbin et al., 2020). Shroom3 loss also causes disruption to the actin 

cytoskeleton, polarity of the cardiomyocytes, and to the organization, proliferation, and 

morphology of the cardiomyocytes during development and into adulthood (Durbin et al., 

2020). As seen in chapter 3, we have also documented defects in the semilunar valves, 

where the pulmonary valve leaflets appear thickened and clustered in the lumen, and 

aortic valve leaflets appear deformed and fail to extend into the lumen. These phenotypes 

are incompletely penetrant, even with homozygous Shroom3 loss.  

Through single nucleotide polymorphism (SNP) genotyping and whole exome 

sequencing, a recessive missense mutation in Shroom3 was also identified as being a 

novel disease candidate gene in a patient with complex heterotaxy syndrome, possibly 

associating Shroom3 with left-right patterning defects (Tariq et al., 2011). 

1.6 Kidney development and postnatal functionality  

In recent years, Shroom3 has been identified through genome wide association studies 

(GWAS) as the second most prominent SNP to be associated with kidney disease in 

human populations after uromodulin. This is an interesting finding as Shroom3 was never 

identified in the developing kidney in the original 1999 study by Hildebrand and Soriano. 

It is for this reason, and because of the connection between development and postnatal 

physiology, that we have chosen to examine the kidney in more detail.  

The kidney is essential for the elimination of wastes and metabolic by-products from the 

blood and tightly regulates blood pH, water, and ion concentration through regulation of 

filtration and reabsorption. Filtration in the kidney is achieved through many individual 

filtration units in the kidneys called nephrons. The development of the mammalian 

kidney is reliant on a series of reciprocal signalling cues between adjacent cell 

populations. The following is a brief overview of these morphogenic and signalling 

processes with emphasis on the development of the nephron.  

1.6.1 Pronephros and Mesonephros development  

Kidney development occurs in a cranial to caudal fashion, with three progressive stages 

in mammals. Most cranial is the pronephros, the first transient stage, followed by the 
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All organ diagrams were created in BioRender. 

2.3 Results 

Organs from 12-month-old mice were stained with X-gal and organs from 8-month-old 

mice were treated with an antibody against Shroom3. Control images where no primary 

antibody was used are presented in Supplemental Figure 1. The following descriptions of 

tissue layers are based on anatomical and histological reference rather than co-staining 

with a tissue specific marker. Due to this, the authors recognize that descriptions of 

Shroom3 expression localization may be more general, especially in more complex 

tissues. 

2.3.1 Bladder 

In the wholemount bladder, X-gal staining was seen only within the inner layers of the 

bladder (Figure 2.1 B–a), not along the outer layer. Fluorescent staining for Shroom3 

showed signal localizing within the urothelial layer of the bladder, with prominent 

staining seen in larger cell types close to the apical border (Figure 2.1 C–b). Signal was 

also seen in throughout the detrusor muscle layer of the bladder (Figure 2.1 D–c). 
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2.3.2 Brain 

X-gal staining in the wholemount brain is presented in both the ventral (Figure 2.2 A and 

B) and dorsal (Figure 2.2 C and D) view. In the ventral view, blue staining was observed 

in the longitudinal fissure and surrounding subcortical areas. Staining at the base of the 

brain in the area of the hypothalamus highlights a short stripe down the midline (Figure 

2.2 B–a), a circular area posterior to this (Figure 2.2 B–b), and faint lateral tracts (Figure 

2.2 B and c), making a small umbrella shape. In the dorsal view of the brain, a distinct 

field of staining on either side of the midline just posterior to the cerebrum was seen 

(Figure 2.2 D–d). Further posterior to this, faint blue staining was seen within the gyri 

and sulci of the cerebellum (Figure 2.2 D and e). 

Fluorescent staining for Shroom3 in the brain was carried out on sagittal sections. 

Punctate fluorescent signal with centralized nuclei was observed in the area of the 

anterior dorsal cerebral cortex (Figure 2.2 E and f). Near the hippocampus, Shroom3 

signal was observed within the whole cell body of a curved layer of cells (Figure 2.2 F 

and g). Finally, a larger cell type lining the border between the molecular layer and the 

granular layer of the cerebellum also showed fluorescent signal for Shroom3 (Figure 2.2 

G and h). 

Figure 2.1: Expression of Shroom3 in adult mouse bladder 

Wholemount bladders from one year old WT littermates (A) and Shroom3+/Gt mice (B) 

were stained for LacZ activity using β-galactosidase and cleared in glycerol. LacZ 

staining was seen in the inner layers of the bladder (a). Immunofluorescence staining for 

SHROOM3 in 8-month-old WT bladder shows signal in the urothelial layer (C, b) and in 

the detrusor muscle layer (D, c), but not in the lamina propria. Uro = Urothelial layer. LP 

= Lamina Propria. Det = Detrusor muscle layer 
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Figure 2.2: Expression of Shroom3 in adult mouse brain.  

Wholemount brains from one year old WT littermates (A and C) and Shroom3+/Gt mice 

(B and D) were stained for LacZ activity using β-galactosidase and cleared in glycerol. In 

the ventral view, LacZ activity was seen in the hypothalamus, with blue staining at the 

midline (a), in the area just posterior to this (b) and in faint tracts which extend laterally 

from the midline (c). In the dorsal view, a field of blue staining was observed on either 

side of the midline just posterior to the cerebrum (D, d). Faint blue staining was also 

visible in the gyri and sulci of the cerebellum (D, e). LacZ staining was visible cerebrum 

in both dorsal and ventral views. Immunofluorescence staining for SHROOM3 in sagittal 
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brain sections from 8-month-old WT mice showed punctate fluorescent signal within the 

cerebral cortex (E, f). Near the hippocampus strong staining was seen in a larger cell 

layer and was present throughout the cell body (F, g). Signal was also seen in a larger cell 

type lining the border between the molecular and granular layers of the cerebellum (G, h). 

CB = Cerebellum. CE = Cerebrum. MD = Medulla. P = Pons. OC = Optic Chiasm. IC = 

Inferior Colliculus. SC = Superior Colliculus. CTX = Cerebral Cortex. HPC = 

Hippocampus. BS = Brain Stem. 

2.3.3 Eye 

Due to the pigmentation of the mouse eye, X-gal staining was unable to be carried out in 

wholemount. Fluorescent signal for Shroom3 was found in specific layers of the outer 

retina. This includes the retinal pigment epithelium near the choroid (Figure 2.3 a), the 

inner segment of the retina which contains the organelles of the photoreceptor cells 

(Figure 2.3 b), and the outer limiting membrane, a structural layer found between the cell 

bodies of the photoreceptors and the nuclei of the photoreceptors (Figure 2.3 c). 

Figure 2.3: Expression of Shroom3 in adult mouse eye.  

Immunofluorescence staining for SHROOM3 in 8-month-old WT eye. Staining was seen 

in the retinal pigment epithelium (a), and in a line on the border of the rod and cone cell 

bodies and the outer nuclear layer (b). RPE = Retinal Pigment Epithelium. OS = Outer 

Segment. IS = Inner Segment. OLM = Outer Limiting Membrane. ONL = Outer nuclear 

layer. OPL = Outer Plexiform Layer. INL = Inner nuclear layer. IPL = Inner Plexiform 

Layer. 
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2.3.4 Heart 

In the wholemount adult heart, strong X-gal staining was seen in both left and right atria 

(Figure 2.4 B–a, b). Staining was also seen lining the sides of the ventricle and septum of 

both left and right ventricles (Figure 2.4 B and c). Fluorescent signal for Shroom3 was 

observed in a striated pattern in the cardiac musculature in all chambers. This included 

the ventricle (Figure 2.4 C and d) and both atria (Figure 2.4 D and e and Figure 2.4 E and 

f). The increased intensity of atrial X-gal staining compared to the ventricle was not 

replicated in fluorescence staining intensity. 

 

Figure 2.4: Expression of Shroom3 in adult mouse heart.  

Wholemount hearts from one year old WT littermates (A) and Shroom3+/Gt mice (B) were 

stained for LacZ activity using β-galactosidase and cleared in glycerol. LacZ staining was 

seen in the right and left atrium (B, a, b, respectively), and ventricular walls (B, c). 

Immunofluorescence staining for SHROOM3 in 8-month-old WT heart showed staining 
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in the striations of the musculature in the ventricle (C, d), the right atrium (D, e) and the 

left atrium (E, f). RA = Right Atrium. LA = Left Atrium. Ao = Aorta. 

2.3.5 Intestines 

The duodenum was selected to represent the small intestine as it was a distinct portion of 

the larger organ that could be obtained reproducibly. Similarly, the distal colon was 

selected to represent the large intestine. X-gal staining was seen in the wholemount 

duodenum; however, staining was not uniform along the length of the tissue (Figure 2.5 

B). This could possibly be due to processing or the delicate nature of the tissue. Within 

the duodenum, fluorescent signal was observed inside the villi and in the intestinal wall 

next to the crypts. This was seen in a top-down view (Figure 2.5 C–a) and a lateral view 

(Figure 2.5 D–b). In the colon, intense X-gal staining was observed along the length of 

the tissue (Figure 2.6 B). Within the tissue fluorescent signal was seen in the intestinal 

wall next to the crypts (Figure 2.6 C, arrows). In both segments, no fluorescent signal for 

Shroom3 was seen in the intestinal smooth muscle. 

Figure 2.5: Expression of Shroom3 in adult mouse proximal duodenum. 

Wholemount duodenum from one year old WT littermates (A) and Shroom3+/Gt mice (B) 

were stained for LacZ activity using β-galactosidase and cleared in glycerol. Blue LacZ 

staining was seen along the length of the tissue segment (B). Immunofluorescence 
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staining for SHROOM3 in 8-month-old WT duodenum shows staining within the villi 

and intestinal walls beside the crypts (C, a and D, b). 

 

Figure 2.6: Expression of Shroom3 in adult mouse distal descending colon.  

Wholemount colon from one year old WT littermates (A) and Shroom3+/Gt mice (B) were 

stained for LacZ activity using β-galactosidase and cleared in glycerol. Intense LacZ 

activity was seen along the length of the tissue segment (B). Immunofluorescence 

staining for SHROOM3 in 8-month-old WT colon showed staining within the intestinal 

walls beside the crypts (C, arrows). 

2.3.6 Kidney 

Wholemount kidneys were halved lengthwise and stained and cleared as indicated in the 

methods. Although X-gal staining was present, detailed visualization of the staining 

patterns was difficult in the cleared tissue (Figure 2.7 B). Thus, the kidney was also 

imaged without clearing for improved X-gal staining visibility (Figure 2.7 C). Distinct 

linear X-gal staining was seen in the medulla of the wholemount kidney (Figure 2.7 C–a). 

In the renal cortex, outlines of the renal corpuscles were stained blue (Figure 2.7 C–b), as 

well as some of the surrounding proximal and distal tubules (Figure 2.7 C–c), but not all. 

Using fluorescent staining, Shroom3 was also seen in the same structures. Signal was 

observed at the luminal side of the collecting ducts in the medulla of the kidney (Figure 

2.7 D–d). In the cortex, Shroom3 staining was also seen in the podocytes of the glomeruli 
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(Figure 2.7 E–e), in some of the surrounding proximal and distal tubules (Figure 2.7 E, 

asterisk), and in the Bowman’s capsule structure (Figure 2.7 E and f). 

 

Figure 2.7: Expression of Shroom3 in adult mouse kidney.  

Wholemount kidneys from one year old WT littermates (A) and Shroom3+/Gt mice (B) 

were stained for LacZ activity using β-galactosidase and cleared in glycerol. For better 

staining clarity, wholemount kidneys were also stained for LacZ activity without clearing 

(C). Blue staining was seen in the tubules of the renal pelvis (C, a), the outlines of the 

renal corpuscles (C, b), and some proximal and distal convoluted tubules (C, c). 

Immunofluorescence staining for SHROOM3 in 8-month-old WT kidneys showed 

staining in the medullary collecting ducts (D, d), the podocytes (E, e), some proximal and 

distal convoluted tubules (E, asterisk), and the Bowman’s capsule (E, f). Rp = renal 

pelvis. M = Medulla. C = Cortex. 

2.3.7 Liver 

A portion of the left lobe of the liver was isolated for assessment. Within the wholemount 

tissue, no X-gal staining was apparent within the liver lobules or other known structures 
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such a lymph or vasculature (Figure 2.8 B). Immunofluorescence also did not detect the 

presence of Shroom3 within the liver tissue (Figure 2.8 C). 

 

Figure 2.8: Expression of Shroom3 in adult mouse liver.  

Wholemount livers from one year old WT littermates (A) and Shroom3+/Gt mice (B) were 

stained for LacZ activity using β-galactosidase and cleared in glycerol. No LacZ activity 

was detected within the liver lobules. Immunofluorescence signal for SHROOM3 in the 

liver was unable to be detected (C). RL = Right Lobe. RML = Right Medial Lobe. LML 

= Left Medial Lobe. LL = Left Lobe. 

2.3.8 Lung 

X-gal staining in the wholemount lung was observed in the main bronchus (Figure 2.9 B–

a) and in the subsequent segmental bronchi (Figure 2.9 B–b). Staining was not seen in 

distal portions of the lung, including the respiratory bronchioles and alveoli. The same 

pattern was seen with immunofluorescent staining, where signal was localized to cells 

surrounding the lumen of the segmental bronchi (Figure 2.9 C and D) but was not seen in 

structures associated with respiratory airways. 
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Figure 2.9 Expression of Shroom3 in adult mouse lung.  

Wholemount lungs from one year old WT littermates (A) and Shroom3+/Gt mice (B) were 

stained for LacZ activity using β-galactosidase and cleared in glycerol. LacZ staining was 

seen in the main bronchi (B, a) and terminal bronchioles (B, b). Immunofluorescence 

staining for SHROOM3 in 8-month-old WT lungs showed staining around the lumen of 

the bronchi and bronchioles (C and D). LB = Left Bronchus. Br = Bronchioles. Alv = 

Alveoli. 

2.3.9 Pancreas 

Punctate blue staining was seen in the distal end of the splenic lobe of both the WT 

(Figure 2.10 A–a) and Shroom3+/Gt wholemount pancreas (Figure 2.10 B–b). This 

staining was more intense in the Shroom3+/Gt tissue. However, no fluorescent staining 

was present in sections of the pancreas, and only autofluorescence was seen in the islet 

cells (Figure 2.10 C). 
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Figure 2.10: Expression of Shroom3 in adult mouse pancreas.  

Wholemount pancreas from one year old WT littermates (A) and Shroom3+/Gt mice (B) 

were stained for LacZ activity using β-galactosidase and cleared in glycerol. LacZ 

staining was seen in both specimens, with Shroom3+/Gt showing increased punctate 

staining in the distal end of the splenic lobe (B, b). Immunofluorescence staining for 

SHROOM3 in 8-month-old WT pancreas showed no detectable staining within the 

pancreas tissue. Autofluorescence was seen in the islet cells (C). DL = Duodenal Lobe. 

GL = Gastric Lobe. SL = Splenic Lobe. 

2.3.10  Reproductive systems 

The male reproductive system was isolated in two sections, one with the testes and 

epididymides and one with the seminal vesicle and the anterior prostate. Testes and 

epididymides from both WT and Shroom3+/Gt mice showed similar staining patterns, 

where folds within the testicular tissue showed faint blue staining (Figure 2.11 B–a), and 

both the caput and caudae epididymis had intense blue staining (Figure 2.11 A and B, b). 

The intensity of staining was equal between epididymides of the two genotypes, however 

staining in the testes was more intense in Shroom3+/Gt tissues. X-gal staining patterns in 

the anterior prostate and seminal vesicle were nearly identical in both WT and 

Shroom3+/Gt tissues, where intense blue staining was seen throughout the entire anterior 
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prostate (Figure 2.11 D–c), and faint staining was seen on the outer tissue layer of the 

seminal vesicles (Figure 2.11 D–d). Strong fluorescent signal was seen in the 

seminiferous tubules of the testes (Figure 2.11 E–e). While no signal was seen in the wall 

of the epididymis, scattered punctate staining was seen inside the lumen, in cells with a 

centralized nucleus (Figure 2.11 F–f). Signal for Shroom3 was not seen in either the 

prostate or the seminal vesicle (Figure 2.11 G and H). X-gal staining in the female 

reproductive system was observed in the inner linings of the uterine horns (Figure 2.12 

B–a). This staining also was localized to a specific portion of the oviduct (Figure 2.12 B–

b), as well as internal portions of the ovary (Figure 2.12 B and c). Within the ovary, 

fluorescent signal for Shroom3 was seen in multiple structures, which likely correspond 

to different timepoints of follicular maturation and ovulation. This signal was 

concentrated within the middle of some structures (Figure 2.12 C and D) and was more 

diffuse in other structures (Figure 2.12 E). Within the oviduct, fluorescent signal was 

seen localized to the luminal cell layer (Figure 2.12 F). In the uterus, fluorescence was 

also seen in the luminal cell layer of the uterine glands, but not within the deeper tissue 

(Figure 2.12 G and H, d). 
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Figure 2.11: Expression of Shroom3 in adult mouse male reproductive organs.  

