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Abstract

Basement membranes (BMs) are thin, dense sheets of extracellular matrix that
surround most animal tissues and provide structural support. While the role of BMs in
the structural support of tissues is well established, how these matrices can structurally
support tissues while accommodating dynamic tissue function is not well understood.
Using C. elegans, a powerful model organism that allows for live imaging, genetic
analysis, and rapid screening, I was able to utilize endogenous knock-in fluorescent
proteins, conditional RNAi, optogenetics, and quantitative live imaging to investigate
how BM components contribute to the BM’s ability to withstand mechanical load in
various circumstances. In Chapter 1, I discuss the known roles of BM, introduce BM
proteins of interest, explore gaps in our understanding of BM’s function in withstanding
mechanical force, and expand upon the utility of C. elegans as a model system to
investigate these questions. In Chapter 2, I show that BM-to-BM linkages can function to
resist the mechanical forces involved in egg-laying. In Chapter 3, I explore how BM
stretches to accommodate dynamic tissue movement. In Chapter 4, I discuss future
directions and the implications of these findings and in Chapter 5 I summarize my

conclusions.
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1. Introduction

Tissues must maintain specific shapes and architectures to complete their varied
functions. Many tissues must preserve these structures despite being exposed to an
array of mechanical forces. Most animal tissues —including epithelial, endothelial,
muscle, and adipose tissue—are surrounded by a basement membrane (BM), a
specialized form of extracellular matrix that underlies or surrounds tissues to provide
structural support, act as a barrier between tissues, harbor and distribute cell signaling
cues, and contribute to tissue-specific functions (Pozzi et al., 2017; Yurchenco, 2011). As
a scaffold that surrounds tissues, the BM is inevitably exposed to diverse mechanical
forces, including those caused by tissue growth during development and those brought
about by normal organ and tissue function (e.g., blood flow, recurring tissue expansion,
muscle contractions). Despite the critical role of BM in providing tissues with structural
support and protecting against mechanical force, relatively little is known about the
mechanical properties of BM or how BMs contribute to the mechanical properties and
structural integrity of the overall tissue. Recent work has begun to examine the
mechanical properties of BM, and has found that the BM is often stiffer than the
underlying tissue, suggesting that a significant portion of tissue mechanics could be
governed by the surrounding BM (Khalilgharibi et al., 2016; Guimaraes et al., 2020).
Understanding BM mechanics, however, has proven challenging as BMs are often

embedded deep within tissues, leading to many mechanical measurements being



completed ex vivo or in engineered structures (Alcaraz et al., 2008). Additionally, BMs
are not homogenous structures, with over 200 different proteins that can contribute to
the matrix, indicating that the composition and function of BM, and therefore the
mechanical properties, can vary widely (Jayadev et al., 2021; Naba et al., 2016; Shao et
al., 2020).

In this chapter, I begin by discussing the composition of BM, exploring how BM
composition can affect BM function, and highlighting BM components of interest for this
work. Next, I introduce BM-to-BM linkages as a model for understanding how BM can
function to reinforce tissues and protect tissues from mechanical stress. I briefly review
known examples of these linkages and how their disruption can contribute to disease,
highlight current gaps in our understanding of these junctions, and introduce C. elegans
as a powerful model for expanding our understanding of these essential structures.
Finally, I discuss how BMs can accommodate dynamic tissue movement and expansion
while continuing to provide structural support and introduce the C. elegans spermatheca

as a powerful in vivo model to study this essential aspect of BM function.

1.1 Basement membrane composition is diverse and associated
with function

1.1.1 Basement membrane composition

BM is organized on two independent polymeric networks: the laminin
meshwork, and the type IV collagen grid. Laminin is a secreted heterotrimeric protein

made up of an o, a B, and a y subunit that assembles into a polymeric network
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(Aumailley et al., 2005; Miner and Yurchenco, 2004). The laminin network is deposited
very early in development and is primarily responsible for attaching BM to the cell
surface (Yurchenco, 2011). Once the laminin network is assembled, the heterotrimeric
type IV collagen meshwork is assembled on the BM. The type IV collagen network is
covalently linked together by multiple chemical bonds, including disulfide and
sulfilimine bonds, that are thought to confer tensile strength to BM (Fidler et al., 2018;
Vanacore et al., 2009). Consistent with these roles, disruptions in the laminin network
result in problems with cell fate specification, cell migration, and polarity, suggesting
the laminin network plays a role in BM and tissue formation (Urbano et al., 2009;
Huang, 2003; Li et al., 2003; Miner and Yurchenco, 2004). On the other hand, disruptions
in the type IV collagen network result in BM integrity issues and detached muscles,
suggesting a role for this network in stabilizing the BM and protecting from mechanical
stresses (Gupta et al., 1997; Poschl et al., 2004; Kiss et al., 2019; Lee et al., 2015). The two
networks are thought to be linked together by the glycoprotein nidogen and the heparan

sulfate proteoglycan perlecan (Yurchenco, 2011).

1.1.2 Basement membrane diversity

Although most BMs contain these core components, BMs are further diversified
in several ways. First, there are over 200 additional proteins that localize to the BM,
highlighting the complexity of these matrices (Jayadev et al., 2021). Some common BM

matrix components outside of the core components include agrin, collagen XVIII,



SPARC, and fibulin-1 (Keeley et al., 2020; Sekiguchi and Yamada, 2018). In addition to
matrix components, BMs also interact with cell surface receptors including integrin and
dystroglycan to regulate signaling and direct various cellular processes such as cell
proliferation and tissue morphogenesis (Hohenester and Yurchenco, 2013; Yurchenco
and Patton, 2009). Further diversity is provided to BMs as not all matrix components are
found in all BMs, meaning that BMs surrounding different tissues, or different regions of
the same tissue, can have considerably different compositions (Keeley et al., 2020;
Hallmann et al., 2005). BMs with similar matrix composition can be further diversified
by the levels of each component, with some BMs being enriched in specific matrix
proteins (Keeley et al., 2020). Compositional differences often facilitate unique functions
and provide specialized properties to the BM, allowing BMs to support a wide variety of
tissues. For example, while all vascular BMs contain laminin, type IV collagen, and
nidogen, other proteins such as fibulin and type XVIII collagen are differentially
expressed in vascular BMs (Mahajan et al., 2021; Zhang et al., 1996; Miosge et al., 1996;
Hallmann et al., 2005; Thomsen et al., 2017a). Further, although laminin is present in all
BMs, sixteen distinct laminin heterotrimers have been identified in vertebrates that are
known to be expressed in a tissue-dependent manner (Hohenester and Yurchenco, 2013;
Thomsen et al., 2017b; Yousif et al., 2013). Notably, the importance of BM composition is
also highlighted by changes in BM composition during disease. The importance of

maintaining precise type IV collagen levels, for example, has been demonstrated in



aging and diabetes, where increased collagen levels have been linked to pathology
(Horn and Trafford, 2016; Karttunen et al., 1986). Additionally, reduced type IV collagen
levels have been associated with aneurysms (Liu et al., 2018), suggesting that improper
protein levels in either direction can lead to disease.