Wholemount testes, epididymides, seminal vesicles, and anterior prostates from one year 

old WT littermates (A and C) and Shroom3+/Gt mice (B and D) were stained for LacZ 

activity using β-galactosidase and cleared in glycerol. Staining was present within the 

testes (B, a), while intense blue staining was observed in the caput and caudae epididymis 

(B, b). This staining was also seen in WT samples but was more pronounced in 

Shroom3+/Gt samples. LacZ staining was seen throughout the anterior prostate (D, c) and 

on the outer tissue layer of the seminal vesicles (D, d) in both WT and Shroom3+/Gt mice. 

Immunofluorescence staining for SHROOM3 in 8-month-old WT testes and epididymis 

sections showed strong fluorescent signal in the seminiferous tubules of the testes (E, e) 

and scattered punctate fluorescent signal in the lumen of the epididymis (F, f). No 

detectable signal was seen in the anterior prostate (G) or seminal vesicle (H). CaE = 
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Caput Epididymis. CuE = Caudae Epididymis. SV = Seminal Vesicle. AP = Anterior 

Prostate. 
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Figure 2.12: Expression of Shroom3 in adult mouse female reproductive organs.  

Wholemount uterus and ovaries from one year old WT littermates (A) and Shroom3+/Gt 

mice (B) were stained for LacZ activity using β-galactosidase and cleared in glycerol. 

LacZ activity was seen in the inner structure of the uterus (B, a), in the oviducts (B, b) 

and within the ovaries (B, c). Immunofluorescence staining for SHROOM3 in 8-month-

old WT ovaries showed staining multiple structures (C, D, E). In the oviduct, intense 

fluorescent staining was seen in the luminal cell layer (F). Staining was also seen in the 

cells lining the uterine glands (G and H, d). O = Ovary. Ov = Oviduct. U = Uterus. V = 

Vaginal Canal. 

2.3.11  Whisker pad 

From the wholemount nose and whisker pads, punctate X-gal staining was seen scattered 

over the surface of the skin along the whisker pad (Figure 2.13 B’, a). Signal was also 

seen in a side view of the isolated skin section, where punctate blue staining was 

scattered within the skin layers (Figure 2.13 B’’, b). It is possible that this signal is 

coming from the base of follicles without hair, as fur and whisker pigmentation prevented 

visualization of any blue staining in the base of sensory follicles or hair follicles. Within 

this tissue, fluorescent signal for Shroom3 was observed in a striated pattern in the 

musculature of the whisker pad (Figure 2.13 C–c). Distinct fluorescent signal was also 

seen in a circular layer surrounding the sensory follicle of the whisker (Figure 2.13 D). 
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Figure 2.13: Expression of Shroom3 in adult mouse whisker pads.  

Wholemount whisker pads from one year old WT littermates (A) and Shroom3+/Gt mice 

(B) were stained for LacZ activity using β-galactosidase and cleared in glycerol. Punctate 

LacZ staining was observed over the surface of the skin of the whisker pad (B’, a) and 

within the layers of the skin (B’’, b). Immunofluorescence staining for SHROOM3 in 8-

month-old WT mice showed striated signal in the musculature of the whisker pad (C, c) 

and in a circular layer surrounding the sensory follicle of the whisker (D). 

2.4 Discussion 

Roles for Shroom3 in morphogenesis and development are well established in multiple 

tissues (Durbin et al., 2020; Herstine et al., 2025; Hildebrand and Soriano, 1999; Khalili 

et al., 2016; Lang et al., 2014; Loebel et al., 2016; McGreevy et al., 2015; Plageman et 

al., 2011b). However, the range and roles of Shroom3 in the adult are much less 

understood. In this study, we have expanded our understanding of the Shroom3 

expression range in the adult mouse. By using an X-gal reporter under the control of the 

endogenous Shroom3 promoter, Shroom3 expression was observed in the adult bladder, 

brain, heart, intestines, kidney, lung, reproductive organs, specifically the uterus, ovaries, 
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fallopian tube, and testes, and whisker pad. Following with immunofluorescence staining 

for Shroom3, we have confirmed protein localization in all the above tissues as well as 

the retina. We acknowledge that these results do not definitively identify specific cell 

types with Shroom3 expression, however we hope that this data set will provide more 

avenues for Shroom3 research beyond what is currently known. We wish to make clear 

that discussions of cell types in the following sections are speculative and based on 

anatomical and histological reference rather than using cell specific markers. 

2.4.1 Organs with confirmed Shroom3 postnatal expression 

Previous research has characterized Shroom3 expression in the adult mouse heart and 

kidney (Carleton et al., 2025; Durbin et al., 2020; Khalili et al., 2016; Lawlor et al., 2023; 

Li et al., 2022; Matsuura et al., 2020; Paul et al., 2023; Yeo et al., 2015). In the present 

study, we have shown that developmental expression of Shroom3 in the myocardium 

continues postnatally. X-gal staining in the atria and ventricles (Figure 2.4 B) was less 

intense but demonstrated a similar pattern to what has been published before (Carleton et 

al., 2025; Durbin et al., 2020). More specifically, we have shown that Shroom3 localizes 

to the cardiac musculature in a striated pattern (Figure 2.4 C, D, E). Future research could 

employ co-staining to assess localization to the intercalated disk or muscle fibres. From 

X-gal staining and immunofluorescence results, Shroom3 was detected in the collecting 

ducts of the medullary kidney (Figure 2.7 C–a and Figure 2.7 D–d), and in the podocytes, 

the proximal and distal collecting tubules, and the Bowman’s capsule of the renal 

corpuscle (Figure 2.7 E–e, asterisk, f). This is consistent with previous observations of 

Shroom3 in the kidney (Khalili et al., 2016; Lawlor et al., 2023; Matsuura et al., 2020). In 

both mouse and human tissue samples, Shroom3 expression has previously been shown 

in the pulmonary artery smooth muscle cells surrounding the bronchi and vascular 

structures of the lung (Sevilla-Pérez et al., 2008). While we were able to show Shroom3 

expression in the lungs of the adult mouse (Figure 2.9 B–a, b), we were only able to find 

Shroom3 signal surrounding the bronchi (Figure 2.9 C and D), and not the vasculature. 

While Shroom3 has been studied at length regarding its role in neural tube closure, only a 

few studies have implicated the SHROOM3-ROCK1 complex in other neurogenic roles 

(Dickson et al., 2015, 2010; Taylor et al., 2008). However, these studies have used in 
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vitro models to look at functions regulating axon outgrowth. In the present study, we 

have assessed the intact adult mouse brain for locations of Shroom3 expression. While 

we have not identified the exact cell populations showing expression, X-gal staining and 

immunofluorescence detection has shown Shroom3 expression in the cerebral cortex 

(Figure 2.2 B, D, E), cerebellum (Figure 2.2 B, D, G), the base of the hypothalamus 

(Figure 2.2 B–a, b, c), and in the area of the hippocampus (Figure 2.2 F). These areas are 

consistent with reported locations of Shroom3 protein expression in the human brain 

(Human Protein Atlas). 

2.4.2 Organs with known developmental Shroom3 expression, and novel 

postnatal expression 

As mentioned previously, Shroom3 function and expression has been best characterized 

during development. This includes directional looping of the intestines and invagination 

of the eye lens (Grzymkowski et al., 2020; Herstine et al., 2025; Muccioli et al., 2016; 

Plageman et al., 2011a; Plageman et al., 2011b). Additionally, Shroom3 mutations have 

been associated with orofacial clefting defects in humans, and facial clefting is a 

prominent phenotype in Shroom3 knockout mice (Diaz Perez et al., 2023; Herstine et al., 

2025; Hildebrand and Soriano, 1999). We have been able to show that these known 

expression patterns persist into adulthood in the same tissues. In the intestines, X-gal 

staining was found throughout the colon and scattered across the duodenum (Figure 2.5 B 

and 2.6 B). Using immunofluorescence, Shroom3 was localized to the villi and the 

intestinal walls next to the crypts in both sections of intestine (Figure 2.5 C–a and Figure 

2.6 C). In the adult eye, Shroom3 fluorescent signal was seen in the retina, localized to 

the outer retinal areas including the retinal pigment epithelium, the inner segment, and 

the outer limiting membrane (Figure 2.3 a, b, c). These are similar expression patterns to 

what has been seen in the developing optic vesicle (Herstine et al., 2025). The established 

role for Shroom3 in the developing eye and intestines is to control apical constriction of 

sheets of epithelial cells, allowing for invagination or looping of the tissue layer (Chung 

et al., 2010; Herstine et al., 2025; Lang et al., 2014). Although those morphogenetic 

events are complete, we have shown strong continued expression in these tissues. 
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The whisker pad was chosen for assessment as it is a discreet portion of the adult body 

which is adjacent to the closing facial cleft and is an important sensory organ in mice. 

Very light punctate staining was seen over the skin of the whisker pad after X-gal 

staining (Figure 2.13 B’, a), with some spots seen within the tissue layers in cross section 

(Figure 2.13 B’’, b). Fluorescent staining was seen in the musculature of this area (Figure 

2.13 C–c), and a ring around the whisker follicle was visible (Figure 2.13 D). It is 

possible that this ring around the follicle is an alternate view of the musculature, as the 

muscles wrap around the whisker follicle to allow for movement and rotation of the 

whisker (Haidarliu et al., 2023, 2017). 

2.4.3 Organs with novel Shroom3 expression 

The present study also investigated major organs which have never previously been 

studied in relation to Shroom3. Intense fluorescent signal for Shroom3 was seen in the 

layers of the seminiferous tubules of the testes (Figure 2.11 E–e). As the maturation of 

spermatogonia progresses with proximity to the lumen, this pattern of expression could 

suggest that Shroom3 is associated with a discreet period of spermatogenesis. Due to the 

scope of this research, further analysis is required to clarify the specific cell types 

expressing Shroom3. 

Both X-gal and immunofluorescence detection showed Shroom3 expression in the ovary 

and uterus (Figure 2.12 B a, c). In the ovary this expression was found in various 

follicular stages (Figure 2.12 C, D, E). Shroom3 also appeared in the epithelial lining of 

the oviduct and uterine glands (Figure 2.12 F and H). This aligns with other known 

instances of Shroom3 being expressed in polarized epithelial cells. It has been shown that 

the developing mouse oviduct has a specific pattern of coiling, with different turns 

serving as landmarks for different functional and cellular regions (Harwalkar et al., 

2021). As Shroom3 expression is seen in the adult oviduct, this presents the possibility 

that Shroom3 could be involved in the patterning of the oviduct during development. Of 

note, we did not assess our mice for estrous cycle staging prior to organ collection. Thus, 

it is possible that Shroom3 expression in the uterine glands could change depending on 
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estrous cycle stage. The mice used in this study were 8 months to a year in age; younger 

mice should be used in future investigations. 

Shroom3 expression was also identified for the first time in the mouse bladder, in the 

underlying detrusor muscle layer (Figure 2.1 C–b) and the endothelial lining (Figure 2.1 

D–c). The endothelial lining contains layers of polarized epithelial cells, which, again, 

aligns with expected Shroom3 expression patterns in other tissues. 

2.4.4 Organs with no detected Shroom3 expression 

Finally, we show major organs which had never been investigated in association with 

Shroom3, in which we were unable to detect Shroom3 expression. This includes the liver 

(Figure 2.8), pancreas (Figure 2.10), epididymis (Figure 2.11 F), prostate (Figure 2.11 G), 

and seminal vesicle (Figure 2.11 H). While the majority of these organs showed some 

blue X-gal staining in wholemount, no fluorescent signal for Shroom3 was observed. We 

attribute the blue staining to endogenous mammalian β-galactosidase activity which is 

present in these tissues and is known to be highly expressed in male reproductive organs, 

kidneys, secretory glands, and the gastrointestinal tract (Blanco et al., 2018; Burn, 2012; 

Merkwitz et al., 2016). While steps were taken to mitigate endogenous β-galactosidase 

activity, including increasing the pH of the staining solution, these measures were not 

sufficient across all organs. 

In muscular organs, particularly the heart, whisker pad, and bladder, positive 

immunofluorescent staining for Shroom3 was seen in the musculature but was not 

visually present in wholemount X-gal staining. In these tissues, X-gal staining was likely 

below our level of visual detection. This could be due to organ thickness, or the particular 

distribution of the β-galactosidase enzyme. 

2.5 Conclusions 

This study qualitatively assessed the range of Shroom3 expression in the adult mouse. 

We have shown that Shroom3 expression persists into adulthood in many organs where 

only developmental expression had been documented. The data also demonstrate that the 
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expression range of Shroom3 is far larger than previously known, as we have established 

novel expression in many other adult organs. This suggests yet-to-be determined roles for 

Shroom3 in adults, beyond the currently established functions in embryonic expression. 

This also presents the possibility of further roles for Shroom3 in development, as we may 

have identified the persisting postnatal expression in the present study. 
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Chapter 3  

3 Understanding the role of Shroom3 in the developing mouse 

myocardium 
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existing publication for the purposes of this dissertation. 
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3.1 Introduction 

Congenital heart defects (CHDs) are seen in approximately 1% of human births, making 

them one of the most prevalent congenital disorders in newborns (Cohen et al., 2021; 

Miremberg et al., 2019; Pierpont et al., 2018). With the progression of specialized 

surgical and diagnostic techniques, over 90% of children born with CHDs survive to 

adulthood (Dellborg et al., 2023; Mandalenakis et al., 2020). The ability to reach 

adulthood presents a new challenge to researchers and clinicians: how does this impact 

our understanding of the potential heritability of CHDs? As a candidate gene for CHDs, 

SHROOM3 is necessary for proper heart development. Full-body loss of Shroom3 in the 

developing mouse shows a spectrum of CHDs including ventricular septal defects, double 

outlet right ventricle, and thinning of the myocardium in the left ventricle (Durbin et al., 

2020). Shroom3 missense mutations have also been identified and are associated with 

heterotaxy and hemophagocytic lymphohistiocytosis in patient populations (Okashah et 

al., 2022; Tariq et al., 2011). 

The SHROOM3 protein contains two major functional domains: the central Apx/Shrm-

specific domain 1 (ASD1) allows for direct binding with f-actin, and the C-terminal 

ASD2 domain allows for direct binding with ROCK (Das et al., 2014; Dietz et al., 2006; 

Haigo et al., 2003; Hildebrand, 2005; Hildebrand and Soriano, 1999; McGreevy et al., 

2015; Nishimura and Takeichi, 2008; Prokop et al., 2018). These functions allow for 

myosin light chain phosphorylation, inducing actomyosin constriction and thus 

SHROOM3-induced apical constriction (Chung et al., 2010; Das et al., 2014; Khalili et 

al., 2016; Lang et al., 2014; Lee et al., 2007; Muccioli et al., 2016; Plageman et al., 2010, 

2011a). There have also been indications that SHROOM3 is able to drive the re-

distribution of γ-tubulin, allowing for apical-basal elongation, however the basis for this 

activity is less understood (Lee et al., 2007; Martínez-Ara et al., 2022). This cell shape 

change is described in polarized epithelial cells, where it plays a pivotal role in many 

developmental processes, most notably neural tube folding and closure, but also lens pit 

invagination, directional gut tube looping, and maintenance of glomerular structural 

integrity in the kidney (Das et al., 2014; Haigo et al., 2003; Herstine et al., 2025; 

Hildebrand, 2005; Hildebrand and Soriano, 1999; Khalili et al., 2016; Lee et al., 2009; Li 
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et al., 2022; McGreevy et al., 2015; Plageman et al., 2011b, 2010, 2011a). In humans, 

Shroom3 loss-of-function variants have been linked with anencephaly, spina bifida, and 

cleft lip and palate (Deshwar et al., 2020; Lemay et al., 2015). While promoting rolling of 

the neural plate into the neural tube is the best-established function of SHROOM3, 

epithelial folding has not been documented during mammalian heart development. As 

such, the functional contributions of Shroom3 to cardiac morphogenesis remain unclear. 

We set out to understand where and when Shroom3 is expressed in the mouse heart, and 

what the consequences of Shroom3 loss are on cardiac development. 

In this study we document Shroom3 expression specifically in the myocardium of the 

developing and adult mouse heart. We found that full-body loss of Shroom3 produces 

CHDs in embryos, similar to what has been described in Durbin et al., (2020). Adult mice 

with full-body Shroom3 loss show ventricular thinning due to decreased cardiomyocyte 

size. Here we also utilize a novel mouse line containing a floxed Shroom3 allele, 

allowing for spatial and temporal control of Shroom3 loss. In combination with a cardiac 

specific Nkx2–5 promoter driven Cre recombinase, we have selectively eliminated 

Shroom3 in the myocardium of the developing heart. Despite the loss, there were no 

notable CHDs or long-term effects on adult hearts seen in these mice. These results 

indicate that while SHROOM3 plays a role in proper heart development, myocardial 

SHROOM3 is not necessary for this role. 

3.2 Methods 

3.2.1 Mouse lines 

All animal experiments were approved by Western University ACC (Protocol #015–2011 

and #064–2019). All procedures were approved by the Council on Animal Care at The 

University of Western Ontario, in accordance with the guidelines of the Canadian 

Council on Animal Care. 

Mouse line B6.129S4-Shroom3Gt(ROSA53)Sor/J was purchased from The Jackson 

Laboratory on a C57BL⁄6 background. This line was generated using a gene trap assay to 

insert a SaβgalCrepA cassette under the control of the endogenous Shroom3 promoter 
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(Friedrich and Soriano, 1991). This line will be referred to as Shroom3Gt. A schematic for 

the gene trap vector insertion is depicted in Supplemental Figure 1 A. 

Mouse line Tg(Nkx2–5-cre)9Eno (MGI:3514028) was donated to us by the laboratory of 

Dr. Qingping Feng and was maintained on a C57BL⁄6 background. This transgenic line 

shows the highest level of expression in the myocardium of the developing heart, 

beginning in the developing heart tube. Later during development this expression is 

localized to the left and right ventricular myocardium (McFadden et al., 2005). This 

transgenic line will be referred to as Nkx2–5-Cre. 

Cyagen Biosciences was contracted to create a novel floxed Shroom3 allele mouse line. 

Using C57BL⁄6 embryonic stem cells, two loxP sites were inserted into the Shroom3 

allele using a targeting vector containing a Neo cassette flanked by self -deletion anchor 

sites. These loxP sites were inserted to flank exon 5 of the Shroom3 gene on mouse 

chromosome 5. Upon Cre-mediated recombination of the floxed allele, exon 5 is excised, 

resulting in a constitutive knockout (KO) allele and a loss of function of the Shroom3 

gene. This floxed Shroom3 mouse line has been named C57BL/6-Shroom3tm1Shrc. A 

schematic for the targeting vector, targeted allele, and KO allele is depicted in 

Supplemental Figure 1 B. This line will be referred to as Shroom3fl. A more in-depth 

description of the targeting vector and line generation can be found in Herstine et al., 

(2025). 

Pregnant dams were assessed for a vaginal plug in the morning following mating. The 

morning that the vaginal plug was seen was designated as embryonic day 0.5 (E0.5). For 

embryonic studies, pregnant dams were euthanized using CO2 gas inhalation and 

embryos were dissected at the required developmental time-point. For neonate studies, 

pups were taken on the day of birth and euthanized via decapitation. For adult studies, 

mice were euthanized using CO2 gas inhalation at the desired age according to standard 

ACC guidelines. 
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3.2.2 Genotyping 

Adult, neonate, and embryonic mouse genotypes were determined using tail tip DNA. 

Tissue specific genotyping was carried out using small pieces of the tissues of interest. 

DNA was isolated with phenol/chloroform extraction and gradient ethanol washed. 

Shroom3Gt LacZ cassette insertion primer pairs: GT-F: 5’-

GGTGACTGAGGAGTAGAGTCC-3’ and GT-R: 5’-

GAGTTTGTGCTCAACCGCGAGC-3’. Nkx2–5-Cre transgene primer pairs: NCre-F: 

5’-ACTGATTTCGACCAGGTT CGTT-3’ and NCre-R: 5’-

CCCAGGCTAAGTGCCTTCTCTA-3’. Shroom3fl loxP insertion primer pairs: loxP-F: 

5’- CCAGGAAGGTTGCCAGAGTCTAGCT-3’ and loxP-R: 5’-

CTGTCCGTTGTGGATGCTCGTG-3’. All PCR products were run on a 1% agarose gel 

with 1 Kb Plus DNA Ladder (Invitrogen, 10787018). 

3.2.3 mRNA isolation, cDNA synthesis, RT-PCR 

mRNA isolation from tissues of interest was performed with Trizol/chloroform 

extraction. 1ug of mRNA was used for cDNA synthesis with the qScript cDNA synthesis 

kit (QuantaBio, 95047). TBP was used as the housekeeping gene for RT-PCR. Shroom3fl 

loxP recombination primer pairs, to be used with cDNA: ExonRec-F: 5’-

TATCTCAGGGCACA ATGGGC-3’, ExonRec-R: 5’-

GGAGAAAGGAGATGGCAGGG-3’, and ExonRec-Ko: 5’-

TTCCTGCTGAGAGTGGCCTA-3’. TBP housekeeping gene primer pairs, to be used 

with cDNA: TBP-F: 5’-ACAGGAGCCAAGAGTGAAGA-3’ and TBP-R: 5’-

CTACTGAACTGCTGGTGGGT-3’. 

3.2.4 Wholemount X-gal staining and clearing 

Whole embryos from E9.5 to E13.5, or excised hearts of E14.5 embryos and older were 

used for wholemount X-gal staining. Heterozygous and wild type control samples were 

stained in parallel. n = 10 for embryonic and adult stages. A mixed cohort was used for 

all X-gal staining. 
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Tissues were fixed for 20 minutes to 2 hours depending on specimen thickness in 4% 

PFA, and washed overnight at 4°C in PBST. Samples were stained with X-gal staining 

solution (0.5 mg/ml X-Gal in DMF, 400μM potassium ferricyanide, 400μM potassium 

ferrocyanide, 2mM MgCl2) in PBST, at 37°C overnight or until the desired level of 

staining was developed. Tissues were post fixed in 4% PFA for 2 hours. Samples were 

then cleared as described in (Schatz et al., 2005) with the following modifications: tissues 

were cleared in scintillation vials for one day each in 20% and 50% glycerol (v/v) with 

1% KOH (w/v) in PBS at room temperature, followed by 2–3 days in 80% glycerol (v/v) 

with 1% KOH (w/v) in PBS at 37°C and finally at 100% glycerol (v/v) with 1% KOH 

(w/v) in PBS at room temperature until desired translucencies were achieved. 

3.2.5 Hematoxylin and eosin staining 

Embryonic, neonate, and adult hearts were fixed in 4% PFA and embedded in paraffin. 

Tissues were sectioned at 5μm and stained with CAT hematoxylin (BioCare Medical), 

followed with Tasha’s Bluing Solution (BioCare Medical), and then Eosin Y (0.25% in 

ethanol, Fisher Scientific). A mixed cohort was used for all H&E staining. 

3.2.6 Congenital and postnatal heart morphology assessment  

Adult, neonate, and embryonic hearts were collected, processed, and H&E stained as 

described above. Shroom3Gt hearts were serially sectioned in the transverse plane. Nkx2–

5-Cre;Shroom3fl hearts were serially sectioned in the frontal plane. A mixed cohort was 

used for all morphological analysis. 

Ventricular septal defects (VSDs) were counted when a break in the ventricular septum 

was found in the histological section. Membranous VSDs were classified as those found 

within the top third of the cardiac septum. Muscular VSDs were counted when the defect 

was localized to the thicker, muscular portion of the ventricular septum. n = 24 for 

Shroom3+/+ and Shroom+/Gt E18.5 embryos and 33 for Shroom3Gt/Gt E18.5 embryos. n = 

23 for Nkx2–5-Cre;Shroom3fl/fl and Shroom3fl/fl neonate mice and 8 for Nkx2–5-

Cre;Shroom3+/fl neonate mice. 
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Semilunar valve defects were based on visual observation. Thick pulmonary valves and 

malformed aortic valves were comparable to the abnormalities seen in the ADAM17 

knockout mouse which exhibits semilunar valve defects (Wilson et al., 2013). This was 

used as a guide for valve defects, in addition to valve comparison in wild type littermate 

controls. n = 18 for Shroom3+/+ and Shroom+/Gt E18.5 embryos and 27 for Shroom3Gt/Gt 

E18.5 embryos. n = 23 for Nkx2–5-Cre;Shroom3fl/fl and Shroom3fl/fl neonate mice and 8 

for Nkx2–5-Cre;Shroom3+/fl neonate mice. 

To measure ventricular thickness in transverse sections, 10 measurements were taken per 

section on 3 sequential sections per sample, each 5μm apart. Compact layer was defined 

as the region between the outside of the epicardium and beginning of the trabecular zone. 

In example images the compact myocardial layer is delineated from the trabeculae with a 

dotted line. Only sections where all four chambers were visible in transverse sectioned 

were used for embryonic compact layer measurements. n = 6 for Shroom3Gt/Gt, 

Shroom3+/Gt, and Shroom3+/+ E18.5 embryos, and n = 3 for Shroom3+/Gt and Shroom3+/+ 

adult hearts. 

To measure ventricular thickness in frontal sections, measurements were taken from 4 

sequential sections, each 10μm apart, providing a 30μm area of average ventricle 

thickness. This was repeated and averaged from 4 locations within the middle of the 

ventricle. In example images the compact myocardial layer is delineated from the 

trabeculae with a dotted line. Only heart sections in which the interior of the entire 

ventricle was visible were used. n = 6 for Nkx2–5-Cre;Shroom3fl/fl, Nkx2–5-

Cre;Shroom3+/fl and Shroom3fl/fl neonate hearts and adult hearts. 

3.2.7 Immunofluorescence 

Deparaffinized tissue sections underwent antigen retrieval in a 95°C bath of sodium 

citrate buffer (10mM sodium citrate, 0.1% Triton-X, pH 6.0) for 25 minutes. Sections 

were then permeabilized with 0.2% TBST (Tween-20) for 10 minutes. Tissue sections 

were blocked in 10% Goat serum in 1% BSA in TBST for 1 hour. Wheat germ agglutinin 

Alexa Fluor 594 conjugate (5 μg/ml; Invitrogen) was used to visualize myocardial cell 

borders. Slides were counterstained with DAPI (1:1000, Invitrogen), cover slipped with 
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PermaFluor Aqueous Mounting Medium (Fisher Scientific) and stored in the dark at 

−20°C. 

3.2.8 Cardiomyocyte area measurements 

Adult mouse hearts were stained with Wheat germ agglutinin Alexa Fluor 594 conjugate 

at P8m. Cardiomyocyte cell area was measured only if cells had completely labeled 

membranes and a centrally located nucleus. To standardize where cardiomyocyte 

measurements were taken, only sections where the papillary muscle was visible were 

used. n = 3 for Shroom3+/Gt and Shroom3+/+ hearts and n = 3 for Nkx2–5-

Cre;Shroom3fl/fl, Nkx2–5-Cre;Shroom3+/fl and Shroom3fl/fl hearts. 

3.2.9 Statistical analysis 

One way ANOVA was used to assess the statistical significance of compact layer 

thickness differences in Shroom3Gt embryos, with a post-hoc Tukey’s test. P < 0.05 was 

considered significant. An unpaired two-tailed t-test was used to determine statistical 

significance for compact layer and cross-sectional area measurements in adult Shroom3Gt 

mice. P < 0.05 was considered significant. One way ANOVA was used to assess the 

statistical significance of the heart weight, body weight, and heart weight to body weight 

ratios in the Shroom3fl adult mice, as well as the cross-sectional measurements of adult 

Shroom3fl cardiomyocytes, and of the compact layer thickness differences in Shroom3fl 

neonates. All statistical analysis performed using GraphPad Prism 8.0 software. 

3.3 Results 

3.3.1 Shroom3 is expressed throughout the embryonic and adult 

myocardium 

The expression range of Shroom3 was assessed using the reporter lacZ gene found within 

the Shroom3Gt cassette. Whole embryos were used from E9.5 – E13.5 and excised hearts 

were used from E14.5 into adulthood. Wild type littermate controls were stained in 

parallel. 
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Using the reporter gene, Shroom3 expression was detected in wholemount embryonic 

hearts beginning at E10.5 (Figure 3.1 A, right) and was observed at all subsequent 

developmental stages including E18.5 (Figure 3.1 I, right). Representative images for 

each embryonic day between these time-points are pictured in Figure 3.1. This expression 

was specific to the myocardium of the atria and ventricles of the heart and was not seen 

in the outflow tracts or great arteries. X-gal staining intensity increased as development 

progressed. When assessing sectioned embryonic hearts, Shroom3 expression was seen 

earlier in development at E9.5 within the compact myocardium (Figure 3.2 A). At E14.5 

staining was seen in the trabeculae and septum, and the myocardium surrounding the base 

of the outflow tracts (Figure 3.2 B–D). Shroom3 expression was not observed in the 

epicardium, endocardial cushions or aortic valves at any timepoint. 

 

Figure 3.1: Shroom3 is expressed in the mouse heart during cardiogenesis  
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X-gal staining in embryonic mouse hearts detecting for presence of lacZ in Shroom3+/Gt 

embryos (right), or littermate controls (left). Wholemount detection began at E10.5 (A) 

and was seen for the remainder of the gestational period, until E18.5 (B-I), in a 

widespread and consistent pattern. Detection was seen in the atria and ventricles, but not 

in the outflow tracts (A-I). Wild type control hearts stained in parallel showed no 

background staining. LA: left atrium; LV: left ventricle; OFT: outflow tracts; RA: right 

atrium; RV: right ventricle. 

 

Figure 3.2: Shroom3 is expressed throughout the mouse myocardium during 

cardiogenesis 

X-gal staining in paraffin sections of Shroom3+/Gt embryonic heart. A) The primitive 

ventricle of an E9.5 mouse embryo showed presence of lacZ in the myocardium (arrow) 

but not the endocardium. B-D) Heart sections of an E14.5 embryo showed widespread 

staining in the compact layer myocardium, trabecular myocardium, ventricular septum 



93 

 

and the base of the aorta. No staining was detected in the endocardium, epicardium 

(arrows), aortic valve, or endocardial cushions. Ao: aorta; e: epicardium; en: 

endocardium; m: myocardium. 

In wholemount postnatal hearts, Shroom3 expression was also seen in the myocardium of 

the ventricles and atria, and the myocardium surrounding the base of the outflow tracts. 

The widespread, high intensity staining which is seen in newborn hearts (Figure 3.3 A) is 

similar to staining seen in late-stage embryonic hearts. However, this staining intensity 

dramatically decreases by three months of age (Figure 3.3 B) and eight months of age 

(Figure 3.3 C). Notably, the staining intensity of the left atrium remained strong in 

comparison to the right atrium in adulthood (Figure 3.3 C). Assessing sectioned adult 

hearts, Shroom3 expression was again specific to the compact and trabecular 

myocardium and absent from the epicardium and endocardium, with increased staining in 

the compact layer (Figure 3.4 A, B). This is a similar pattern to that seen in embryonic 

heart sections. Reflecting the findings in wholemount hearts, increased staining in the left 

atrium compared to the right atrium was also observed in section (Figure 3.4 C, D). 
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Figure 3.3: Shroom3 is expressed in the postnatal mouse heart 

X-gal staining in postnatal mouse hearts detecting for presence of lacZ in Shroom3+/ Gt 

(right), or littermate controls (left). Wholemount detection began on the day of birth (A), 

where an expression pattern similar to embryonic hearts was observed. Expression of 

lacZ in 3-month-old (B) and 8-month-old (C) mice, respectively, showed increased 

staining in the left atrium compared to the right atrium. Widespread expression 

throughout the ventricles appeared to be consistent with embryonic expression, however 

this was difficult to observe in wholemount. Expression was observed in the myocardium 

surrounding the base of the outflow tracts. Wild type control hearts stained in parallel 

showed no background staining. LA: left atrium; LV: left ventricle; OFT: outflow tracts; 

RA: right atrium; RV: right ventricle. 
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Figure 3.4: Shroom3 is expressed throughout the mouse myocardium postnatally  

X-gal staining in paraffin sections of Shroom3+/Gt 8-month-old adult heart. Transverse 

sections through the left (A) and right (B) ventricle showed intense staining in the 

compact layer myocardium and to a lesser extent the trabeculae. No staining was seen in 

the epicardium. Sagittal sections through the right (C) and left (D) atrium showed 

increased staining intensity in the left atrium. No staining was found within the 

endocardium or epicardium. ca: coronary artery; e: epicardium; en: endocardium; m: 

myocardium; tr: trabeculae. 
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3.3.2 Full-body loss of Shroom3 during development shows congenital 

heart defects in embryos and ventricular thinning and decreased 

cardiomyocyte size in adults 

As Shroom3 was seen in much of the developing heart and was present for the majority 

of cardiogenesis, embryos were assessed at the end of development for CHDs after full-

body developmental Shroom3 loss. In E18.5 embryos three types of CHDs were found. 

Firstly, 55% of Shroom3Gt/Gt embryos contained VSDs (18 of 33 embryos). Of these 

VSDs, 72% were membranous, occurring in the first third of the ventricles (Figure 3.5 B, 

C), and 28% were muscular, occurring lower in the muscular septum (Figure 3.5 E, F). 

Secondly, thinning of the left ventricle wall was also found in these embryonic hearts, 

where a significant, stepwise reduction in compact myocardium thickness was seen 

between WT, Shroom3+/Gt, Shroom3Gt/Gt hearts (Figure 3.6 C). The compact myocardium 

was defined as the layer between the epicardium and the trabecular myocardium 

boundary (Figure 3.6 B, dotted line). No significant difference in compact myocardium 

thickness was seen between genotypes in the right ventricle. The morphology of the 

trabeculae networks was also assessed at this time, however there was no difference seen 

in network branching between genotypes. Finally, abnormal aortic valves were seen in 

15% of Shroom3Gt/Gt embryos (4 of 27 embryos), and abnormal pulmonary valves were 

seen in 26% of Shroom3Gt/Gt embryos (7 of 27 embryos). This appeared as aortic valves 

with no clear delineation of the leaflet cusps (Figure 3.7 C and D), and pulmonary valves 

where leaflet cusps were clustered within the valve lumen (Figure 3.7 G and H). In all 

embryonic hearts, there was no observed incidence of cardia bifida, failure to loop or 

form chambers, failure to trabeculate, nor hypertrophy. As seen in the representative 

images in Figure 3.2, normal gross morphology was observed for all hearts at all 

developmental time points, where no obvious alterations in overall size and shape were 

seen. 
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Figure 3.5: Embryonic Shroom3Gt/Gt hearts show ventricular septal defects 

H&E staining in E18.5 hearts. A&D) Transverse sections of wild type hearts show an 

intact ventricular septum between the two ventricles, at two different heights of the heart. 