In addition to compositional changes between tissues, BMs can also be modified
throughout their lifetime. Although BMs were traditionally thought to be static protein
scaffolds, emerging research has shown that BMs can be highly dynamic structures that
change over time as proteins are added, degraded, or reorganized (Lu et al., 2011;
Keeley et al., 2020). This remodeling can be facilitated by matrix metalloproteases and
other enzymes within BMs that function to help degrade and remodel the extracellular
matrix (Karamanos et al., 2021). Controlled remodeling of the BM is necessary for tissue
development and repair, but irregular remodeling of the BM can also contribute to
diseases such as osteoarthritis, fibrosis, and cancer (Bonnans et al., 2014). Ultimately, the
wide diversity of BMs and the links between composition and function indicate that
understanding the composition of a particular BM can give us key insights into that

BM'’s function, including how it resists external forces and supports surrounding tissues.

1.2 Basement membranes link together to connect tissues

1.2.1 Basement membrane linkages facilitate tissue connection while
withstanding mechanical force

In most cases, BMs function as barriers, separating adjacent tissues and allowing

them to slide along one another (Brown, 2011). In some instances, however, BMs of
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adjacent tissues can join together and form BM-BM linkages. These connections can be
brief transient connections or long-term linkages maintained for the lifetime of the
animal. Transient connections often occur during development to align tissues and
facilitate tissue fusion (Keeley and Sherwood, 2019). For instance, in order for Drosophila
wing discs to properly evert during larval development, the peripodial epithelium and
stalk cells of the disc must invade and fuse with the larval epithelium (Pastor-Pareja et
al., 2004). Prior to invasion, the BMs surrounding each of these tissues are linked
together via a transient BM linkage to allow for simultaneous invasion of both BMs and
ultimate tissue fusion (Pastor-Pareja et al., 2004). Similar transient linkages can also be
found in zebrafish fin fold and somite-epidermal BM-BM connections and in aspects of
vertebrate development such as optic fissure closure (Carney et al., 2010; Feitosa et al.,
2012; Tsuiji et al., 2012).

Many BM-BM linkages in vertebrates, however, are long-term linkages that link
tissues to the neighboring vasculature to facilitate nutrient and waste exchange (Keeley
and Sherwood, 2019). These linkages are maintained over long time scales and must
withstand various forces including those from dynamic moving tissues and
hemodynamic forces from the vasculature (Gimbrone et al., 1999; Hsieh et al., 2014;
Miller, 2017). One of the most well-characterized long-term BM linkages is the
glomerular BM in the vertebrate kidney. The glomerulus is a network of capillaries that

lies within the Bowman’s capsule and is responsible for filtering blood in the kidney



(Miner, 2011, 2012). Both the glomerular capillary endothelium and the epithelial
podocyte cells in the surrounding Bowman’s capsule are surrounded by distinct BMs.
As the kidney develops these BMs link together to form the glomerular BM, which is
present for the lifetime of the animal. Highlighting the critical role of BM components in
regulating this linkage, mutations in type IV collagen can lead to Alport Syndrome,
which is characterized by glomerular BM splitting and kidney disease (Cosgrove and
Liu, 2017; Savige, 2014).

In addition to the glomerulus, important long-term BM linkages can also be
found in alveolar development, where alveolar BMs and capillary BMs fuse to facilitate
efficient gas exchange between the blood and airways (Low, 1961, 1953; Makanya et al.,
2013). Highlighting the importance of these structures, BM linkages are also formed in a
variety of other tissues. In the eye, the retinal pigment epithelium and the choroid
capillaries link to form Bruch’s membrane, which is responsible for facilitating nutrient
and waste exchange between the retina and blood (Booij et al., 2010; Caceres et al., 2017).
In the ear, the cochlear duct BM and the vestibular duct BM link to form Reissner’s
membrane, which is critical for maintaining appropriate ion concentrations within the
cochlea (Tsuprun and Santi, 2001; Zdebik et al., 2009). BM linkages also play a critical
role in the blood brain barrier, where the capillary endothelial BM and the parenchymal
BM of brain astrocytes connect to facilitate transport of solutes (Obermeier et al., 2013;

Sixt et al., 2001). Despite the importance and wide-spread nature of these BM-BM



linkages, the molecular mechanisms that govern BM connections are largely unknown
and challenging to study due to the intricacy of BMs, the complexity of vertebrate
tissues, and a lack of in vivo models to study the role of individual BM components in

BM linkages.

1.2.2 C. elegans as a model to study basement membrane linkages

The model organism C. elegans offers powerful tools for studying the molecular
mechanisms that govern BM linkages. C. elegans is a transparent nematode amenable to
genetic analysis, molecular perturbations, live-cell imaging in intact animals, and rapid
RNAi and mutagenesis screening (Corsi, 2006; Brenner, 1974; Timmons et al., 2001;
Kamath et al., 2003). Additionally, C. elegans is a highly conserved and simplified system
as all major BM components and receptors have C. elegans orthologs and many proteins
are encoded by only one gene. For example, there are at least 16 distinct laminin
heterotrimers in vertebrates, while in C. elegans there are only two, making genetic
analysis of BM components more accessible (Kramer, 2005; Clay and Sherwood, 2015).
Studying BM components is also facilitated by the ability to perform rapid, time-
controlled RNAi-mediated gene knockdown (Conte et al., 2015). Many BM components
are critical for development and lead to embryonic lethality, preventing the study of
their role in post-development tissue homeostasis. The ability to reduce protein levels in
a time dependent manner allows for the study of these essential components in post-

embryonic tissues and BM linkages that form later in development. Finally, most BM



components and receptors have been endogenously tagged with mNeonGreen, making
C. elegans the only animal where all major BM components are tagged with a genetically
encoded fluorophore (Keeley et al., 2020). This toolkit of tagged components allows for
the visualization of these components at endogenous levels in real time, including how
they move and change throughout the development and maintenance of BM linkages.
A short-term BM linkage was previously identified between the gonadal and
vulval BMs beneath the C. elegans anchor cell (Morrissey et al., 2014). The anchor cell
must invade through both the gonadal and vulval BMs to facilitate uterine/vulval tissue
fusion (Sherwood and Sternberg, 2003). Prior to anchor cell invasion, the gonadal and
vulval BMs are two distinct BMs that slide along one another, however approximately
30 minutes before the invasion event the BMs link underneath the anchor cell no longer
slide freely (Morrissey et al., 2014). Studies using this linkage, termed a B-LINK
(Basement membrane LINKage), identified three BM components with roles in BM
linkage: the extracellular matrix protein hemicentin, the transmembrane integrin
receptor, and a cytosolic plakin cytolinker (Morrissey et al., 2014). These components
were also found to contribute to a long-term B-LINK between the uterine utse cell and
the epidermal seam cells (Morrissey et al., 2014). The H-shaped utse cell bridges the
middle of the animal and connects to the seam cells that run along either side of the
worm for the lifetime of the animal. These linkages on either side of the animal must

withstand substantial force as the utse cell physically supports the uterus and the BM



linkage must resist forces generated by uterine and vulval muscles during egg-laying
(Newman et al., 1996; Schindler and Sherwood, 2013). Whether additional BM

components are required to help maintain this long-term linkage is unknown.

1.3 Basement membranes stretch to accommodate tissue
expansion

1.3.1 Basement membrane must allow for dynamic tissue movement,
growth, and expansion

Vascular BM, in addition to resisting strong mechanical forces at BM linkages,
must also withstand internal forces from dynamic vessel movement. To effectively
deliver oxygen and nutrients to the body, blood vessels continually expand and contract
to facilitate pulsatile blood flow, regulate blood pressure, and ensure directional blood
flow (Eble and Niland, 2009). Each vessel is surrounded by a BM that must stretch and
recover in accordance with vessel movement while continuing to provide structural
support to the tissue (Xu and Shi, 2014).