B) Transverse section of a Shroom3Gt/Gt heart with a membranous VSD (black arrow). C) 

Magnification shows an otherwise intact tissue morphology. E) Transverse section of a 

Shroom3Gt/Gt heart with a muscular VSD (black arrow). F) Magnification shows an 

otherwise intact tissue morphology. Incidence: Shroom3+/+ = 0/24; Shroom3+/Gt = 1/24; 

Shroom3Gt/Gt = 18/33. LA: left atrium; LV: left ventricle; RA: right atrium; RV: right 

ventricle 
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Figure 3.6: Embryonic Shroom3Gt/Gt hearts show left ventricular thinning  

Measurements of the compact layer thickness in the wall of the right and left ventricle of 

E18.5 embryos. The compact layer was defined as the space between the outer 

epicardium and where the trabeculae begin. A&B) Transverse section demonstrating 

where the compact layer measurements were taken for each heart section. Lines in B 

indicate the border of the compact layer. C) Quantification of the compact layer width 

showed no significant differences in the right ventricle across all genotypes. In the left 

ventricle, compact layer thickness was significantly reduced in Shroom3+⁄Gt (P < 0.01) 

and Shroom3Gt/Gt (P < 0.001) hearts compared to littermate controls. Additionally, 

Shroom3Gt/Gt left ventricle compact layer thickness was significantly thinner than 

Shroom3+⁄Gt (P < 0.01). ***P < 0.001, **P < 0.01. ± SD. RV: right ventricle; LV: left 

ventricle. n = 6 per genotype 
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Figure 3.7: Embryonic Shroom3Gt/Gt hearts show abnormal semilunar valves  

H&E staining in E18.5 hearts. Assessment of phenotype was based on comparison to the 

littermate controls. A&E) Transverse sections of wild type hearts with normal 

development of the aortic (A) and pulmonary (E) valve. Magnifications to the right 

(B&F). C) Transverse section of Shroom3Gt/Gt heart at the site of the aortic valve with 

undefined cusp formation. D) Magnification of C. Compared to the control valve, leaflets 

of the aortic valve in Shroom3Gt/Gt hearts are not clearly defined (black arrow) and do not 

extend into the luminal space of the valve. Incidence: Shroom3+/+ = 0/18; Shroom3+/Gt = 

0/18; Shroom3Gt/Gt = 4/27. G) Transverse section of Shroom3Gt/Gt heart at the site of the 

pulmonary valve with thick pulmonary cusps. (H) Magnification of G. From visual 

comparison, pulmonary valves in Shroom3Gt/Gt hearts were thickened compared to 

control valves. Incidence: Shroom3+/+ = 0/18; Shroom3+/Gt = 1/18; Shroom3Gt/Gt = 7/27. 

Ao: aorta; AV: aortic valve; LA: left atrium; LV: left ventricle; PV: pulmonary valve; 

RA: right atrium; RV: right ventricle 

Due to lethal extra-cardiac developmental defects, Shroom3Gt/Gt embryos are not able to 

survive into adulthood. However, Shroom3+/Gt mice can survive past weaning and into 

adulthood. Therefore, mice heterozygous for full-body Shroom3 loss were assessed for 

long-term consequences of left ventricular thinning during development. At three months 
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postnatal, Shroom3Gt/+ hearts showed significantly reduced left ventricular wall thickness 

compared to WT controls (Figure 3.8 A–C). This was also seen at eight months postnatal 

(Figure 3.8 D–F). As ventricular wall thinning may result in stress on the ventricles and 

thus cause compensatory cardiomyocyte hypertrophy, we also assessed cardiomyocytes 

at eight months postnatal. Using wheat germ agglutinin to outline cardiomyocyte cell 

walls, surface areas of cardiomyocytes from the left ventricle compact myocardium were 

measured. Cardiomyocytes from Shroom3Gt/+ left ventricles were found to be 

significantly smaller than the WT controls (Figure 3.9). 

 

Figure 3.8: Adult Shroom3+/Gt mouse hearts show left ventricular thinning 

Transverse sections of adult mouse hearts stained with hematoxylin and eosin. Only the 

compact layer of the left ventricle was compared between genotypes for thinning. The 

compact layer was defined as the space between the outside of the epicardium and where 

the trabeculae begin. A&B) Wild type and Shroom3+/Gt 3-month-old hearts. Arrows and 

lines indicate where measurements in the left ventricle were taken. C) Quantification of 

the thickness of the compact layers of 3-month-old hearts showed a significant decrease 

in left ventricle wall thickness in the heterozygous mice (P < 0.0001) when compared to 

the wild type. D&E) Transverse sections of wild type and Shroom3+/Gt 8-month-old 
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hearts. Arrows and lines indicate where measurements in the left ventricle were taken. F) 

Quantification of the thickness of the compact layers of 8-month-old hearts showed a 

significant decrease in left ventricle wall thickness in the heterozygous mice (P < 0.0001) 

when compared to the wild type. ****P < 0.0001. ± SD. RV: right ventricle; LV: left 

ventricle. n = 3 per genotype at both ages. Mixed cohorts used at 3 months and 8 months. 

 

Figure 3.9: Adult Shroom3+/Gt hearts show decreased cardiomyocyte cross-sectional 

area 

Hearts from 8-month-old mice were stained with wheat germ agglutinin conjugated to 

Alexa Fluor 594 (red) to mark the cell membranes and DAPI (blue). Only cells with fully 

defined and intact cell membranes and a centralized nucleus were used for measurements. 

A) Wild type heart section showing normal cardiomyocytes in cross section. B) 

Shroom3+/Gt heart cardiomyocytes in cross section. C) Hearts of heterozygous mice 

showed a significantly smaller cross-sectional area (P < 0.0001) when compared to the 

wild type. ****P < 0.0001. ± SD. n = 3 per genotype. Mixed cohort used. 
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3.3.3 Floxed allele recombination and verification 

Following this data, we aimed to investigate if these developmental defects were due to 

Shroom3 loss in the myocardium during development. Our lab and two collaborating labs 

funded the creation of a novel floxed Shroom3 allele (Shroom3fl). Placement of the loxP 

sites was designed to splice around exon 5, creating a null Shroom3 allele which does not 

express Shroom3 mRNA. This line has recently been published by our collaborators to 

study optic cup morphogenesis (Herstine et al., 2025). 

The specificity of the loxP targeting was assessed by making a compound allele. The 

Shroom3fl line was crossed with the Shroom3Gt line, resulting in embryos containing the 

compound Shroom3Gt/fl alleles. This would create a null allele from the gene trap 

insertion and a null allele from recombination of the floxed Shroom3 allele, driven by the 

Cre recombinase inside the Shroom3Gt cassette. Compound allele embryos phenocopied 

Shroom3Gt/Gt embryos at E10.5, where similar neural tube closure defects were seen 

(Figure 3.10 A and B). The same phenocopying was seen at E18.5, where the same 

exencephaly, gut tube looping, and open eye phenotypes were seen (Figure 3.10 C and 

D). Using similar methods, our collaborators have obtained similar results at E12.5 

(Herstine et al., 2025). 
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Figure 3.10: Embryos with compound Shroom3Gt/fl alleles phenocopy Shroom3Gt/Gt 

embryos 

A) Full-body Shroom3 loss using the gene trap line, visualized at E10.5. Homozygous 

Shroom3 loss on the right, and littermate control on the left. On the right, neural tube 

closure defects can be seen. B) Embryos from a Shroom3Gt/+ X Shroom3fl/fl cross at 

E10.5. 8 embryos were produced. 4 showed the WT phenotype (left) and 4 showed the 

mutant phenotype (right). This mutant phenotype seen in A, right. Mating cross and data 

collection by T.J Plageman. C) Full-body Shroom3 loss using the gene trap line, 

visualized at E18.5. Homozygous Shroom3 loss on the right, and littermate control on the 

left. On the right, neural tube defects, eye defects, and gut tube looping defects can be 

seen. D) E18.5 embryos from Shroom3Gt/+ X Shroom3fl/fl. 6 embryos produced, 3 with 

WT phenotype (left), 3 with neural tube defects, open eye phenotype, gut tube looping 

defects (right) 

To target Shroom3 loss to the developing myocardium, Shroom3fl mice were crossed to 

an Nkx2–5-Cre recombinase line. This transgenic Cre recombinase begins expression at 

E7.5 in cardiac precursor cells, and expression remains on for the duration of 

development and into adult life (Lien et al., 1999). Primers to amplify exon 5 of the 



104 

 

conditional KO Shroom3fl allele, and the recombined Shroom3fl allele were used with 

cDNA. Anticipated band sizes for the conditional KO allele (181 bp) and the recombined 

allele (306 bp) were seen in agarose gel in both neonate and adult heart samples 

(Supplemental Figure 2 A). We also verified that this loss was specific to the heart by 

using kidney samples from the same mice. cDNA samples from neonate control hearts 

and neonate knockout hearts (n = 4) were then amplified for the conditional KO allele or 

the recombined allele (Supplemental Figure 2 B). Band densitometry was used to 

quantify recombination efficacy in the Nkx2–5-Cre;Shroom3fl hearts. The average 

difference in band density between Shroom3fl littermate controls and Nkx2–5-

Cre;Shroom3fl hearts was 74.5% (Supplemental Figure 2 C). This indicates at least a 74% 

difference in Shroom3 expression between Nkx2–5-Cre;Shroom3fl mice and littermate 

controls, or a 74% knockout of the Shroom3fl allele from our myocardial specific Cre 

driver. 

3.3.4 Myocardial Shroom3 loss during development does not produce 

congenital heart defects in embryos and does not impact adult 

cardiac or cardiomyocyte morphology 

To assess for perinatal lethality in our myocardial specific knockout, four Nkx2–5-

Cre;Shroom3+/fl X Shroom3fl/fl breeding pairs were set up, two with paternally inherited 

Cre, two with maternally inherited Cre. Neonates born from these crosses were monitored 

for the first 12 hours of life. All observed neonates were born alive, however any deaths 

within the first 12 hours of life were recorded and bodies were collected. From a final n-

value of 44, 21 neonates were born with the Cre-recombinase, and 23 were born without. 

Within the first 12 hours of life, 5 neonates from both groups died. This indicates a 

mortality rate of 23% across Nkx2–5-Cre;Shroom3+/fl and Nkx2–5-Cre;Shroom3fl/fl 

neonates, and 21% across Shroom3+/fl and Shroom3fl/fl neonates. Overall, no trend in 

mortality was seen across genotypes in neonates. Additionally, observed genotypes 

across all neonates did not differ from expected mendelian ratios (X2 = 0.72, df = 3, p = 

0.05), indicating no significant in-utero mortality. 
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Neonates from this cross were assessed for CHDs using the same methods as in 

Shroom3Gt embryos. In both Nkx2–5-Cre;Shroom3+/fl and Nkx2–5-Cre;Shroom3fl/fl 

neonate hearts, no VSDs were seen (Figure 3.11). This includes neither membranous nor 

muscular VSDs, both of which had been seen in Shroom3Gt/Gt embryos. Additionally, in 

comparing to littermate controls, aortic and pulmonary valves were morphologically 

normal regardless of phenotype (Figure 3.12). Additional images of these valves are 

displayed in Supplemental Figure 3. Finally, no significant differences were seen in the 

ventricular compact layer thickness between Nkx2–5-Cre;Shroom3+/fl, Nkx2–5-

Cre;Shroom3fl/fl neonates and littermate controls (Figure 3.13). This was consistent in 

both the right (p = 0.1522) and left ventricle (p = 0.8859) (Figure 3.13C). 

 

Figure 3.11: Myocardial Shroom3 loss during development does not show 

ventricular septal defects  

Neonates from the Nkx2-5-Cre;Shroom3+/fl X Shroom3fl/fl cross who died within 24 

hours of birth display no VSDs. This was consistent between littermate neonates which 

did not contain Cre (A), littermates heterozygous for Shroom3 recombination (B), and 

littermates homozygous for Shroom3 recombination (C). n = 23 for Nkx2-5-

Cre;Shroom3fl/fl and Shroom3fl/fl . n = 8 for Nkx2-5-Cre;Shroom3+/fl . Sectioned in the 

frontal plane 
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Figure 3.12: Myocardial Shroom3 loss during development does not show abnormal 

semilunar valves 

Neonates from the Nkx2-5-Cre;Shroom3+/fl X Shroom3fl/fl cross show normal pulmonary 

and aortic valve leaflets compared to littermate controls. This was consistent between 

littermate neonates which did not contain Cre (A), littermates heterozygous for Shroom3 

recombination (B), and littermates homozygous for Shroom3 recombination (C). n = 23 

for Nkx2-5-Cre;Shroom3fl/fl and Shroom3fl/fl . n = 8 for Nkx2-5-Cre;Shroom3+/fl. 

Sectioned in the frontal plane. 
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Figure 3.13: Myocardial Shroom3 loss during development does not alter 

ventricular wall thickness 

Measurements of compact myocardium were taken from Nkx2-5-Cre;Shroom3+/fl X 

Shroom3fl/fl neonate litters. B) Measurements were taken between the two lines, for both 

the left and right ventricle. C) No significant differences were found in wall thickness 

between the different genotypes for both the right ventricle (p = 0.1522) and left ventricle 

(p = 0.8859). Control label indicates Shroom3+/fl and Shroom3fl/fl samples. One way 

ANOVA ±SD. n = 6 per genotype. 

Mice born from this cross were also monitored for a year with no notable issues in overall 

health or breeding. At one year of age no alterations to gross morphology in adult hearts 

were observed. This includes no minor VSDs which persisted into adulthood and no 

alterations to ventricular wall thickness (Figure 3.14 A, first and second column). 

Additionally, there were no morphological alterations in the semilunar valves of these 

hearts (Figure 3.14 A, third and fourth column). No alterations in body weight (Figure 

3.14 B, left) or heart weight (Figure 3.14 B, middle) were seen in these mice, reflecting 

no changes in heart weight to body weight ratios (Figure 3.14 B, right). Thus, there is no 
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indication of compensatory cardiac hypertrophy after one year of myocardial Shroom3 

loss. 

 

Figure 3.14: Shroom3 myocardial specific loss does not alter postnatal cardiac 

morphology  
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A) Representative images of 1y adult hearts from myocardial Shroom3 loss during 

development. Shroom3fl, Nkx2-5-Cre;Shroom3+/fl , and Nkx2-5-Cre;Shroom3fl/fl mice 

were observed to show no changes in heart shape or size externally and internally, with 

no changes in ventricular thickness, and no alterations to the semilunar valves. All hearts 

were equal in appearance. B) Body weight (left), heart weight (middle), and heart weight 

to body weight ratios (right) from Nkx2-5-Cre;Shroom3+/fl X Shroom3fl/fl offspring at 1y, 

by genotype. No statistical differences seen (left, p = 0.3490; middle, p = 0.9156; right, p 

= 0.4829). Control label indicates Shroom3+/fl and Shroom3fl/fl samples. One-way 

ANOVA ±SD. n = 19 for Shroom3fl , n = 19 for Nkx2-5-Cre;Shroom3+/fl, n = 12 for 

Nkx2-5-Cre;Shroom3fl/fl. No significance seen in sex segregated analysis. 

Adult hearts were also assessed at 8 months of age for any changes in cardiomyocyte 

morphology using the same wheat germ agglutinin staining as in Shroom3Gt adults. The 

average cardiomyocyte area between littermate controls, Nkx2–5-Cre;Shroom3+/fl, and 

Nkx2–5-Cre;Shroom3fl/fl mice were not significantly different (p = 0.1956) (Figure 3.15). 

 

Figure 3.15: Developmental loss of Shroom3 in the myocardium does not affect 

cardiomyocyte cross sectional area in adults 
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Hearts from 8-month-old mice were stained with wheat germ agglutinin conjugated to 

Alexa Fluor 594 (red) to mark the cell membranes and DAPI (blue). Only cells with well-

defined and intact cell membranes and a centralized nucleus were used for measurements. 

A) Littermate control heart section showing normal cardiomyocytes. B) Nkx2-5-

Cre;Shroom3+/fl heart cardiomyocytes in cross section. C) Nkx2-5-Cre;Shroom3fl/fl heart 

cardiomyocytes in cross section. D) No significant differences in cardiomyocyte cross 

sectional area were seen in between all three genotypes. Control label indicates 

Shroom3+/fl and Shroom3fl/fl samples. (p = 0.1956) ±SD. n = 3 per genotype. 

3.4 Discussion 

3.4.1 Shroom3 expression begins early in heart development and continues 

in the adult heart 

We aimed to assess when expression of Shroom3 began during heart development, if it 

was sustained during and after development, and where this expression was localized. 

Through X-gal staining, we have demonstrated that Shroom3 is expressed in the 

developing heart as early as E9.5, continues for the entirety of development, and into 

adult life. This expression was localized to the myocardium and trabeculae of the atria 

and the ventricles, and myocardium surrounding the base of the outflow tracts. Shroom3 

expression was not found in the outflow tracts, epicardium, endocardium, or the valves of 

the developing and adult heart. Due to the increase of X-gal staining intensity over the 

course of development, it is likely that Shroom3 expression is increasing in the 

embryonic heart as gestation progresses. However, staining intensity decreased in the 

adult heart. This shift in expression between embryonic and adult hearts may be due to 

the functionality of the heart at different stages of life. In utero, trabeculae contribute to 

the force of cardiac output, and act as an important biomechanical support structure for 

proper downstream heart development (del Monte-Nieto et al., 2018; Faber et al., 2022; 

Olejnickova et al., 2024), whereas adult hearts rely on the muscular compacted 

myocardium in the ventricular walls. A recent study has established spatially distinct 

transcriptomes in cardiomyocytes of adult mice which radiate out from an area of infarct 

(Calcagno et al., 2022). In this study, Shroom3 was expressed in a transitional cell 
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population found between non-ischemic tissue and cardiomyocytes within the infarct 

zone, but not highly expressed within either of these areas. It is known that as the heart 

tries to recover from ischemia, developmental programming within the cells is re-

established in a compensatory, regenerative manner, for example the change from adult 

α-myosin heavy chain to embryonic β-myosin heavy chain (Hinken and McDonald, 

2006; Krenz et al., 2003). This presents the possibility that under conditions of heart 

failure or ischemic damage, Shroom3 may be upregulated in the adult heart in a 

compensatory manner. This supports our findings from X-gal staining that Shroom3 

expression is decreased from developmental levels in normal adult mouse hearts. 

In adult hearts, there was also a notable difference in X-gal staining intensity between the 

left and right atria, with higher Shroom3 expression in the left atrium compared to the 

right. This staining pattern is similar to that of Pitx2, which also shows greater expression 

in the left mouse atrium than the right (Syeda et al., 2017). While Shroom3 is activated 

by Pitx2 in the developing gut, this interaction has not been studied in the heart at any 

time-point (Chung et al., 2010; Plageman et al., 2011b). Additionally, as cell shape 

changes like those seen during gut tube looping are not present in adult atria, the purpose 

for this interaction is unknown. Pitx2c is known to be involved in left-right asymmetry 

during embryonic development (Hill et al., 2019). While a Shroom3 missense mutation 

has been identified in a human patient with heterotaxy (Tariq et al., 2011), it seems 

unlikely that Shroom3 is implicated in left-right asymmetry in the heart, as no looping 

defects were seen in this study. Using the same Shroom3Gt line, Durbin et al., (2020) had 

also investigated Shroom3 expression patterns in the mouse heart, however they did not 

document differential staining of the adult atria. 

3.4.2 SHROOM3, but not myocardial SHROOM3, is required for normal 

cardiac morphogenesis 

As Shroom3 is so widespread in the developing heart, we aimed to investigate the 

implications of full-body Shroom3 loss on cardiogenesis using the Shroom3Gt mouse line. 

In E18.5 embryos, this loss resulted in thinning of the compact myocardium isolated to 

the left ventricle. Both membranous and muscular ventricular septal defects were also 
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observed in these embryos, as well as malformation of the semilunar valve leaflets. These 

phenotypes were not completely penetrant amongst all embryos and did not always 

appear together in the same combinations. These results can be compared to Durbin et al., 

(2020) who also showed ventricular septal defects and thinning of the left ventricle in 

E14.5 Shroom3Gt/Gt embryos. However, this group did not demonstrate remodelling 

complications of the semilunar valves. This may be due to assessment of embryos at 

different developmental time-points. At E14.5, the ventricles of the mouse heart have not 

completed proliferation and compaction, which occurs from E15.5 until birth (Barak et 

al., 2019). Downstream of this, cardiac valves, but particularly the semilunar valves, are 

known to be morphologically influenced by cardiac hemodynamics and pressure during 

development (Goddard et al., 2017; O’Donnell and Yutz, 2020; Poelmann and 

Gittenberger-De Groot, 2018). It is possible that valve defects from Shroom3 loss were 

only seen for the first time in our study due to the influence of the hemodynamic changes 

from the hearts undergoing ventricular compaction at later developmental stages. 

Following this, we investigated if it was SHROOM3 arising from the myocardium which, 

when lost, was causing these defects. However, when Shroom3 was eliminated using an 

Nkx2–5 promoter driven Cre recombinase, no abnormal phenotypes were seen in neonate 

or adult hearts. This included no VSDs, valve deformities, and no ventricular thinning. 

With this data, we have demonstrated that Shroom3 loss does cause CHDs, but these 

defects are not due to loss of Shroom3 in the myocardium. Thus, we hypothesize that the 

defects seen in the Shroom3Gt knockout must be due to loss of Shroom3 in extracardiac 

cell populations which also contribute to cardiac development. The best candidate for this 

is the cardiac neural crest cell (cNCCs). cNCCs are a migratory cell population which 

arise dorsal to the neural tube. They have been well established in the formation of the 

great arteries, including the patterning and smooth muscle of the aorta, and septal 

formation between the aorta and pulmonary artery, as well as the patterning of semilunar 

valve leaflets and the cardiac cushions, the structure which gives rise to the semilunar 

valves (Erhardt et al., 2021; Phillips et al., 2013). Recently cNCCs have been 

demonstrated to contribute to the cardiac musculature, where fluorescently labelled 

cNCCs were stably integrated into the ventricular myocardium and began expressing 
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Troponin and Myosin Heavy Chain in chick and mouse embryos (Tang et al., 2019). 

Additionally, these labelled cNCCs were seen in the cardiac cushion. This is important, 

as the semilunar valve remodelling complications presented in our work were not 

ascribable to myocardial Shroom3 loss, as the cardiac cushion is endocardial in origin 

(Gonzalez-Costa et al., 2022; Liu et al., 2023; Poelmann and Gittenberger-De Groot, 

2018). Supporting this hypothesis, Durbin et al., (2020) documented Shroom3 expression 

in the cardiac neural crest cells at E9.5. cNCC loss contributes to many CHDs including 

outflow tract septation defects, double outlet right ventricle, VSDs, and valve 

malformations (Boot et al., 2003; George et al., 2021; Kirby and Hutson, 2010; Kirby and 

Waldo, 1995; Phillips et al., 2007; Poelmann et al., 1998; Van den Hoff and Moorman, 

2000; Yan et al., 2021). Thus, it is possible that cNCCs expressing Shroom3 may 

integrate into the myocardium and the cardiac cushions during embryonic development. 

Loss of Shroom3 in this cell population, rather than Shroom3 arising from cardiac 

mesodermal cells, may be sufficient to produce the CHDs described here. Supporting 

this, Nkx2–5 is not expressed in the cNCCs of the mouse embryo, thus our conditional 

knockout model of Shroom3 would not have targeted this specific subset of cells. This 

evidence allows for the conclusion that Shroom3 in the heart does not act in a cell 

autonomous manner, and that external cell types which also express Shroom3, 

particularly the cNCCs, likely contribute to the proper development of the heart. It should 

be noted that while we were able to show high levels of recombination, we cannot 

formally rule out that a small number of myocardial cells may still be expressing 

Shroom3 and could contribute to cardiac morphogenesis. 

3.4.3 Shroom3 loss causes left ventricular thinning and decreased 

cardiomyocyte size 

Finally, we assessed the impact of this developmental loss on the adult heart. After full 

body Shroom3 loss, three-month and eight-month-old mice showed significant thinning 

in the left ventricle, a phenotype which continued from development. This was found to 

be due to decreased cardiomyocyte cross-sectional area compared to littermate controls. 

However, in adult hearts with myocardial specific loss of Shroom3 during development, 

neither left ventricular thinning, nor smaller cardiomyocytes, were seen. Again, this was 
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similar to developmental phenotypes which also found no ventricular thinning. The best-

established function of SHROOM3, altering apical-basal cell shape in epithelial cells, is 

not seen in the myocardium. Rather, myocardial cells are polarized via the planar cell 

polarity pathway (PCP) (Leung et al., 2014; Merks et al., 2018; Wu et al., 2011). Direct 

functional interactions between SHROOM3 and the PCP pathway during neural tube 

closure have been identified, as SHROOM3 is directly associated with Lrp2 and 

Dishevelled2 (Kowalczyk et al., 2021; McGreevy et al., 2015). This interaction between 

Dishevelled2 has already been validated in the heart (Durbin et al., 2020). It is then 

possible that this interaction between SHROOM3 and the PCP pathway may support a 

function for SHROOM3 in actin organization within the cell, rather than causing cell 

shape changes in an apical-basal polarity system. This is supported by findings of 

SHROOM3 function during axon development, where SHROOM3 has been shown to 

regulate the projection of the axons through the recruitment and organization of F-actin 

(Dickson et al., 2015). Thus, actin organization controlled by SHROOM3 may allow for 

proper heart muscle development and maintenance of shape through the polarization and 

cell structure pathways. 

Paramount to following this work, a Cre recombinase line should be used to selectively 

knock out Shroom3 in the cNCCs during development. Markers for this cell type, 

particularly Wnt1, are readily available. It is currently unknown if SHROOM3 is 

implicated in the induction or migration of the cNCCs. Further investigation is needed to 

determine the role of SHROOM in the cNCCs, and how this cell population impacts heart 

development. Additionally future analysis should assess the three-dimensional structure 

of the heart as initial morphogenesis of the organ can contribute to later maturation and 

development of the structure (del Monte-Nieto et al., 2018). Cardiac functionality, 

including internal pressure changes, affect later cellular proliferation (Goddard et al., 

2017; Ye et al., 2020). Thus, to understand the true geometry and arrangements of the 

cells and their actin networks, and to better understand the consequences of Shroom3 

loss, 3D reconstruction is needed. 
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3.5 Conclusion 

From this data, we conclude that while SHROOM3 is an important contributor to 

mammalian heart development and postnatal heart structure, SHROOM3 derived from 

the myocardium of the developing heart is not the sole contributor. While loss of 

Shroom3 in the entire developing mouse body resulted in CHDs, including ventricular 

and septal defects, semilunar valve defects, and smaller cardiomyocytes, myocardial 

specific loss of Shroom3 during development has no impact on heart morphology 

developmentally or postnatally. In this report, we have also presented the verification that 

our novel Shroom3fl line produces a null allele upon recombination, and that this allele 

can be activated in a temporally and spatially specific manner. 
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4.1 Introduction 

An essential excretory organ in all vertebrates, the kidney is responsible for the filtration 

of blood and the concentration of wastes into urine. The filtration unit of the kidney is the 

nephron. Within the nephron, unfiltered blood enters the glomerular capillaries of the 

Bowman’s capsule where metabolic by-products like urea and creatinine, electrolytes, 

and toxins are removed from the blood. This filtrate then moves through the loop of 

Henle and collecting tubules which adjusts ion and water levels according to the needs of 

the body before moving through the renal pelvis and then bladder. This system not only 

facilitates the excretion of wastes from the blood, but also allows for tight regulation of 

blood pH, ion concentration, and blood pressure within the body. The number of 

nephrons that someone will ever have in their life is determined before birth and is 

referred to as their “nephron endowment” (Charlton et al., 2021; Gurusinghe et al., 2017). 

Nephron endowment between individuals has an enormous range, from 200,000 to 2 

million individual nephron units, and is impacted by many factors including ethnicity, 

nutrition, genetics, and epigenetic factors (Bertram et al., 2011; Charlton et al., 2021; 

Gurusinghe et al., 2017; Kanzaki et al., 2020; Villani et al., 2024). 

The ability of the kidney to filter blood can be measured through the glomerular filtration 

rate (GFR). According to the National Kidney Foundation, the GFR of a healthy human 

kidney is measured as ≥90 mL/min/1.73m2, where 1.73m2 represents the average adult 

human body surface. However, the onset of chronic kidney disease (CKD) is indicated by 

a decrease in the filtration rate of the kidney. CKD is measured in thresholds of 

decreasing GFR, divided into five stages (Glassock et al., 2017). While CKD is estimated 

to affect over 13% of the human population and accounts for 1.5% of deaths worldwide, 

early stages of CKD are largely asymptomatic and thus the disease is usually not noticed 

until advanced stages when disease progression is more difficult to control or is 

irreversible (Evans et al., 2021; Glassock et al., 2017; Webster et al., 2017). In these 

advanced stages, wastes which are normally excreted build up in the body, causing 

toxicity and co-morbidities including mineral disorders, anaemia, cognitive changes, and 

cardiovascular disease (Evans et al., 2021; Webster et al., 2017). In the kidneys 

themselves, progressing CKD causes further degeneration of form and function resulting 
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in proteinuria, hematuria, glomerular hypertrophy, sclerosis and fibrosis, and eventually 

kidney failure and renal death (Evans et al., 2021). Patients in the final stage of CKD 

often require dialysis or a kidney transplant. Factors that contribute to CKD are varied 

and this is reflected in the heterogeneity of disease incidence across the world, as age, 

sex, socioeconomic status, environment, cultural background, and diet all impact 

susceptibility and progression of the disease (Webster et al., 2017). These factors also 

contribute to diabetes, hypertension, and obesity, the three health conditions which have 

the highest contribution to the development of CKD (Evans et al., 2021; Webster et al., 

2017). While there are genetic components which cause or contribute to CKD 

susceptibility, they remain poorly understood.  

In trying to understand genetic susceptibility, genome-wide association studies (GWAS) 

of patient populations identified SHROOM3 as one candidate gene for CKD (Cooke 

Bailey et al., 2016; Cyrus et al., 2019; Deshmukh et al., 2013; Ellis et al., 2012; Kottgen 

et al., 2009; Kubo et al., 2017; Liu et al., 2023; Peric et al., 2025). Although large 

population sequencing data has demonstrated a number of coding mutations in human 

SHROOM3 that have a high probability of being deleterious (Prokop et al., 2018), the 

single nucleotide polymorphism (SNP) that is consistently identified in the GWAS 

studies is an intronic SNP, rs17319721, consisting of a shift from a major G to a minor A 

allele. That SNP is highly associated with decreased estimated glomerular filtration rate 

(eGFR), and correlates to an increase in albuminuria and CKD diagnosis in patient 

populations (Cooke Bailey et al., 2016; Cyrus et al., 2019; Deshmukh et al., 2013; Ellis et 

al., 2012; Kottgen et al., 2009; Kubo et al., 2017; Liu et al., 2023; Peric et al., 2025). This 

SNP has also been associated with modulating oxidative DNA damage in CKD patients 

(Corredor et al., 2020). In silico studies have shown that this specific SNP causes an 

upregulation or over expression of a shorter SHROOM3 isoform (Prokop et al., 2018). 

Other studies assessing kidney transplant outcomes in patients have documented 

increased renal fibrosis and reduced eGFR when donor kidneys contain this SNP (Menon 

et al., 2015; Wei et al., 2018; Yan et al., 2017). Recently, an additional Shroom3 SNP 

rs4859682 has been associated with increased rates of acute kidney injury in hospitalized 

patients, however, little is known about its functional consequences (Siew et al., 2024).  
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Animal studies have found Shroom3 to be required for the proper development and 

maintenance of podocytes, the cells that are primarily responsible for filtration in the 

kidney. These specialized epithelial cells wrap around the glomerular capillaries and 

provide the filtration barrier in the Bowman’s capsule. Without Shroom3, foot processes 

from the podocyte cell body are shorter, disorganized, and are unable to properly wrap 

around the capillaries (Khalili et al., 2016; Matsuura et al., 2020; Yeo et al., 2015). This 

loss of structural integrity leads to a degeneration and collapse of some glomeruli, 

ultimately leading to decreased nephron endowment (Khalili et al., 2016). In adult mice 

heterozygous for a null allele of Shroom3, albuminuria and elevated creatinine were 

found in urine samples, suggesting that improper development of the kidneys may lead to 

a decrease in filtration barrier integrity and in nephron endowment (Khalili et al., 2016). 

Shroom3 has also been identified in the proximal and distal tubules as well as the 

collecting ducts (Carleton et al., 2025; Khalili et al., 2016) however, no adverse 

phenotypes have been documented in these structures with Shroom3 loss.  

While the impact of Shroom3 loss on the developing kidney has been established, it 

remains unclear whether those developmental defects are sufficient to account for the 

CKD correlations found in adult mice and humans. To determine if Shroom3 is necessary 

for normal adult kidney function, we have produced the first postnatal knockout of 

Shroom3 in the entire mouse body using a Cre recombinase-ERT2 transgene driven from 

a human ubiquitin C promoter and a mouse line carrying a floxed Shroom3 allele. Cre-

ERT2 is a fusion protein of Cre recombinase and a mutant form of the estrogen receptor 

which can be activated upon exposure to tamoxifen. Using this mouse line, we show that 

after 6 months of partial Shroom3 loss, no alterations in kidney morphology were seen 

including no dilation of the Bowman’s capsule, and no abnormalities in the collecting 

ducts or proximal and distal tubules. There were also no significant alterations to the 

number of glomeruli. Finally, there was no measurable increase in total soluble protein in 

the urine of these mice compared to controls. These results suggest that the kidney 

phenotypes seen in heterozygous Shroom3 mutant mice are largely due to the 

consequences of impaired development.  
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4.2 Methods 

4.2.1 Mouse lines  

All animal experiments were approved by Western University ACC (Protocol #064-2019 

and #144-2023). All procedures were approved by the Council on Animal Care at The 

University of Western Ontario, in accordance with the guidelines of the Canadian 

Council on Animal Care. 