The type IV collagen network is known to play a critical role in providing the BM
with its structural properties. Laminin and type IV collagen are both present in early
BMs in vertebrates, however while laminin in required early for proper development
and morphogenesis (Miner and Yurchenco, 2004; Smyth et al., 1999), the type IV
collagen network is not required until later in development during vasculogenesis
(Poschl et al., 2004), suggesting that the type IV collagen network might only be required

later on to provide structural support when the heart begins to pump. Consistent with
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this hypothesis, knockout mice for the two major type IV collagen isoforms exhibit
vascular BM ruptures and die during embryonic development because of dilated blood
vessels (Poschl et al., 2004), confirming type IV collagen is a critical structural
component of the BM. Further, the type IV collagen network is known to be highly
cross-linked, which contributes to the overall stiffness of the BM, and increased type IV
collagen in the vasculature leads to vessel fibrosis and increased stiffness (Ooshima and
Midorikawa, 1977; Lopez et al., 2009). Patients with mutations in type IV collagen also
present with various vascular defects associated with abnormal vessel stiffness
including cerebral microbleeds, porencephaly, and hemorrhagic stroke (Kuo et al., 2012;
Jeanne et al., 2015; Breedveld et al., 2006; Gould et al., 2006; Yao, 2019). Although the
cross-linked network of type IV collagen is known to provide structural support, how
this network accommodates BM stretching in mechanically active tissues while
continuing to provide structural support is unknown. Despite its significance, our
understanding of BM stretching has been limited by a lack of in vivo models that allow

for visualization of the BM during dynamic processes.

1.3.2 C. elegans spermatheca as a model for BM stretching

To fill this need, I have established the spermathecal BM of the visually and
genetically tractable model organism C. elegans as a new in vivo model to study BM
stretching. The C. elegans gonad, which is responsible for germline development and

egg-laying, is composed of two U-shaped arms (defined distal to proximal). The
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proximal end of each gonad arm connects to one of two spermathecae that are each
attached to the uterus. Germ cells move from the distal end of each arm to the proximal
end where they develop into oocytes that enter the spermatheca to be fertilized by
sperm. After fertilization, embryos progress into the uterus where they are stored until
egg-laying occurs. Hundreds of oocytes/embryos pass through the spermatheca
throughout the worm’s lifetime, meaning the spermatheca, and the BM surrounding it,
must continually expand and contract. While it’s clear that this tissue must expand, how
the surrounding BM accommodates this expansion while still providing structural
support is unknown. The strengths of C. elegans (described in 1.2.2) provide the
opportunity to investigate the molecular mechanisms that govern BM stretching,
including how the type IV collagen network is structured and how it changes during

stretching as well as how type IV collagen regulators contribute to this process.

1.4 Conclusion

In this study, I utilize the powerful model organism C. elegans to investigate the
role of BM in helping tissues withstand mechanical force. To address this topic, I have
focused on investigating BM composition and function in two scenarios: in BM linkages,
where two juxtaposed BMs are linked despite various forces, and in tissues that
routinely expand and contract, where BM must stretch to accommodate dynamic tissue
expansion. In Chapter 2, I use the C. elegans utse-seam B-LINK as a model to investigate

how BM components contribute to BM linkages to build and maintain these linkages
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over time. In Chapter 3, I use the C. elegans spermatheca to explore how the type IV
collagen network, and type IV collagen regulators, affect the BM’s ability to stretch. In
Chapter 4 I discuss the implications of my findings, and in Chapter 5 I summarize the

work’s major conclusions.
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2. Hemicentin mediated type IV collagen assembly
strengthens juxtaposed basement membrane linkage

Chapter 2 is adapted from a manuscript of the same title accepted at the Journal of Cell
Biology The authors of this manuscript are Claire A. Gianakas, Daniel P. Keeley, William
Ramos-Lewis, Kieop Park, Ranjay Jayadev, Isabel W. Kenny, Qiuyi Chi, and David R. Sherwood.
First person plural pronouns indicate the contributions of other authors (see Chapter 2.4 for

details).

2.1 Introduction

Basement membranes (BMs) are thin dense sheets of extracellular matrix that
surround most tissues and provide structural and signaling support (Jayadev and
Sherwood, 2017). Two of the most abundant core BM components are laminin and type
IV collagen, which form independent self-oligomerizing networks. Laminin initiates BM
formation and associates with cells by binding to integrin and dystroglycan receptors (Li
etal., 2017). Type IV collagen networks have high tensile strength and allow BMs to
mechanically support tissues (Fidler et al., 2018). BMs contain other core components
such as perlecan, agrin and nidogen, that connect the collagen and laminin networks
(Hohenester and Yurchenco, 2013) and harbor matricellular proteins, proteases, and
growth factors (Jayadev et al., 2021). BMs usually separate tissues, but in some instances,
BM:s of adjacent tissues stably link and connect tissues to structurally support organs

and facilitate specialized functions. One of the best characterized instances is in the
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kidney, where epithelial podocytes and the vascular endothelium synthesize distinct
BMs that fuse to form the glomerular BM, which filters blood (Abrahamson, 1985;
Keeley and Sherwood, 2019). Stable BM-BM linkages occur between other tissues as well
(Keeley and Sherwood, 2019), including the alveolar and capillary BMs in the lung that
facilitate gas exchange (Vaccaro and Brody, 1981; Makanya et al., 2013), and the capillary
endothelial and parenchymal BMs of brain astrocytes that help form the blood-brain
barrier (Sixt et al., 2001; Obermeier et al., 2013). Despite the importance of BM-BM
attachments in stably joining tissues, little is known about how these connections are
made and maintained because of the complexity of BMs, the difficulty of examining
tissue interactions, and the lack of in vivo models that allow visualization and
perturbation of BM components.

C. elegans is a powerful experimental model to understand how tissues attach
through BM-BM linkages. C. elegans are optically transparent, have simple tissues, and
BM components can be selectively targeted through conditional RN Ai knockdown to
determine time of function. Also, nearly all BM components have been endogenously
tagged with genetically encoded fluorophores, which allows for visualization and
quantitative analysis of localization, levels, and dynamics (Keeley et al., 2020). We
previously characterized a transient BM-BM linkage between the gonadal and vulval
BMs beneath the C. elegans anchor cell, which we termed a B-LINK (for Basement

membrane LINKage) (Morrissey et al., 2014). B-LINK formation allows the anchor cell to
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invade through and degrade both BMs simultaneously to initiate uterine-vulval tissue
connection (Sherwood and Sternberg, 2003; Hagedorn et al., 2013). The extracellular
matrix protein hemicentin (C. elegans HIM-4) is secreted by the anchor cell just prior to
invasion and forms punctae that reside between the BMs to promote their connection
(Morrissey et al., 2014). The integrin heterodimer (aINA-1/bPAT-3) organizes hemicentin
into punctae and the plakin cytolinker (VAB-10A) tethers the anchor cell to hemicentin
(Morrissey et al., 2014). Suggesting a common role in BM-BM linkage, zebrafish
hemicentins facilitate transient BM-BM connections during development between
epithelia in fin epidermis and between somites and epidermis (Carney et al., 2010;
Feitosa et al., 2012).