Cyagen Biosciences was contracted to create a floxed Shroom3 allele mouse line. Using 

C57BL⁄6 embryonic stem cells, loxP sites were inserted into Shroom3 using a targeting 

vector containing a Neo cassette flanked by self-deletion anchor sites. These loxP sites 

flanked exon 5 of Shroom3. Exon 5 was chosen because if an mRNA was generated that 

skipped the missing exon, any sequence past exon 4 would be out of frame. Upon Cre-

mediated recombination of the floxed allele, exon 5 is excised, resulting in a constitutive 

knockout (KO) allele with no detectable function as demonstrated in Carleton et al., 

(2025) and Herstine et al., (2025). This floxed Shroom3 mouse line has been named 

C57BL/6-Shroom3tm1Shrc. This will be referred to as Shroom3fl for the remainder of the 

manuscript. Additional descriptions of the targeting vector and line generation can be 

found in Herstine et al., (2025). 

The mouse line B6.Cg-Ndor1Tg(UBC-Cre/ERT2)1Ejb/1J was generously gifted to us by the lab 

of Dr. Frederick Dick (Western University). This transgenic mouse line was generated 

using a lentiviral vector and allows for inducible Cre-recombinase activity in all tissue 

types upon exposure to tamoxifen (Ruzankina et al., 2007). This line will be referred to as 

UBC-Cre. 

4.2.2 Genotyping  

Genotypes were determined at weaning using DNA isolated from tail tips with 

phenol/chloroform extraction and purified with gradient ethanol washes. Primers used are 

as follows: Shroom3fl loxP insertion primer pairs: loxP-F: 5’-

CCAGGAAGGTTGCCAGAGTCTAGCT-3’ and loxP-R: 5’-

CTGTCCGTTGTGGATGCTCGTG-3’. UBC-Cre primer pairs: UCre-F: 5'-
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GCGGTCTGGCAGTAAAAACTATC-3' and UCre-R: 5'-

GTGAAACAGCATTGCTGTCACTT-3'. All PCR products were run on a 1% agarose 

gel with 1 Kb Plus DNA Ladder (Invitrogen, 10787018). 

4.2.3 Tamoxifen oral gavage and animal collection  

A solution of 0.05g/ml of Tamoxifen in corn oil was prepared. Tamoxifen (Sigma, 

T5684-5G) was added to anhydrous ethanol and heated to 60°C until completely 

dissolved. Corn oil (Ward’s Science, 470200-112) preheated to 55°C was added to 

achieve the final concentration. This solution was prepared fresh every 5 days. Per the 

University of Western Ontario animal care SOPs, animals were weighed prior to 

administration to ensure that dosing volumes did not exceed 10ml/kg (0.1ml/10g). 

At 2 months of age, UBC-Cre;Shroom3fl/fl mice and Shroom3fl/fl littermate controls were 

administered 100ul of tamoxifen (0.05g/ml) once a day for 5 days via oral gavage. In 

total, 25mg of tamoxifen was administered to each mouse over the treatment course. 

Mice were weighed prior to administration, and then weekly afterwards. Treated mice 

were grouped into two cohorts, the first was monitored for one month after tamoxifen 

administration and the second was monitored for six months after administration. At the 

end of the time period for each cohort, mice were euthanized with CO2 inhalation and 

organs were collected. For each cohort: UBC-Cre;Shroom3fl/fl n=4 males, 4 females; 

Shroom3fl/fl n=4 males, 4 females. 

4.2.4 RNA isolation, cDNA synthesis, and semi quantitative PCR 

To assess recombination frequency after tamoxifen administration, total RNA was 

isolated from desired tissues using Trizol/chloroform extraction. 1ug of RNA was used 

for cDNA synthesis with the qScript cDNA synthesis kit (QuantaBio, 95047). Primers 

used are as follows: Shroom3fl loxP recombination primer pairs, to be used with cDNA: 

ExonRec-F: 5’-TATCTCAGGGCACAATGGGC-3’, ExonRec-R: 5’-

GGAGAAAGGAGATGGCAGGG-3’, and ExonRec-Ko: 5’-

TTCCTGCTGAGAGTGGCCTA-3’. cDNA samples were run in a 1% agarose gel with 

0.001% ethidium bromide and imaged on an iBright CL1500 (ThermoFisher). Band 

densitometry was calculated with Invitrogen iBright analysis software (V5.4.0).  
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4.2.5 Immunofluorescence  

Collected kidneys were cut in half lengthwise with a razor blade, fixed in 4% PFA 

overnight at 4°C, paraffin embedded face down, and sectioned at 5μm. Deparaffinized 

sections underwent antigen retrieval in a 95°C bath of sodium citrate buffer (10mM 

sodium citrate, 0.1% Triton-X, pH 6.0) for 25 minutes and then left at room temperature 

for 45 minutes. Sections were then permeabilized with 0.2% Tris-buffered saline 

containing 0.1% Tween®20 detergent (TBST) for 10 minutes at room temperature. 

Tissue sections were blocked in blocking buffer (10% goat serum in 1% bovine serum 

albumin (BSA) in 1x TBST) for an hour at room temperature. Sections were incubated in 

a rabbit anti-Shroom3 polyclonal antibody (1:500) overnight at 4°C in incubation buffer 

(1x TBST, 2% BSA, 0.5% goat serum). This antibody was directed toward the 1562aa-

1968aa of the mouse SHROOM3 protein and was provided to us by T.J. Plageman (Ohio 

State University). Validation of the anti-Shroom3 antibody specificity and additional 

descriptions of antibody development can be found in Herstine et al., (2025). Sections 

were incubated in Goat-anti-rabbit IgG (H+L) secondary antibody conjugated to 

AlexaFluor 594 (31360, Invitrogen; 1:200) for 60 minutes in incubation buffer and cover 

slipped with PermaFluor Aqueous Mounting Medium (Fisher Scientific). Slides were 

stored at –20 °C. Immunofluorescent images were captured on Zeiss Axio Imager Z1.  

4.2.6 Hematoxylin and Eosin Staining  

Collected kidneys were cut in half lengthwise with a razor blade, fixed in 4% PFA 

overnight at 4°C, paraffin embedded face down, and sectioned at 5μm. Deparaffinized 

tissues were stained with CAT hematoxylin (BioCare Medical), followed by Tasha’s 

Bluing Solution (BioCare Medical), and then counter stained with Eosin Y (0.25% in 

ethanol, Fisher Scientific) and cover slipped with Permount mounting medium (Fisher 

Scientific). Immunohistochemical images were captured on Zeiss Axio Imager Z1. 

4.2.7 Bowman’s capsule measurements  

Hematoxylin- and eosin-stained kidney sections from the middle of the organ were 

selected to provide the largest surface area. Starting at the topmost left corner of the 

section, the field of view was panned sideways to visualize the entire row of tissue before 
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descending one field of view and repeating. With this method, a snake-like pattern was 

used to visualize one entire kidney section, and every glomerulus within that kidney 

section was imaged. Fiji (ImageJ) was used to draw out the area of the Bowman’s capsule 

and the area of the glomerular capillaries. UBC-Cre;Shroom3fl/fl n=3, Shroom3fl/fl n=3. 

4.2.8 Urinalysis  

Control urine samples were collected from all mice prior to oral gavage treatment. This 

was achieved by holding the mice over a 1.5ml tube and applying gentle pressure to the 

lower abdomen to encourage urination. Urine samples were collected monthly following 

oral gavage treatment. Urine samples were stored at -80°C until processed. All urine 

samples were centrifuged at 15000 rcf at 4°C for 10 minutes to isolate the total soluble 

protein. Samples were then treated with Pierce™ Dilution-Free™ Rapid Gold BCA 

Protein Assay (ThermoFisher) according to instructions, without dilutions. Colourimetric 

values were obtained on the Agilent BioTek microplate reader. 

4.2.9 Statistical analysis  

A two-way ANOVA was used to determine the significance of the area under the curve 

of the longitudinal mouse weights between UBC-Cre;Shroom3fl/fl males and females and 

Shroom3fl/fl males and females. Using a post-hoc Tukey's test, p<0.05 was considered 

significant. An unpaired two-tailed t-test was used to determine if the Bowman’s capsule 

space area was significantly different between UBC-Cre;Shroom3fl/fl mice and 

Shroom3fl/fl mice after both groups were administered tamoxifen. This was carried out for 

both the one-month and six-month cohort. A Cohen’s d test was also used to determine 

effect size; small = 0.2, medium = 0.5, large =0.8, very large = 1.2. A two-way ANOVA 

was used to determine if the Bowman’s capsule area was significantly different between 

the UBC-Cre;Shroom3fl/fl mice and Shroom3fl/fl mice one month after tamoxifen 

treatment and six months after tamoxifen treatment. A post-hoc Tukey's test with p<0.05 

was considered significant. The same test was used to determine significant differences 

of the glomerular area between the UBC-Cre;Shroom3fl/fl mice and Shroom3fl/fl mice one 

month and six months after tamoxifen treatment. A post-hoc Tukey's test, p<0.05 was 
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considered significant. All statistical analysis performed using GraphPad Prism 8.0 

software. 

4.3 Results 

Following tamoxifen treatment, hearts, kidneys, and lungs were harvested from the six-

month cohort and total RNA was extracted to assess the recombination efficacy of the 

Shroom3 floxed allele. cDNA from five UBC-Cre;Shroom3fl/fl mice and four Shroom3fl/fl 

mice were amplified with a primer set targeting the intact conditional KO allele (Figure 

4.1 A, left) and the recombined allele (Figure 4.1 A, right). Resulting band density 

measurements were taken. 

Band densitometry values were consistent among the first three UBC-Cre;Shroom3fl/fl 

samples for all organs. However, the fourth and fifth samples produced weak bands and 

inconsistent densitometry values for all organs. All UBC-Cre;Shroom3fl/fl mice presented 

in Figure 4.1 were treated with tamoxifen at the same time, with the same dose, and were 

from the same litter. One difference between the mice is that the first three are all female, 

while the fourth and fifth are male. However, as there have been no documented sex 

differences in terms of Cre activation efficacy with tamoxifen for the UBC-Cre 

recombinase, we are unable to attribute the difference to sex. Due to this result, only band 

densitometries from the female mice (Figure 4.1 E1, E2, and E3) have been used to 

calculate recombination frequency. Following this, only kidneys from these mice were 

utilized for morphological measurements and fluorescent staining in subsequent analysis. 

In comparing the density of the conditional allele band to the recombined band, the 

average recombination in the lung was 43% (Figure 4.1 B), 46% in the heart (Figure 4.1 

C), and 43% in the kidney (Figure 4.1 D). Thus, our tamoxifen dose strategy resulted in 

just under 50% Shroom3 RNA loss, effectively modeling a heterozygous Shroom3 

knockout.  
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Figure 4.1: Semi-quantitative PCR and band quantification for Shroom3 floxed 

allele recombination  

A) Primer set for Shroom3 floxed allele recombination in cDNA. Forward and reverse 

primers amplify a 181bp target sequence. Forward and knockout primers amplify a 306bp 

target sequence. B) Left: cDNA from the lungs of mice six months after tamoxifen-

induced Shroom3 recombination. UBC-Cre;Shroom3fl/fl mice, Shroom3fl/fl littermate 

controls, and primer sets are indicated. Right: band densitometry quantification for UBC-

Cre;Shroom3fl/fl samples between primer sets. C) Left: cDNA from the hearts of the same 

mice as above. Right: Band densitometry quantification. D) Left: cDNA from the kidneys 

of the same mice as above. Right: Band densitometry quantification. UBC-
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Cre;Shroom3fl/fl n=5, Shroom3fl/fl n=4. F=Forward, R=Reverse, Ko=Knockout, 

E=Experimental. Samples labeled E1 through E5 are the experimental UBC-

Cre;Shroom3fl/fl mice. All like labeled samples were collected from the same mouse (e.g. 

E1 lung, E1 heart, and E1 kidney are all from one mouse). All gels 1% agarose.  

Over the course of the study, mouse body weights were recorded weekly as a 

representative of overall health. There was no significant drop in body weight in any 

group after the initial tamoxifen gavage doses were completed (Figure 4.2, treatment 

week 1). Over the course of the six-month monitoring period, body weights of all mice 

increased at a steady rate. Increases for male (Figure 4.2, orange traces) and female 

(Figure 4.2, purple traces) groups were comparable between experimental and control 

mice. R2 values are listed below each group (Figure 4.2). There was no significant 

difference in weight traces between genotypes in male mice (p=0.948) and female mice 

(p=0.224) and no changes in behaviour or observable health were noted during the 

monitoring period.  
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Figure 4.2: Change in body weight over six months following tamoxifen treatment. 

Mouse body weight (grams) was recorded for male and female mice in UBC-

Cre;Shroom3fl/fl and Shroom3fl/fl littermate control groups over six months after an initial 

5-day treatment of tamoxifen oral gavage. Week 0 indicates body weights prior to 

gavage, on the first day of administration. Purple traces are female measurements. 

Orange traces are male measurements. Dotted lines are from UBC-Cre;Shroom3fl/fl 

animals and solid lines are from Shroom3fl/fl animals. There was no significant difference 

in the area under the curve for UBC-Cre;Shroom3fl/fl males vs Shroom3fl/fl males 

(p=0.947), or for UBC-Cre;Shroom3fl/fl females vs Shroom3fl/fl females (p=0.224). 2-way 

ANOVA with Tukey’s multiple comparisons test. n=4.  

A consequence of developmental Shroom3 loss is the effacement of the Bowman’s 

capsule borders causing dilated Bowman’s capsule space (Khalili et al., 2016). The 

effacement was likely due to the loss of structural integrity in the podocytes and 

Bowman’s capsule, causing degradation and dilation of the Bowman’s capsule space. 

While this phenotype was more pronounced in developing kidneys with homozygous 

Shroom3 loss, it was also seen in kidneys with heterozygous Shroom3 loss. To assess 

whether reduction in Shroom3 levels in the adult would produce a similar morphologic 

alteration, nephrons from UBC-Cre;Shroom3fl/fl and Shroom3fl/fl mice from the one- and 

six- month cohort were examined. In kidney sections from both cohorts, the Bowman’s 

capsule area (Figure 4.3 A, a) and glomerular area (Figure 4.3 A, a’) were traced and 

subtracted from each other to produce the Bowman’s capsule space area. No significant 

difference in the Bowman’s capsule space area between the UBC-Cre;Shroom3fl/fl and 

Shroom3fl/fl mice was seen in the one- and six-month cohorts (p=0.711, p=0.278, 

respectively) (Figure 4.3 B, C). However, Cohen’s d test results indicated a small effect 

for size in the one-month cohort (0.4) and a very large effect for size in the six-month 

cohort (1.5). This suggests that a larger sample size could lead to a significant effect in 

both groups, with less samples being required for possible significance in the six-month 

cohort. No significant differences were also seen in the overall area of the Bowman’s 

capsule between the genotypes at one month (p=0.999) and six months (p=0.557) (Figure 

4.3 D, right), and no significant differences in the overall area of the glomerulus at one 
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month (p=0.954), or at six months (p=0.190) (Figure 4.3 D, left). Although the measured 

area of the Bowman’s capsule and the glomerulus did increase from the one month to the 

six-month cohort, these increases were proportional between cohorts regardless of 

genotype.  

 

Figure 4.3: Bowman’s capsule space area one month and six months after tamoxifen 

gavage. 

A) Representative traces of the Bowman’s capsule area (a) and the glomerular capillary 

area (a’). CAT hematoxylin and Eosin. B) Average Bowman’s capsule space area 

between UBC-Cre;Shroom3fl/fl mice and Shroom3fl/fl mice one month after treatment was 

not significant (p=0.711). Unpaired t-test. ±SD. C) Average Bowman’s capsule space 

area between UBC-Cre;Shroom3fl/fl mice and Shroom3fl/fl mice six months after treatment 

was not significant (p=0.278). Unpaired t-test. ±SD. D) Left: Bowman’s capsule area 
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between UBC-Cre;Shroom3fl/fl mice and Shroom3fl/fl mice one month (p=0.999) and six 

months (p=0.557) after treatment was not significantly different. Right: Glomerular area 

between UBC-Cre;Shroom3fl/fl mice and Shroom3fl/fl mice one month (p=0.954) and six 

months (p=0.190) after treatment was not significantly different. Two-way ANOVA. 

n=3.  

Another phenotype seen in mice with heterozygous and homozygous developmental 

Shroom3 loss was a decreased glomerular count, indicating a lower overall nephron 

endowment (Khalili et al., 2016). To obtain an estimate for the nephron endowment of 

UBC-Cre;Shroom3fl/fl and Shroom3fl/fl mice from the one- and six-month cohorts, 

glomerular counts from the entire surface of one central kidney section were counted and 

totaled (Figure 4.4). No significant differences were seen between the UBC-

Cre;Shroom3fl/fl and Shroom3fl/fl mice in either cohort (one month p=0.833, six months 

p=0.671). Notably, the average glomerular count in the UBC-Cre;Shroom3fl/fl mice was 

slightly higher than the littermate controls in both experimental time points. However, 

this was not significantly different. Additionally, the overall number of glomeruli 

decreased from the one-month cohort to the six-month cohort in our assay. 

 

Figure 4.4: Glomerular counts per central longitudinal kidney section. 

No significant difference seen in number of glomeruli between UBC-Cre;Shroom3fl/fl and  

Shroom3fl/fl mice at one month post tamoxifen (p=0.833) or at six months post tamoxifen 

(p=0.671). n=3.  
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To visualize any differences in SHROOM3 protein localization and intensity, kidney 

sections from the six-month cohort were stained with a custom antibody against 

SHROOM3. Areas of known Shroom3 expression were assessed, including the 

Bowman’s capsule (Figure 4.5 A and C, arrows), podocytes (Figure 4.5 A and C, 

arrowheads), proximal and distal convoluted tubules (Figure 4.5 A and C, asterisks), and 

collecting ducts (Figure 4.5 B and D). In comparison to control mice, no obvious 

alterations in SHROOM3 staining were seen in the UBC-Cre;Shroom3fl/fl mice at any of 

these locations. While a very modest decrease in intensity and structural definition was 

seen in the podocytes of UBC-Cre;Shroom3fl/fl mice (Figure 4.5 C, arrowheads), 

differences in staining intensity between proximal and distal collecting tubules, and the 

collecting ducts from tamoxifen-treated and control mice were not detectable (Figure 4.5 

D). 

 

Figure 4.5: Immunofluorescence in mouse kidney 6 months after tamoxifen gavage-

induced Shroom3 loss. 

Representative images of renal corpuscle and convoluted tubules in Shroom3fl/fl mice (A) 

and in UBC-Cre;Shroom3fl/fl mice (C) and of collecting ducts in Shroom3fl/fl mice (B) 

and in UBC-Cre;Shroom3fl/fl (D) 6 months after tamoxifen induced Shroom3 loss in the 

adult kidney. Asterisk = convoluted tubules. Arrow heads = podocytes. Arrow = 

Bowman’s capsule. n=3. Primary Shroom3 ab 1:500. Secondary goat anti-rabbit Alexa 

Fluor 594 1:200. 
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Finally, given that proteinuria was detected in aged, heterozygous Shroom3Gt/Gt mice 

(Khalili et al., 2016; Lawlor et al., 2023), we assayed for protein in the urine after 

induced postnatal Shroom3 loss. Urine samples were taken monthly from animals in the 

six-month cohort, and the total soluble protein was assessed using a BCA assay. Total 

soluble protein in the urine remained consistent over the course of the treatment period at 

±500 μg/mL from pretreatment values at each time point, and there were no significant 

differences seen between UBC-Cre;Shroom3fl/fl mice and Shroom3fl/fl mice (p=0.518) 

(Figure 4.6). Samples were not normalized to urinary creatinine as no baseline change in 

soluble protein was detected.  

 

Figure 4.6: Change in the total urine soluble protein concentration over six months 

after tamoxifen gavage. 

Urine samples collected from UBC-Cre;Shroom3fl/fl mice and littermate controls. PT 

indicates urine taken prior to tamoxifen administration. Urine total protein concentration 

quantified with colorimetric BCA assay (ug/ml). Dotted lines represent traces for 

individual mice. Solid line represents averaged concentrations at each time point. Mixed 

cohort. UBC-Cre;Shroom3fl/fl n=8. Shroom3fl/fl n=7. No significant differences were seen 

at 6 months between genotypes. p=0.518. Unpaired t-test.  
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4.4 Discussion 

Previous assessments of Shroom3 in mice have utilized the Shroom3Gt mouse line. This 

line contains a gene trap insertion within Shroom3 that creates a null allele. Heterozygous 

Shroom3Gt embryos have defects in the structure of the glomerulus, particularly in the 

extension of the foot processes, and a decrease in the number of glomeruli, and podocytes 

within them, at the time of birth (Khalili et al., 2016). In adulthood, these heterozygous 

mice display alterations in polarization and ion channel localization in the cells of the 

proximal tubule, and show indicators of CKD by one year of age (Khalili et al., 2016; 

Lawlor et al., 2023). Other assessments using the Shroom3Gt line have also seen that after 

repeated acute kidney injuries in three month old heterozygous mice, there was a 

progressive decrease in the ability of the kidney to recover and secondary damage to the 

renal corpuscle (Li et al., 2022). In this study, we aimed to determine if the defects in 

adult mice were attributable to improper kidney development or if the mice were also 

impacted by deficits in the adult structure and filtration barrier caused by Shroom3 loss. 

This would provide information on different temporal functionalities of the same protein 

in the same structures and would elaborate on the long-term phenotypes seen in 

Shroom3-implicated CKD. Understanding whether the CKD is solely due to defects in 

development or if there is impaired kidney function due to Shroom3 loss in the adult 

kidney has implications for potential clinical treatments and recommendations and opens 

up new research opportunities for understanding the human CKD related to Shroom3 

polymorphisms. 

We have used the first inducible model of postnatal Shroom3 loss in the mouse by 

crossing a floxed Shroom3 allele with a tamoxifen inducible Cre-ERT mouse where the 

Cre-ERT is expressed in all tissues. This approach allows us to produce a loss of 

Shroom3 in adult mice. Tamoxifen was administered to mice at 2 months of age, because 

the postnatal development of the kidney is complete, and the nephron endowment is 

established. Mice were monitored in two cohorts, the first for one month after 

administration and the second for six months after administration. Although our 

conclusions regarding postnatal functions for Shroom3 in the kidney are limited due to 

the modest efficiency of recombination at the Shroom3 locus, our study may still shed 
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some light on the relationship between Shroom3 and CKD and propose that Shroom3 

may influence adult kidney function and disease primarily through its developmental role 

rather than through adult-specific functions.  

In this study we achieved approximately 50% efficiency in creating the Shroom3 loss of 

function allele in the adult tissues tested. Given the consistency of the knockdown in 

those different tissues, we might assume that other tissues will have similar levels of 

recombination. After six months of this loss, no remarkable phenotypes were seen, with 

no alterations in SHROOM3 localization, no structural degeneration of the glomeruli, no 

significant decrease in glomerular numbers, and no changes to urine protein 

concentration. In comparison, the Shroom3Gt homozygous and heterozygous mice show 

disrupted morphology and in adult heterozygous mice, there were signs of CKD. As we 

did not detect similar phenotypes in our postnatal loss of Shroom3, our results suggest 

that developmental changes caused by Shroom3 loss may be primarily responsible for 

deficits in adult organ function. Although both the Shroom3fl and Shroom3Gt mouse lines 

in adulthood are lacking approximately half of Shroom3 function, the kidneys of the 

Shroom3Gt line develop without Shroom3, as the gene trap insertion causes a null allele 

from conception.  

The nephron endowment of an individual is established at birth and cannot increase, as 

nephrogenesis does not occur postnatally. Similar to the hair cells of the inner ear, if there 

is sufficient damage to these filtration units, kidney function will be impaired. Thus, one 

prediction is that the decreased number of nephrons in Shroom3Gt heterozygous mice 

could at least partly explain the early indicators of kidney disease at one year of age 

(Khalili et al., 2016). In this study, we saw no significant differences between the number 

of glomeruli over the surface area of one central kidney section between UBC-

Cre;Shroom3fl/fl mice and Shroom3fl/fl mice. Although a decrease in glomerular count was 

seen between the one- and six-month cohort, this trend was maintained in the tamoxifen-

treated controls. It is also possible that this decrease was artificially created due to a small 

sample area. To get a full understanding of this effect, the entire kidney would have to be 

serial sectioned, and each nephron counted.  
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Shroom3fl mice would be predicted to have a higher nephron endowment than what was 

found in heterozygous Shroom3Gt mice, correlating to higher functionality of the kidney. 

This is especially pertinent when taken in the context of acute kidney injury, where injury 

to the heterozygous Shroom3Gt kidneys exacerbates existing, but minor, alterations in 

kidney form and function and progresses the degeneration in kidney function (Li et al., 

2022). Relating back to human patients with a Shroom3 SNP associated with CKD, it 

would be of great clinical interest to establish if these patients have decreased nephron 

endowment or congenital alterations in podocyte morphology. Should this be the case, an 

already decreased kidney function may be very easily exacerbated by environmental and 

lifestyle factors, causing CKD to manifest more readily. Patients with this genetic 

predisposition may require preventative lifestyle changes or earlier medical interventions 

in order to maintain the kidney functionality that they have been born with. 

Finally, no significant alterations in the total urine soluble protein were seen over the 

course of the six months monitoring period between UBC-Cre;Shroom3fl/fl mice and 

Shroom3fl/fl mice. Other researchers have found total soluble protein in the urine of 

C57BL/6J mice to be 4700 ± 800 μg/ml (Palanza et al., 2016), which is slightly higher 

that the average we have found of 1500 ± 500 μg/ml. Although our numbers are lower 

which could be due to differences between sample processing and centrifugation 

protocols, our mice did not have what would be defined as proteinuria. Soluble protein 

was chosen for measurement as this allowed for processing the samples and removal of 

precipitates, including sodium chloride. This is also relevant as albumin is soluble in 

urine and is a primary indicator of kidney function. If significant differences in soluble 

protein had been identified in the urine, more rigorous testing of GFR, or kidney filtration 

capacity would have been appropriate. One standard for GFR measurement is a bolus 

injection of GFP-inulin, a polysaccharide which is only cleared through the kidneys with 

no reabsorbance. Urine is then collected and the rate of inulin clearance from the body is 

measured.  

To better understand the full role of Shroom3 in the kidney, other kidney specific Cre 

driver lines are available, which would allow for targeting tissue specific Shroom3 loss 

with higher recombination efficiency. For example, the B6.Cg-Tg(NPHS2-cre)295Lbh/J 
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line, which uses a fragment of the human podocin promoter region to drive Cre 

recombinase (Balkawade et al., 2019; Moeller et al., 2003) and would specifically test 

roles for Shroom3 in the podocyte.  

In terms of the UBC-Cre recombinase, alterations to the tamoxifen administration 

protocol could be made to ensure increased recombination. However, this presents with 

limitations. First, Shroom3 is expressed in multiple tissues (see Chapter 2) and by 

extension the effects of Shroom3 loss in other tissues could impact the kidney. For 

example, changes in heart function. Second, the clinical relevance of a complete loss of 

Shroom3 in adult tissues is likely limited as presumably any complete loss of Shroom3 

would result in lethality at or before birth.  

While the main goal of this study was to address postnatal loss of Shroom3 in the kidney, 

this model intentionally induced Shroom3 loss in the entire adult mouse. With this Cre-

lox system, we saw nearly a 50% loss of Shroom3 gene expression not only in the kidney 

but also in the lungs and the heart. This indicates that a similar level of loss could be 

anticipated for most Shroom3-expressing organs.  

Although other organs were not directly assessed in this study, we are able to state that 

over the course of six months after Shroom3 loss, no external indicators of declining 

health or well-being were seen in these mice. Experimental mice showed no signs of 

physical distress including abnormal breathing, piloerection, vocalizations or behavioural 

changes, no external signs of cognitive or neurological impairment, including 

disorientation or abnormal gait, and no signs of reduced digestive or urination capacity. 

These presentations were monitored due to Shroom3 being expressed in the brain, heart, 

lungs, whiskers, retina, intestines, and bladder, in addition to the kidney (Carleton et al., 

2025). Although conclusive evidence for specific organs requires targeted analysis, it is 

possible that, similar to the kidney findings, phenotypes in these organs associated with 

Shroom3 loss may also be primarily reliant on decreased developmental expression rather 

than sustained loss during adulthood. In addition, to truly assess the postnatal loss of 

Shroom3 in the mouse body, a more substantial loss of Shroom3 above a heterozygous 
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state needs to be induced. This may include additional tamoxifen doses or choosing 

alternate global Cre recombinase.  

4.5 Conclusion 

The findings presented in this study provide initial indications that developmental 

Shroom3 loss primarily contributes to postnatal kidney disfunction, rather than loss of 

Shroom3 in the adult kidney. In mice with developmental Shroom3 loss, it is likely that 

the impact of decreased nephron endowment and congenitally altered podocyte structure 

may be more pertinent to the physiology of the adult kidney rather than postnatal roles 

for Shroom3. While it is possible that Shroom3 maintains similar roles for structural 

maintenance in the postnatal kidney as in the developing kidney, further research is 

required to support this hypothesis given the limited gene loss and overall normal protein 

presence in the nephrons of the present study.  
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Chapter 5  

5 Summary, limitations, and future directions 

In their 1999 article that established Shroom3 as an essential protein for neural tube 

closure and controlling cell shape, Hildebrand and Soriano hypothesized that Shroom3 

may have a “modular nature that would allow it to function as an adaptor molecule or a 

component of protein complexes.” The data presented in this thesis further underpin to 

that prediction. 

We have shown evidence that Shroom3 is expressed in a far wider range of postnatal 

tissues than was previously known, and that Shroom3 is responsible for the proper 

development of certain organs in a non-cell autonomous manner. These significant 

findings imply a wider range of developmental roles for Shroom3 due to correlations of 

known and newly uncovered expression patterns. Based on these new expression 

patterns, the roles for this protein are not restricted to apical constriction, and new 

functional roles for Shroom3 are very likely in both development and postnatal life. 

Originally, the role for Shroom3 focused on its ability to drive apical constriction and 

apicobasal elongation in already polarized epithelial cells. The work presented in this 

thesis expands on this knowledge and provides a basis for future research into Shroom3 

biology. This thesis also emphasizes the connection between proper morphogenesis 

during development and the functionality and physiology of the postnatal organ.  

Independent discussions for each experimental aim are contained within their own data 

chapter. Below is a summary of the combined impact of these data chapters and 

directions for future research.  

5.1 Implications of postnatal Shroom3 expression 

5.1.1 Discussion 

Previous studies of Shroom3 have been focused on developmental processes. This is 

partially due to the nature of the available mouse lines to study Shroom3, both of which 
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cause a full body knockout that results in lethal neural tube defects in a homozygous state 

(Haigo et al., 2003; Hildebrand & Soriano, 1999; Lemay et al., 2015; McGreevy et al., 

2015). Thus, these models prevent loss of function studies in adult mice. Additionally, 

because neural tube defects represent a dramatic phenotype with clear clinical relevance, 

most studies focused on this role for Shroom3. More recently, studies on Shroom3 in the 

kidney have become more prominent as a Shroom3 SNP identified in GWAS studies 

shows strong correlations to CKD in patient populations and is associated with decreased 

eGFR and increased renal fibrosis after kidney transplant (Cooke Bailey et al., 2016; 

Corredor et al., 2020; Cyrus et al., 2019; Deshmukh et al., 2013; Fairbank et al., 2006; 

Kottgen et al., 2009; Kubo et al., 2017; Liu et al., 2023; Menon et al., 2015; Peric et al., 

2025; Prokop et al., 2018; Wei et al., 2018; Yan et al., 2017). Prior to those GWAS 

studies, roles for Shroom3 in the kidney had been limited to observations of expression in 

the pronephric kidney of the Xenopus embryo (Lee et al., 2009).  

In chapter 2 of this thesis, Shroom3 expression is demonstrated in most of the major 

organs of the adult mouse, a far wider expression range than previously thought. 

Following these findings, the first postnatal full body loss of Shroom3 using a UBC-Cre 

recombinase was created, as shown in chapter 4. The purpose of this was to test whether 

the postnatal loss of Shroom3 imparted similar functional and morphological phenotypes 

in the kidney which were seen in full body developmental loss. However, no significant 

kidney phenotypes were seen, even after 6 months of Shroom3 loss. This, in combination 

with conclusions from chapter 3, suggest that Shroom3 function is not essential for 

postnatal heart and kidney physiology. It is possible that compensatory mechanisms 

which mitigate the detrimental effects of Shroom3 loss are at play, at least in these 

organs. It is also possible that the developmental roles for Shroom3 may be more 

significant and more influential for long-term morphology and function of these organs. 

Based on prior studies implicating Shroom3 in their biology, and the fact that loss-of-

function experiments had only been feasible during development, the heart (Durbin et al., 

2020; Grover, 2009; Halabi, 2013; Tariq et al., 2011) and kidney (Khalili et al., 2016; 

Matsuura et al., 2020; Menon et al., 2015; Yeo et al., 2015) were investigated. It remains 

to be tested whether these findings for Shroom3 in the heart and kidney physiology hold 
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true for other Shroom3-expressing organs. Until then, these conclusions are only 

applicable to the heart and kidney and are not considered universal.  

5.1.2 Limitations and future directions 

The current postnatal Shroom3 expression range results should be expanded upon 

through further characterization of Shroom3-expressing tissues and of specific cell types 

which express Shroom3. Non-organ tissue types including the bones, glands, and lymph 

had been omitted from experiments in chapter 2 due to the growing experimental scale 

and feasibility of standardized staining protocols for different tissue types. Although 

tissue staining with a Shroom3 specific antibody was used in the current work, co-

staining was also omitted due to the same experimental scale and protocol constraints. 

Further investigation into other tissues not presented in chapter 2, and co-staining with 

cell specific markers will more definitively identify the full range of cell types expressing 

Shroom3.  