Most BM-BM linkages in vertebrates are stable, present in mechanically active
tissues, and subject to stresses from blood flow and muscle contractions (Keeley and
Sherwood, 2019). It is unclear whether these long-term BM-BM linkages require
additional stabilizing matrix components. Along with the anchor cell B-LINK, we also
identified a long-term B-LINK between the C. elegans uterine utse cell and epidermal
seam cells that connects the uterus to the epidermis for the lifetime of the animal
(Morrissey et al., 2014) and is thought to help the uterus withstand egg-laying
mechanical stress (Newman et al., 1996; Schindler and Sherwood, 2013). All anchor cell
B-LINK components localize to the utse-seam B-LINK, and their loss results in uterine

prolapse after egg-laying begins, suggesting they are also required for this long-term
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BM-BM linkage (Morrissey et al., 2014; Vogel and Hedgecock, 2001). The matricellular
protein fibulin-1 (FBL-1) also localizes to the utse-seam B-LINK, but its role in BM-BM
linkage has not been examined (Muriel et al., 2005). Whether additional BM matrix
components might contribute to this long-term B-LINK that supports a mechanically
active tissue is not known.

Using endogenous fluorophore knock-in strains for hemicentin, a-integrin, and
plakin, I found that the utse-seam B-LINK forms during the L4 larval stage, just prior to
adulthood and egg-laying. Optogenetic inducible muscle contraction and RNAi-
mediated knockdown revealed that hemicentin is required for the uterus to resist the
physical stress of muscle contraction and egg-laying, providing direct evidence that the
B-LINK anchors the uterus during egg passage. Through visual and RNAi screening, I
discovered that the matrix proteins fibulin-1, perlecan (UNC-52) and type IV collagen
(EMB-9), are also components of the utse-seam B-LINK. Conditional and tissue-specific
RNAi knockdown revealed that hemicentin is secreted by the utse and promotes the
assembly of fibulin-1, type IV collagen and perlecan. A focused genome wide RNAi
screen revealed that hemicentin also recruits ADAMTS9/20 (GON-1), which is necessary
for proper assembly of type IV collagen at the B-LINK. Quantitative imaging revealed
that fibulin-1 and hemicentin reach peak levels at the B-LINK at the onset of egg-laying,
and their loss causes early defects in utse-seam cell attachment, while later RN Ai

targeting does not affect the B-LINK. In contrast, type IV collagen and perlecan reach
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maximal levels later, during peak egg-laying, and type IV collagen loss only perturbs the
B-LINK after egg-laying begins, suggesting it helps resist the high mechanical stress of
egg-laying. These findings identify matrix components required for a stable BM-BM
linkage that resists mechanical stress and uncover distinct roles in mediating the initial

formation and maintenance of a stable BM-BM connection.

2.2 Results

2.2.1 The utse and seam cells are connected by a B-LINK during the
L4 larval stage

The utse-seam BM-BM interface forms a BM-BM linkage, which we have termed
a B-LINK (Figure 1A-C) (Morrissey et al., 2014; Vogel and Hedgecock, 2001). A key
component of the B-LINK is hemicentin (C. elegans HIM-4), a large (5198-residue)
conserved matrix protein, that localizes to the utse-seam interface (Figure 1C, Video S1).
The utse-seam B-LINK is also composed of the transmembrane integrin heterodimeric
receptor (aINA-1/BPAT-3), and the cytosolic cytolinker plakin (VAB-10A) (Morrissey et
al., 2014) (Figure 1C) and is thought to prevent uterine prolapse during egg-laying. The
utse cell forms from fusion of uterine cells that contact the seam cells during the early L4
larval stage (Ghosh and Sternberg, 2014). However, it is not known when the B-LINK

first develops to connect these tissues.
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Figure 1: A basement membrane linkage (B-LINK) joins the uterine utse cell
and epidermal seam cells in C. elegans. (A) A timeline of C. elegans development in h
post-hatch showing developmental stages through peak egg-laying in adulthood. (B)
A schematic of the utse-seam B-LINK in the young adult, just prior to egg-laying. At
this time, a B-LINK connects the utse (magenta) to the epidermal seam cells (brown),
which run along the sides of the animal (individual seam cells not shown). The utse
underlies the uterus (blue). (C) (top) The utse (visualized with cdh-3p::mCh::PH,
magenta) and seam cells (scmp::GFP::CAAX, green) from a ventral perspective and
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(middle) a lateral perspective. (bottom) The known B-LINK matrix component
hemicentin (C. elegans HIM-4) visualized from a lateral perspective sits between the
utse basement membrane (BM) and seam cell BM. Integrin (aINA-1/BPAT-3) and
plakin (VAB-10A) are also components of the B-LINK (schematic) and function in the
utse. Scale bar 10 pm.

To determine when the utse-seam B-LINK forms and how it develops over time,
we examined the region where the utse and seam cells touch (visualized with cdh-
3p::mCh::PH and scmp::GFP::CAAX, respectively). We found the utse and seam are
already in contact by the mid-L4 stage, with a contact length of ~50 pum and the utse
midsection length of ~25 um (Figure 2A-B). The length of utse-seam contact and the utse
midsection extended in the late-L4 stage and by the young adult the utse-seam contact
length was ~60 um and the midsection was ~45 um long. Additionally, by the young
adult stage the end of each utse arm turned inwards away from the seam (Figure 2B).

To determine when the B-LINK forms to connect the utse and seam cells, I
examined B-LINK component localization from the mid-L4 to the early adult stage using
homozygous mNeonGreen (nNG) endogenous knock-in strains of hemicentin:mNG
(HIM-4), a-integrin:mNG (INA-1), and plakin:mNG (VAB-10A) (Gally et al., 2016;
Keeley et al., 2020) (Figure 2C). B-LINK components were not consistently detected at
the B-LINK at the mid-L4 stage (hemicentin 5/10; integrin and plakin 0/10), but during
the mid-to-late-L4 assembled to form a nascent B-LINK. While the a-integrin INA-1
levels plateaued during the late-L4, hemicentin and plakin continued to increase until

the young adult stage (Figure 2D). Together, these results indicate that the B-LINK
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begins to form during the mid-L4 and then extends in length and is further enriched in

B-LINK components by the young adult stage.
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Figure 2: Utse and seam cell association and B-LINK formation occur during
the L4 larval stage .(A) A schematic detailing the timing of imaging. (B) (top) Merged
fluorescence images of the utse (magenta) and seam cells (green) viewed from a
lateral and ventral perspective from the mid-L4 to the young adult stage. By the young
adult stage, the end of each utse arm has turned inwards away from the seam (white
arrowheads) and the utse midsection is fully extended (yellow arrowhead). (bottom
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left) A schematic showing where measurements were taken. (bottom right) Mean
length of utse-seam connection (n =10 each), mean utse midsection length (n =10
each), and mean angle between the turned in utse arm and the seam (n = 40 each).
****P < 0.0001, one-way ANOVA followed by post hoc Tukey’s test. Box edges in
boxplots depict the 25 and 75" percentiles, the line in the box indicates the median
value, and whiskers mark the minimum and maximum values. (C) Localization of
known B-LINK components (white arrowheads) viewed laterally from the mid-L4 to
the young adult stage. (D) Quantification of mean florescence intensity of each
component at each timepoint as a percentage of the final mean fluorescence intensity
of that component at the young adult stage. Error bars represent standard error of the
mean (n =10 all stages). Scale bars 10 pm.

2.2.2 Perlecan, fibulin-1, type IV collagen, and papilinS enrich at the
utse-seam B-LINK

In addition to hemicentin, fibulin-1 (FBL-1) also localizes to the utse-seam B-
LINK, but it is unknown if fibulin-1 or any other matrix components have functions at
this linkage (Morrissey et al., 2014; Muriel et al., 2005, 2012; Feitosa et al., 2012). To
determine if other matrix components are concentrated at the utse-seam B-LINK, I
examined nine endogenously tagged BM matrix components —the core BM components
g-laminin:mNG (LAM-2), al-type IV collagen:: mNG or ::mRuby2 (EMB-9),
perlecan:mNG (UNC-52), nidogen::mNG (NID-1), agrin:mNG (AGR-1), and type XVIII
collagen::mNG (CLE-1), as well as the matricellular components papilinS:mNG (MIG-
6S), papilinL:mNG (MIG-6L), spondin::mNG (SPON-1) and mNG::fibulin-1 (FBL-1)
(Jayadev et al., 2019; Keeley et al., 2020). C. elegans synthesizes two laminin heterotrimers
with one of two a-chains, one -chain, and one g-chain; and a single triple helical type IV
collagen molecule with two al chains and one a2 chain (Kramer, 2005). For simplicity, I
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refer to the levels and presence of g-laminin::mNG (LAM-2) as laminin and al-type IV
collagen::mNG or ::mRuby2 (EMB-9) as type IV collagen. I performed a visual screen at
the young adult stage to determine if these matrix proteins are enriched at the utse-seam
B-LINK in comparison to the neighboring unlinked gonadal BM (Figure 3A-C). As the B-
LINK is a connection between two BMs, I defined enrichment as an over two-fold higher
fluorescence intensity compared to the single gonadal BM (where the utse resides). I
found that perlecan, fibulin-1, and type IV collagen were significantly enriched over the
gonadal BM (fold enrichment of 13.1, 8.7, and 4.7 respectively). PapilinS was also
slightly enriched, although to a much lesser degree (~2.5 fold, Figure 3A-C). Together,
this suggests that additional matrix components enrich at the utse-seam B-LINK and

could have roles in BM-BM linkage.

Imaged (B, C)
l Lateral B-LINK Gonad

BEB Mid Mﬂ-h Imrus
;l | «Bmm Egg-Laying
72

315 38 40 42 5 46

al-type IV Collagen::mNG

Developmental Stage (Hours Post-Hatch at 20°C
- 9e (Ho ) y-laminin: mNG

144
124

104 e mNG::fibulin-1

84

44 2
) .

0

Intensity at the B-LINK

............................ perlecan:mNG

FI N i ; £
N N N N N NS ——  ———
x\(‘b iq’v«,“e \"é“\o o‘f’\ \c’b\:@‘\ R 4 - -
@5\(\%@0“\0\@\6 N
» & &
R

°&° @\‘\\ papilinS::mNG

o
¢ o° Q8
FEEE T EEE
N N
X <3 —
& & P

Matrix Component

Fold Enrichment of Fluorescence

Figure 3: Perlecan, fibulin-1, and type IV collagen are enriched at the B-LINK.
(A) A diagram showing the timing of imaging. (B) The quantification of fold

23



enrichment of matrix component fluorescence intensity at the B-LINK compared to
the gonadal BM at the young adult stage (n =10 each). Agrin is not shown as it was
undetectable at the B-LINK and in the gonadal BM (n =10 each). ***P < 0.0001, **P <
0.001, *P < 0.01, unpaired two-tailed Student’s t-test comparing B-LINK signal to two
times the gonad signal (to account for double BM at the B-LINK). Error bars represent
standard error of the mean. (C) Fluorescence images of enriched matrix components
and a representative non-enriched component (g-laminin::mNG) at the young adult
stage at the B-LINK and in the gonadal BM. Yellow arrowheads indicate location of
fluorescence intensity measurements. White arrowhead indicates al-type IV collagen
localized in the muscle endoplasmic reticulum where it is assembled. Scale bars 10

pm.

2.2.3 B-LINK matrix components resist mechanical forces during egg-
laying

The neural circuit that controls egg-laying is established during the L4 stage, and
vulval muscle calcium transients suggest muscle activity may generate forces on the B-
LINK at this time (Ravi et al., 2018). However, it is not until the young adult stage (~48 h
post-hatch) that neuronal signals trigger regular intervals of egg-laying muscle
contractions followed egg explusion from the uterus (Schafer, 2006). Loss of hemicentin
or other B-LINK components can result in utse-seam B-LINK failure after egg-laying
begins, causing the rupture (Rup) phenotype where the worm’s internal organs extrude
through the vulva (Morrissey et al., 2014; Vogel and Hedgecock, 2001). However,
whether egg-laying and muscle contractions are directly responsible for the Rup
phenotype has not been determined. To test this, I used a strain with optogenetically
inducible muscle contraction, achieved through expression of the ultraviolet light
receptor LITE-1 in body wall and egg-laying muscles (Edwards et al., 2008). Expression
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of LITE-1 is thought to increase calcium levels and trigger muscle contraction (Edwards
et al., 2008). I placed this strain on hemicentin RNAi at the L1 stage (immediately post-
hatch) and exposed worms to blue light after 60 h (soon after egg-laying onset) to induce
powerful, extended muscle contraction and subsequent egg-laying. I found that light-
induced muscle contraction caused the Rup phenotype in 76% of RNAI treated animals
(n =68/90) compared to 3% of controls (n = 3/90) (Figure 4, Video S2, Video S3, RNAi
knockdown Table 1). These observations indicate that the utse-seam B-LINK helps the

reproductive tissues resist the high mechanical stress of muscle contractions and egg-

laying.
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expressing the ultraviolet light receptor LITE-1 in body wall and egg-laying muscles
(lite-1(ce314); cels37 (myo-3p::lite-1 + myo-3p::GFP)) were plated on control (T444T
empty vector) and hemicentin (him-4) RNAi and after 60 h were exposed to 488 nm
light for 7 s to induce muscle contractions that forced egg-laying. Images show worms
both pre- and post-contraction. Regions of the animals in the red box are magnified in
the insert to show egg-lay and rupture (control rupture: 3%, n = 3/90; hemicentin RNAi
knockdown rupture: 76%, n = 68/90). Images are stills from supplemental videos S2
(control RNAi) and S3 (hemicentin RNAi). (C) A schematic model of utse-seam B-
LINK rupture upon loss of hemicentin. Main scale bar in (B) 100 um, insert scale bar
50 pum.

Table 1: L1 RNAi knockdown efficiencies

Gene? Genotype/Treatment Time on RNAI % Knockdown® ne

Imaged at Mid-L4

al-type IV collagen emb-9 (RNAI) 39h NA NA
hemicentin him-4 (RNAI) 39h 100% 10
perlecan unc-52 (RNAI) 39h 55% 10
fibulin-1 fbl-1 (RNAI) 39h 67% 10

Imaged at Late-L4

al-type IV collagen emb-9 (RNAI) 43 h 66% 10
hemicentin him-4 (RNAI) 43 h 100% 10
perlecan unc-52 (RNAI) 43 h 67% 10
fibulin-1 fbl-1 (RNAI) 43 h 69% 10
Imaged at YA

al-type IV collagen emb-9 (RNAI) 48 h 62% 10
hemicentin him-4 (RNAI) 48 h 100% 10
perlecan unc-52 (RNAI) 48 h 78% 10
fibulin-1 fbl-1 (RNAI) 48 h 69% 10
ADAMTS9/20 gon-1 (RNAI) 48 h 75% 10
hemicentin him-4 and fbl-1 (RNAI) 48 h 100% 10
fibulin-1 him-4 and fbl-1 (RNAI) 48 h 75% 10

* All RNAi was completed using endogenous fluorophore tagged lines (a1-type IV collagen::mRuby2,
hemicentin::mNG, perlecan::mNG) with the exception of fibulin RNAI, which was completed in a strain with a null
mutation in /in-35 [mNG:fibulin; /lin-35(n745)], which improved RNAI efficiency. YA, young adult.