Beyond addressing these initial limitations, the collection of data in chapter 2 presents 

many starting points for future research. For example, there is value in comparing the 

localization of Shroom3 between similar tissue structures. In the cardiac musculature, 

Shroom3 has been visualized in a striated pattern (Figure 2.4). To determine exact 

localization within a structure, markers for the thin filament, including cardiac troponin 

T, C or I, thick filament, myosin heavy chain, and the z-line, including α-actinin, could 

all be used to assess co-localization with Shroom3. This could be compared to Shroom3 

in other musculature as it is also expressed in skeletal muscle and smooth muscle, as seen 

in the whisker pad and bladder (Figure 2.13, Figure 2.1). Comparing the sub-cellular 

localization of Shroom3 between these muscle types could provide hypotheses about 

shared or diverging functions in the musculature and would provide knowledge of 

specific roles for Shroom3 in all muscle types.  

The findings of expression within the reproductive organs also presents many new 

research possibilities. For example, within the female reproductive organs, Shroom3 was 

seen in the ovarian follicles at various stages of maturation and ovulation as well as in the 

glands of the uterus (Figure 2.12). Future studies intending to establish specific 
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localization and roles for Shroom3 in these tissues should not only co-localize with other 

cell specific markers but should also establish estrous cycle staging for female mice. 

Should the localization of Shroom3 in the uterine glands change at different estrous 

stages, or in different types of follicles, potential roles could be tested with the 

conditional mouse line presented in this thesis in conjunction with an appropriate Cre 

driver line.  

5.2 Implications of developmental Shroom3 expression 

5.2.1 Discussion 

While this thesis has aimed to underscore the importance of Shroom3 in postnatal life, 

much of our data continues to support a robust role for Shroom3 in organogenesis and 

encourages further research into its role in development. In chapter 3, loss of Shroom3 

during development was targeted to the myocardium using an Nkx2-5-Cre recombinase, 

as Shroom3 expression had been well established in the myocardium during 

development. This was done to assess the roles for Shroom3 during cardiogenesis and 

eliminate other confounding, and lethal, congenital defects which were seen in full body 

Shroom3 loss. Surprisingly, no notable phenotypes, including the CHDs previously seen 

in full body Shroom3 loss, were observed in these mice. This strongly suggests that 

Shroom3 acts in a non-cell autonomous fashion to cause the defects, and the most 

probable cell type would be the CNCCs. 

Implications for novel developmental Shroom3 roles can also be found in the postnatal 

expression range data set presented in chapter 2. While novel expression for Shroom3 

was found in a variety of adult tissues, it was notable that all tissues with known 

developmental Shroom3 expression also showed postnatal expression, including the 

heart, kidney, brain, eye, and intestines (Carleton et al., 2025; Chung et al., 2010; Durbin 

et al., 2020; Haigo et al., 2003; Herstine et al., 2025; Hildebrand & Soriano, 1999; Khalili 

et al., 2016; Menon et al., 2015; Plageman et al., 2010; Yeo et al., 2015). The temporally 

maintained Shroom3 expression in these tissues suggests additional unknown 

developmental Shroom3 expression. Based on staining presented in chapter 2, this could 

include the lung, ovaries, uterus, testes, and bladder. Further, unpublished data from our 
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lab has shown Shroom3 expression in the developing lung. The currently established 

developmental Shroom3 expression range originates from the original 1999 study and a 

survey of Shroom3 expression over the course of development has never been fully 

carried out. Returning to the mouse embryo and investigating developing tissues and cell 

populations for Shroom3 expression would be of great value to bridge these knowledge 

gaps and better inform the interconnectedness of the developmental process. This 

investigation can be accomplished through utilizing the Shroom3Gt mouse line and 

carrying out a similar protocol as described in chapter 2. The survey should encompass 

all developmental stages, and embryo sectioning and co-staining should take place to 

better identify cellular localization within the tissue or organ of interest. All previous 

investigations of developmental Shroom3 loss have shown morphological phenotypes 

including the heart, gut, kidney, neural tube, and eye. This indicates that other 

unexamined phenotypes exist with Shroom3 loss. This supports the hypothesis of 

additional roles for Shroom3 which will be discussed in section 5.3. While the same 

Shroom3Gt mouse line could be used to identify developmental defects in those tissues, 

using the floxed Shroom3 allele along with appropriate tissue-specific Cre-drivers would 

be more precise and would prevent potential indirect effects due to loss in other tissues. 

5.2.2 Future directions 

In chapter 3, loss of Shroom3 in the developing myocardium and from cells derived from 

the primary and secondary heart fields were shown to not be the cause of CHDs seen in 

full body Shroom3 loss. The proposed next avenue of investigation should be to look into 

CNCCs, an additional cell population which contributes to heart development (Erhardt & 

Wang, 2023; Kirby & Hutson, 2010; Phillips et al., 2013; Waldo et al., 1999). It has 

already been established that Shroom3 is expressed in the CNCCs as early as E9.5 

(Durbin et al., 2020). Unpublished preliminary data from our lab also supports this route 

of investigation. Two Wnt1-Cre;Shroom3fl embryos, aged E14.5, were provided by the 

Plageman lab (Ohio State). Wnt1 is expressed in the early neural crest cells, including 

CNCCs. These embryos displayed cardiac phenotypes similar to those of the full body 

Shroom3 loss model including wall thinning and malformed semilunar valves. This 

experiment warrants further expansion and validation.  
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From the data set in chapter 2, certain organs and organ systems are of particular interest 

to investigate for Shroom3 expression during development. The oviduct and the 

epididymis are developmentally homologous. Investigating if Shroom3 is expressed in 

both organs and if the expression occurs before the differentiation of male and female 

anatomy, or if the expression is independently activated by different transcription factors 

and signalling pathways after hormonal differentiation would be of great interest. Our 

data shows Shroom3 expression in discreet parts of the oviduct and epididymis (Figure 

2.12, Figure 2.11). As both structures undergo carefully timed and coordinated looping 

events during development (Harwalkar et al., 2021; Joseph et al., 2009), it is possible that 

Shroom3 is required for these morphogenic events. In adult mice, Shroom3 expression 

was localized to specific populations of cells across multiple regions of the brain (Figure 

2.2). Currently, there is no evidence that Shroom3 is involved in the morphogenesis of 

the brain structure, only that it is required for neural tube closure. However, due to its 

expression in the adult brain, investigation into the localization and expression pattern of 

Shroom3 in the brain over the course of development should be carried out. Once specific 

regions of embryonic expression are identified, investigation into possible morphogenic 

or physiological defects should be carried out. In addition, as Shroom3 is involved in 

cues controlling axon extension (Dickson et al., 2010, 2015), it is possible that axonal 

maturations could be a primary role for Shroom3 during brain morphogenesis.  

Other recommendations for developmental investigation of Shroom3 concerns 

fertilization and implantation. From the chapter 2 data set, both X-gal and fluorescent 

signal for Shroom3 were seen in the gametes in both the ovary and the seminiferous 

tubules (Figure 2.12, Figure 2.11). It is currently unclear if Shroom3 plays a role in the 

generation and maturation, support and maintenance of these cells, or if it is expressed in 

the gametes themselves. Shroom3 expression in the glands of the uterus was identified, 

however, the placenta has never been assessed for Shroom3 expression. Unpublished data 

from our lab showed that after postnatal Shroom3 knockout induced with tamoxifen, two 

resorption sites were seen in the uterus of a 6-month-old female mouse who had been 

mated to a male mouse also treated with tamoxifen. However, it is unknown if these 

resorptions were due to, or influenced by, Shroom3 loss. Countering this, the mendelian 

ratios of the litters born in our lab have never deviated from expected, including in the 
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Shroom3Gt line. As there is no clear indication that Shroom3 is involved in the processes 

of fertilization or implantation, future directions should utilize an induced full body loss 

of Shroom3 in adult mice and subsequently breed the adult mice together to assess for 

maintenance of pregnancy and offspring viability. Induction of loss in the males and 

females could be carried out separately to assess for individual contributions. 

5.3 Additional roles for Shroom3  

5.3.1 Discussion 

Shroom3 is an effector of cell shape change during development, causing apical 

constriction and apical basal elongation in epithelial cells, most notably in the neural 

tube. Although this is well established in the literature, the data in this thesis posit that 

other roles for Shroom3 must exist. As discussed above, results in chapter 2 showcase a 

wider, previously unknown range of postnatal expression for Shroom3 and presents 

questions about the extent of developmental Shroom3 expression. In chapter 3, evidence 

is presented showing that extracardiac Shroom3 expressing cells, most likely the CNCCs, 

contribute to heart development. A commonality between all the data presented in this 

thesis is that Shroom3 is expressed in cells which are not known to undergo standard 

apical constriction and apical basal elongation cell shape changes. To understand what 

function Shroom3 serves in these extremely varied and temporally distinct cell and tissue 

types, we must return to the actin cytoskeleton. 

The actin cytoskeleton functions to provide shape, structure, and adhesion to the cell, 

allows for cell movement, and produces force in contractile cells. As Shroom3 is an actin 

binding protein, the most probable explanation for other cellular functions is as an actin 

effector, possibly under the control of other signalling pathways. This directly supports 

the hypothesis that Hildebrand and Soriano made in 1999 after discovering Shroom3. 

Shroom3 may be working with the actin cytoskeleton to provide structure and integrity to 

the cells in which it is expressed. This could be occurring in postnatal tissues, as these do 

not require the same morphogenic movements and cell shape manipulations that 

developing tissues do. Those tissues could include epithelial structures seen in chapter 2, 

including the bronchi of the lungs (Figure 2.9), the glands of the uterus (Figure 2.12), the 
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urothelium of the bladder (Figure 2.1), the retinal pigment epithelium of the eye (Figure 

2.3), and the collecting tubules of the kidney (Figure 2.7). However, this does not 

preclude Shroom3 from also providing structural integrity during development. For 

example, Shroom3 may be providing structural integrity to the cardiomyocytes it is 

expressed in early on in development, and this role is maintained into adulthood. 

Shroom3 may also be controlling the cell shape of the developing podocytes, as 

illustrated in Khalili et al., (2016). Within the musculature, including the bladder smooth 

muscle, the cardiac muscle, and the striated muscle in the whisker pad, it is possible that 

Shroom3 is acting in an anchoring role in connecting actin filaments to the Z-disk. 

However, based on the striated pattern seen in the cardiac and skeletal musculature, it is 

also possible that Shroom3 is acting in conjunction with the actin cytoskeleton to 

facilitate force production. Clearly establishing the subcellular localization for Shroom3 

in the musculature could provide predicted roles in the musculature.  

Shroom3 may also be involved in the migration and extension of mesenchymal cells. 

During development, the CNCCs undergo EMT and delaminate from the closing neural 

tube, migrating to their intended areas of the embryo based on signalling cues (Erhardt et 

al., 2021; Kirby & Hutson, 2010). Shroom3 expression has been documented in the 

CNCC at E9.5 (Durbin et al., 2020), the time that neural crest cell migration would be 

occurring. Due to this expression, it is possible that loss of Shroom3 could hinder the 

neural crest migration to the heart and result in the CHDs seen in full body Shroom3 loss. 

This also presents the possibility that Shroom3 in the myocardium serves a different 

function and has different cellular and protein interactions than Shroom3 in the CNCCs. 

Thus, the knockout produced in chapter 3 may have presented with a minimal phenotype 

which was not easily detectable with our methods. In chapter 2, Shroom3 was also seen 

in discreet cells in many areas of the brain, including the cerebral cortex, the 

hippocampus, and the cerebellum (Figure 2.2). When neurons undergo axon extension to 

make connections to surrounding cells, bundles of F-actin gather at the leading edge of 

the growth cone to allow for this movement and migration. The Shroom3/ROCK 

complex is implicated in the inhibition of axon extension (Dickson et al., 2010, 2015), 

however, it has never been explicitly shown that this is through the sequestering of actin, 

or prevention of its accumulation at the leading edge. This also leads to the possibility 
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that Shroom3 could be involved in the migration of mesenchymal neuronal cells. Finally, 

Shroom3 has been identified in the condensing cap mesenchyme of the developing 

kidney (Khalili et al., 2016). Again, as this is a mesenchymal cell type with documented 

Shroom3 expression, it is possible that Shroom3 is involved in the aggregation and 

localization of the metanephric mesenchymal cells as an effector of the actin 

cytoskeleton. In this role, it is possible that loss of Shroom3 could be contributing to 

decreased nephron counts through inhibition of proper pools of nephron progenitor cells.  

5.3.2 Limitations and future directions 

The first line of investigation towards these hypotheses is to establish any changes in 

morphology or physiology after Shroom3 loss. Tissue or cell specific knockout with 

observations of changes in cell and organ function will provide information about roles 

for Shroom3. Observations of actin cytoskeletal alterations using histology would also be 

valuable.  

In chapter 3, roles for Shroom3 in the developing heart were investigated. While the 

developmental implications of these results are discussed above, the full scope of 

potential postnatal impacts of this loss was not investigated. Future studies investigating 

the role of Shroom3 in the heart could be extended to include physiological 

measurements of cardiac health in the adult mice, such as ECG, echocardiography, heart 

rate and blood pressure monitoring, and should include stress testing with either physical 

or pharmacological interventions. These experiments would address a limitation in the 

current data, which questions the long-term effects of Shroom3 loss in the heart , 

specifically in the myocardium. This would also provide more information about possible 

postnatal roles of Shroom3 in the heart through assessments of the musculature and 

conduction system and the maintenance of them over time.  

In chapter 4, a full body knockout of Shroom3 in the adult mouse was unable to show any 

measurable phenotypes in the kidneys after six months of Shroom3 loss. One significant 

limitation of this study was that the percentage of floxed allele recombination with the 

UBC-Cre was about 50%, which was insufficient to fully determine the consequences of 

Shroom3 loss, and by extension its role in the adult kidney. Future studies to modify the 
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tamoxifen concentration and dosing regimen to achieve a greater recombination rate 

could fully test if there are roles in postnatal physiology. Importantly, these findings do 

not preclude that other physiological alterations within the mouse were occurring, and it 

was likely that the current measures were not sufficient to detect them. In the future, even 

if overt morphological changes are not observed, re-organization of the actin cytoskeleton 

or cell specific proteins, such as nephrin or podocin in the kidney, may be occurring in 

any tissue which expresses Shroom3. Western blotting to measure protein presence, and 

fluorescent staining to visualize protein localization and organization, should also be 

carried out. Similar to future cardiac studies, functional changes should also be explored 

through kidney stress testing. This can include salt or protein loading, ischemia-

reperfusion injury, or pharmacologic injury such as cisplatin dosing. Higher sensitivity 

methods to measure renal clearance should also be employed in the future, such as inulin 

clearance. All these measures would more accurately mirror the circumstances seen in 

human populations with the Shroom3 SNPs associated with CKD. As a final addition, it 

may be useful to monitor mice for at least a year after tamoxifen dosing to better quantify 

the disease progression. Mice in chapter 4 were monitored for six months after tamoxifen 

dosing, however, as CKD symptoms take years to progress in humans, a longer 

monitoring period would be beneficial. This would also allow researchers to assess the 

effects of CKD on other organs, including the heart. 

To investigate the hypothesis that Shroom3 acts in roles other than apical constriction and 

apicobasal elongation, establishment of an interactome is needed. Current understandings 

of Shroom3 interacting proteins or protein complexes are poorly understood and would 

greatly improve our understanding of Shroom3 function. As with actin binding proteins, 

establishing the true interactome and differentiating it from other unrelated actin binding 

proteins proves challenging. In addition, Shroom3 in its largest isoform is approximately 

220kDa in size (Paul et al., 2023). These aspects make traditional interactome approaches 

such as immunoprecipitation and western blot or mass spectrometry difficult. As an 

alternative, proximity labeling techniques including BioID or APEX could be used.  

Shroom3 has several interacting proteins during development, however, these 

interactions have not been shown universally, not all have been shown in vivo, and most 
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have not been assessed outside of the original tissue which was investigated. For 

example, Shroom3 has both genetic and direct interactions with the PCP pathway in the 

closing neural tube (McGreevy et al., 2015) and the developing heart (Durbin et al., 

2020). Interactions between Shroom3 and the PCP pathway have also been established in 

thyroid development (Loebel et al., 2016), ectoderm gastrulation (Ossipova et al., 2015) 

and eye development (Muccioli et al., 2016). As PCP pathway interactions are present in 

many tissues expressing Shroom3, this should be assessed for in all other known 

Shroom3 expressing sites, particularly in tissues with similar morphogenic changes, 

including the gut tube. Also of interest for initial interactome assessment is the HIPPO 

pathway, as in silico studies have shown a 14-3-3 binding site within Shroom3 (Prokop et 

al., 2018), but in vivo interactions have yet to be done.  

5.4 Conclusions 

Shroom3 has primarily been defined as an actin binding protein required for apical 

constriction. However, the data in this thesis suggest that Shroom3 has a much broader 

range of roles than is currently appreciated. The cytoskeleton is a fundamental 

component of all cells with nearly ubiquitous expression, particularly the most versatile 

member, actin. It is therefore reasonable to propose that as an actin binding protein, 

Shroom3 functions extend beyond one role of actin-induced cell shape change. However, 

although a wider expression pattern has been identified, Shroom3 expression is clearly 

not ubiquitous. Therefore, we conclude that Shroom3 likely functions in a variety of cell 

types to support and direct specific roles for the actin cytoskeleton.  
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