® Knockdown was calculated by taking the mean fluorescence intensity of a 3-pixel wide line drawn through the left
side of the B-LINK (See Methods). Box plots with knockdown efficency data are shown in Fig. S4. NA, not
applicable (component was not present in controls or RNAI conditions at given timepoint). 100% indicates signal
was undetectable after RNAi knockdown.

¢Number of animals scored per condition. NA, not applicable
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I next wanted to determine if other BM components, particularly those enriched
at the B-LINK, are functionally required for BM-BM linkage. To test this, I used mutants
and RNAi knockdown to assess if BM component loss resulted in the Rup phenotype
(Table 2). RNAi feeding was started at the L1 stage (immediately post-hatch) and
animals were observed each day for the Rup phenotype until 120 h post-hatch (past egg-
laying peak). Loss of type IV collagen, papilinS, and fibuilin-1, which were identified in
the visual screen, as well as laminin, caused rupture. Notably, the frequency of rupture
upon loss of fibulin-1 was low, likely as fibulin-1 loss sharply reduces fertility and thus
egg-laying (Muriel et al., 2005; Hesselson et al., 2004). Additionally, depletion of
perlecan, which was also identified in the visual screen, did not cause rupture. This is
likely due to the RNAi causing full muscle paralysis as perlecan helps anchor muscle

attachments (Rogalski et al., 1995).
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Table 2: Rupture screening of basement membrane matrix components

Gene? Genotype/Treatment % Ruptured® | n¢ | p-value®
Mutant
control N2 0% 222 NA
agrin agr-1(oxTi4) 0% 76 NS
nidogen nid-1(cg119) 0% 93 NS
type XVIII collagen cle-1(cg120) 0% 58 NS
perlecan unc-52(e998) 0% 21 NS
fibulin-1 fbl-1(hd42) 20% 20 | 0.0001
L1 RNAi
control L4440 (RNAI) 3% 151 NA
agrin agr-1(RNAI) 0% 206 NS
nidogen nid-1(RNAI) 0% 200 NS
spondin spon-1(RNAI) 0% 241 NS
type XVIII collagen cle-1(RNAI) 0% 187 NS
perlecan unc-52(RNAI) 0% 198 NS
fibulin-1 fbl-1(RNAI) 17% 169 | 0.001
papilin mig-6 (RNAI) 39% 158 | 0.0001
y-laminin lam-2 (RNAI) 38% 149 | 0.0001
al-type IV collagen emb-9 (RNAI) 84% 147 | 0.0001
hemicentin him-4 (RNAI) 93% 152 | 0.0001
ADAMTS9/20 gon-1 (RNAI) 38% 207 | 0.0001
L3 RNAi
control L4440 (RNAI) 2% 66 NA
hemicentin him-4 (RNAI) 97% 34 | 0.0001
al-type IV collagen emb-9 (RNAI) 97% 146 | 0.0001
papilin mig-6 (RNAI) 2% 85 NS
y-laminin lam-2 (RNAI) 3% 130 NS
fibulin-1 bl-1(RNAI) 9% 188 0.05
perlecan unc-52(RNAI) 0% 133 NS

*All RNAi was completed using a whole body RNAI sensitized strain (y-laminin::mNG; rrf-3) with the exception
of fibulin RNAI, which was completed in a strain with a null mutation in /in-35 [lin-35(n745)], which improved
RNAI efficiency.

® Ruptures were visually scored at least once every 24 h for 120 h post plating (See Methods).

<Number of animals scored per condition.
¢P-values were calculated used Fisher's Exact Tests. Conditions were compared to corresponding empty
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As type IV collagen, papilinS, and laminin are present in most C. elegans BMs,
their loss might cause general BM defects that could lead to rupture (Gordon et al., 2019;
Kawano et al., 2009; Keeley et al., 2020). To test if the Rup phenotype for these
components was the result of a B-LINK specific defect, I initiated RNAi knockdown at
the L3 stage, ~10 h before the development of the B-LINK (~30 h post-hatch). I reasoned
that this late larval RN Ai should reduce the later assembly of matrix components at the
B-LINK but minimize depletion of components in the already assembled gonadal and
seam cell BMs. RNAi against hemicentin, which specifically localizes to the B-LINK and
is present at low or undetectable levels in the gonadal and seam cell BMs, was used as a
positive control. L3-initiated loss of hemicentin and type IV collagen produced a robust
Rup phenotype (Table 2). Importantly, L3 initiated RNAi significantly decreased
hemicentin and type IV collagen levels at the B-LINK (~100% and 85%, respectively,
Table 3), but type IV collagen gonadal BM levels were only slightly reduced (~30%,
Table 3), strongly suggesting the Rup phenotype for these components is due to a B-
LINK role. In contrast, L3 RNAi mediated loss of laminin and papilin did not cause
rupture, suggesting that the L1 RNAi Rup phenotype resulted from defects in BM and
not a B-LINK role. Consistent with this, loss of laminin and papilinS cause dramatic

perturbations in gonadal BM assembly (Keeley et al., 2020; Jayadev et al., 2019).
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Table 3: L3 RNAi knockdown efficiencies

Gene? Genotype/Treatment | Time on RNAi % Knockdown® n°
B-LINK
al-type IV collagen emb-9 (RNAI) 91h 87% 10
hemicentin him-4 (RNAI) 91h 100% 10
fibulin-1 fbl-1(RNAI) 91h 53% 10
ADAMTS9/20 gon-1(RNAI) 24 h 60% 10
Gonad
al-type IV collagen emb-9 (RNAI) 91h 45% 10

* All RNAi was completed using endogenous fluorophore tagged lines (a1-type IV collagen::mRuby2,
hemicentin:mNG, perlecan::mNG) with the exception of fibulin RNAI, which was completed in a strain with a null
mutation in /in-35 [MNG::fibulin; /in-35(n745)], which improved RNAI efficiency.

® Knockdown was calculated by taking the mean fluorescence intensity of a 3-pixel wide line drawn through the left
side of the B-LINK (See Methods). Box plots with knockdown efficency data are shown in Fig. S4. 100% indicates
signal was undetectable after RNAi knockdown.

<Number of animals scored per condition.
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To further test if type IV collagen and fibulin-1 are functionally required for the
B-LINK, I completed optogenetic experiments on animals treated with type IV collagen
or fibulin-1 RNAi and found that light-induced muscle contraction and egg-laying led to
the Rup phenotype in both conditions (control RNAi, 2% rupture, n = 2/90; type IV
collagen RNAIi, 92% rupture, n = 85/92; fibulin-1 RNAi, 26% rupture, n = 23/90). I
conclude that hemicentin, type IV collagen, and fibulin-1 (and possibly perlecan) are
components of the utse-seam B-LINK and are functionally required to resist the physical

stress of egg-laying.
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2.2.4 Hemicentin and fibulin-1 reach maximal levels prior to type IV
collagen and perlecan

To investigate the roles of matrix components in B-LINK formation and function,
I first examined their appearance and levels throughout B-LINK development. I found
that B-LINK matrix components are undetectable or only beginning to be deposited at
the mid-L4 stage (fibulin-1 and perlecan, 10/10; hemicentin, 5/10; type IV collagen, 0/10;
Figure 4A-B). Component levels increased through the late-L4 and there was a robust
buildup by the young adult stage. Interestingly, while hemicentin and fibulin-1 reached
their maximal levels at egg-laying onset, type IV collagen and perlecan continued to
enrich into the time of peak egg-laying (Figure 5A-B). We also assessed these component
levels at the anchor cell B-LINK and found hemicentin was the only one specifically
enriched beneath the anchor cell (Figure 6), indicating the utse-seam B-LINK has a more
complex matrix composition. As these strains are endogenously tagged with the same
mNG fluorophore, we next compared levels at the utse-seam B-LINK. In adult animals
(~72-96 h post hatch, peak egg-laying) type IV collagen and perlecan levels were ~10-fold
higher than hemicentin and ~3-fold higher than fibulin-1 (Figure 5C). These findings
suggest hemicentin and fibulin-1 might play an earlier role in B-LINK formation, while
type IV collagen and perlecan may function later in stabilizing the B-LINK during

adulthood when there is higher mechanical strain from egg-laying.
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Figure 5: B-LINK levels of hemicentin and fibulin-1 peak earlier than type IV
collagen and perlecan. (A) A schematic delineating the timing of imaging of utse-
seam B-LINK matrix components in (B). (B) (top) Fluorescence images of endogenous
al-type IV collagen::mRuby?2, perlecan::mNG, hemicentin::mNG and mNG::fibulin-1
at the B-LINK (white arrowheads) from mid-L4 to peak egg-laying in the adult (n =10
each). Yellow arrowheads indicate perlecan signal in the vulval muscle attachment
sites below the ends of the B-LINK. (bottom) Quantification of mean florescence
intensity of each B-LINK matrix component at each timepoint as a percentage of the
final mean fluorescence intensity of that component in the peak egg-laying adult. (n =
10 all stages). (C) Quantification of fluorescence intensity of all endogenously mNG
tagged utse-seam B-LINK matrix components (imaged at the same exposure to
compare levels). Error bars in graphs represent standard error of the mean. Scale bar
10 um. A.U,, arbitrary units.
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Figure 6: Utse-seam B-LINK components at the anchor cell B-LINK. (A) A
schematic diagram indicating when imaging was conducted. (B) Florescence images
(Ieft) and corresponding differential interference contrast (DIC) image (right) of
hemicentin:mNG, mNG::fibulin-1, al-type IV Collagen::mRuby?2, and perlecan:mNG
underneath the anchor cell (yellow arrowhead) when a B-LINK connects the uterine
and epidermal BMs. Hemicentin is enriched underneath the anchor cell (yellow
arrowhead) compared to the neighboring BM (white arrowhead), while other matrix

components are not enriched. White arrows indicate the anchor cell in DIC images.
Scale bar 5 pm.

2.2.5 Type IV collagen and perlecan are highly stable at the B-LINK,
while hemicentin and fibulin-1 are more dynamic

To gain further insight into the roles of different matrix proteins in BM-BM
linkage, I assessed the stability of type IV collagen, perlecan, fibulin-1, and hemicentin at

the B-LINK by performing fluorescence recovery after photobleaching (FRAP) at the
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young adult stage (see Methods). After photobleaching, fibulin-1 and hemicentin
recovered ~50% or more of their original fluorescence intensity after 30 min. In contrast,
type IV collagen and perlecan exhibited negligible recovery (Figure 7A-D). We explored
type IV collagen dynamics further and found that type IV collagen recovered only ~40%
of its original fluorescence six h after photobleaching (Figure 7E). This suggests that type
IV collagen and perlecan are scaffolding components that stably link the utse-seam BMs
together throughout adulthood, while the more dynamic hemicentin and fibulin-1 may

play distinct dynamic structural roles and possibly regulatory functions at the B-LINK.
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Figure 7: Type IV collagen and perlecan are highly stable at the utse-seam B-
LINK, hemicentin and fibulin-1 are dynamic. (A) A schematic showing the timing of
photobleaching and imaging. (B) Fluorescence images of al-type IV collagen:mNG,
perlecan:mNG, hemicentin::mNG, and mNG::fibulin-1 before photobleaching,
immediately after photobleaching, and 32 min post photobleaching in young adult
animals. Dotted white box indicates bleached region. White arrowheads indicate al-
type IV collagen::mNG and perlecan::mNG in the body wall muscle. (C) A line graph
showing the fluorescence recovery of each component in the young adult B-LINK
over 32 min (n = 3 each). Dashed lines represent the minimum and maximum values
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for each matrix component. (D) Bar graph shows the mean percent recovery of each
component after 32 min. All components were compared with al-type IV collagen. ***
P <0.001, * P < 0.01, one-way ANOVA followed by post hoc Dunnet’s test, NS non-
significant. (E) Fluorescence images of al-type IV collagen::mNG, before
photobleaching, immediately after photobleaching, and six h post photobleaching in
adult animals (46 +/- 10% recovery, n = 3). Dotted white box indicates bleached region.
Scale bars 10 um.

2.2.6 The utse contributes hemicentin to the utse-seam B-LINK

Most C. elegans BM components are secreted from body wall muscle into the
extracellular fluid and then assembled on different tissues (Clay and Sherwood, 2015).
Interestingly, hemicentin is expressed by the utse (Morrissey et al., 2014; Vogel and
Hedgecock, 2001), suggesting that hemicentin, and possibly other B-LINK matrix
components, could be contributed locally. To test this, I performed L1 RNAi targeting
hemicentin, type IV collagen, fibulin-1, and perlecan using a strain where only the
uterine tissue is sensitized to RNAi and scored for the Rup phenotype. I found that only
utse-specific loss of hemicentin caused rupture, indicating that the utse contributes
hemicentin to support the utse-seam B-LINK (Table 4). We also tested whether the seam
cell contributes B-LINK components, but seam cell-specific RNAi did not cause any
ruptures (Table 4). I conclude that hemicentin is provided by the utse, while type IV

collagen, fibulin-1 and perlecan are likely recruited from the extracellular fluid.
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Table 4: Uterine-specific and hypodermal-specific rupture screening of
basement membrane matrix components

Gene® Genotype/Treatment % Ruptured®| n° | p-value
L1 Uterine
Specific RNAi*
control L4440 (RNAI) 1% 109 NA
hemicentin him-4 (RNAI) 80% 79 0.0001
al-type IV collagen emb-9 (RNAI) 1% 85 NS
papilin mig-6 (RNAI) 3% 342 NS
y-laminin lam-2 (RNAI) 2% 86 NS
fibulin-1 fbl-1(RNAI) 1% 92 NS
perlecan unc-52 (RNAI) 1% 116 NS

L1 Hypodermal
Specific RNAI*

control L4440 (RNAI) 0% 164 NA
hemicentin him-4 (RNAI) 0% 155 NS
al-type IV collagen emb-9 (RNAI) 0% 178 NS
papilin mig-6 (RNAI) 0% 172 NS
perlecan unc-52(RNAI) 0% 160 NS

* Uterine specific RNAi was completed using a uterine specific RNAI strain (see Table S7). Hypodermal specific
RNAI was completed using a hypodermal specific RNAI strain (see Table S7).

®Ruptures were visually scored at least once every 24 h for 120 h post plating (See Methods).

¢Number of animals scored per condition.

¢P-values were calculated used Fisher's Exact Tests. Conditions were compared to corresponding empty
vector controls. NS, not significant. NA, not applicable.
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2.2.7 Hemicentin is required for assembly of other B-LINK matrix
components

The local production of hemicentin at the B-LINK suggested it might have an
organizational role. Consistent with this idea, hemicentin has previously been reported

to promote fibulin-1 assembly (Muriel et al., 2005). To confirm hemicentin’s role in
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fibulin-1 assembly and determine whether assembly of type IV collagen and perlecan
might also depend on hemicentin, I examined their levels at the utse-seam B-LINK at the
young adult stage (48 h post-hatch) after loss of hemicentin (L1-mediated RNAi, 100%
knockdown, Table 1). Consistent with a crucial organizational role at the B-LINK,
hemicentin was required for the robust assembly of type IV collagen, fibulin-1, and
perlecan (Figure 8). In addition, loss of each of these components caused a reciprocal
increase in hemicentin, suggesting feedback between hemicentin and other B-LINK
components (Figure 9). Fibulin-1 loss caused minimal changes in other B-LINK
components, while type IV collagen loss caused a modest reduction of fibulin-1, but a
significant decrease in perlecan (Figure 10). These experiments suggest that hemicentin
plays a crucial role in the assembly of other B-LINK matrix components, and that there

is feedback between hemicentin and other B-LINK components.
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Figure 8: Utse-seam B-LINK matrix component assembly is dependent on
hemicentin. (A) A diagram outlining timing of RNAi and imaging of utse-seam B-
LINK matrix components. (B) (top) Fluorescence images of al-type IV
collagen:: mRuby2, mNG::fibulin-1, and perlecan::mNG on control (T444T empty
vector, n = 10 each) and hemicentin (him-4, n =10 each) RNAI. (below) Mean
fluorescence intensity of each component quantified. ****P < 0.0001, one-way ANOVA
followed by post hoc Dunnet’s test. Box edges in boxplots depict the 25t and 75t
percentiles, the line in the box indicates the median value, and whiskers mark the
minimum and maximum values. Scale bar 10 um. A.U., arbitrary units. (C) A model of
component recruitment to the utse-seam B-LINK. See Figure 9-10 for further details.
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Figure 9: Dynamic feedback between hemicentin and other B-LINK matrix
components. (A) A schematic figure showing the timing of RNAi treatment and
hemicentin: mNG imaging. (B) (left) Lateral view fluorescence images of
hemicentin::mNG on control (empty vector, n = 10), al-type IV collagen, perlecan, and
fibulin-1 RNAIi (n =10 each). (right) Mean fluorescence intensity measurements of
hemicentin on each RNAi. ****P < 0.0001, ** P < 0.01, *P < 0.05, one-way ANOVA
followed by post hoc Dunnet’s test, unpaired two-tailed Student’s t-test for fibulin-1
RNAIi. Box edges in boxplots depict the 25t and 75" percentiles, the line in the box
indicates the median value, and whiskers mark the minimum and maximum values.
Scale bar 10 um. A.U., arbitrary units. (C) A model of matrix interactions that dictate
their composition at the utse-seam B-LINK. Also shown in Figure 8D.

40



A B al-ype IV collagen recruitment to the B-LINK

at-type IV aldype IV
Placed lin-35(n745)
on RNA- Imaged 5 600 5 800
[ < <
£ 2 600:
wa Widto ,_m “Adult, Onset g 40 §
“En“”"" E £ 400
8 8
315 3 40 425 44 s 72 2 200 g
200-
Developmental Stage (Hours Post-Hatch at 20°C) § §
o o
S
o £
S &
& &
G &
o & & &
»‘?«"’ & & & Sl
& fa
N"*q.
°
C fibulin-1 recruitment to the B-LINK D perlecan recruitment to the B-LINK

mNG::fibulin-1 mNG:fibulin-1; lin-35(n745)
perlecan:mNG  perlecan::mNG; lin-35(n745)

S 2000

e 2
8 8
s 3

g

600 §3

3
3
3

Fluorescence Intensity (A.U.)
a
8

Fluorescence Intensity (A.U.)
Fluorescence Intensity (A.U.)

Fluorescence Intensity (A.|

Figure 10: Dependency of B-LINK matrix components on each other at the B-
LINK. (A) A schematic diagram showing the timing of RNAi knockdown and
analysis of utse-seam B-LINK matrix component levels. (B-D) Mean fluorescence
intensity of B-LINK matrix components al-type IV collagen::mRuby2, mNG::fibulin-
1, and perlecan::mNG on control (L4440/T444T empty vectors) and corresponding B-
LINK matrix component RNAI. The role of hemicentin in recruiting other B-LINK
matrix components is shown in Figure 8 and Figure 9. lin-35(n745) was used for
fibulin-1 RNAI to sensitize worms for more efficient knockdown. Box edges in
boxplots depict the 25 and 75" percentiles, the line in the box indicates the median
value, and whiskers mark the minimum and maximum values. ****P < 0.0001, *P <

0.05, one-way ANOVA followed by post hoc Dunnet’s test, unpaired two-tailed t-test
for fibulin-1 RNAi. A.U., arbitrary units.

2.2.8 Hemicentin and fibulin-1 facilitate initial B-LINK formation and
type IV collagen is required for maintenance during egg-laying

Peak levels of hemicentin and fibulin-1 occur earlier at the B-LINK than the later
accumulation of type IV collagen and perlecan. To test if this signifies temporal roles in
B-LINK formation and maintenance, I knocked down each B-LINK component using L1
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RNAi and imaged the utse and seam cells at the mid-L4, late-L4, and adult onset of egg-
laying stages (Table 1). Defects in the B-LINK were indicated by a lack of contact
between the utse and seam cells (utse-seam gaps). Fibulin-1 loss caused the most
penetrant early defect at the mid-L4 stage, indicating fibulin-1 has the earliest role at the
utse-seam B-LINK (Figure 11A-C). Importantly, contact between the utse and seam at
the early-L4 stage was unimpaired after fibulin-1 loss (10/10 animals), suggesting
fibulin-1 loss does not alter the initial utse and seam cell contact. We found loss of
hemicentin also caused an early B-LINK defect, with the utse occasionally pulling off
from the seam at the mid-L4, but more significantly by the late-L4 (Figure 11B-C).
Mirroring these temporal functions, fibulin-1 deposition was consistently present at the
mid-L4 (Figure 5B; 10/10 animals), while hemicentin was not (Figure 5B; 5/10 animals).
Knockdown of hemicentin did not severely affect early fibulin-1 deposition (~20%
tibulin-1 reduction, Figure 11D), although fibulin-1 became reliant on hemicentin by the
late-L4 (Figure 11D). These data indicate that fibulin-1 has an early hemicentin-
independent role in mediating utse-seam B-LINK formation, but by the late L4 becomes
dependent on hemicentin. Notably, the combined loss of hemicentin and fibulin via
double RNAI treatment caused a B-LINK defect at the late L4 more severe than loss of
either one alone, suggesting that hemicentin and fibulin have at least partially
independent functions (Figure 11B-C). Loss of type IV collagen did not affect the utse-

seam B-LINK through the L4 stage (Figure 11B-C), and only caused utse-seam
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separation in the adult at egg-laying onset (Figure 11B-C). These results strongly suggest
that type IV collagen strengthens the B-LINK so that it can withstand higher mechanical
forces during egg-laying. Perlecan RNAi did not cause utse-seam separation at any
timepoint (Figure 11B-C), likely because its loss led to complete paralysis and the

absence of mechanical stress on the B-LINK.
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error of the mean. (C) Ventral fluorescence images of the utse (magenta) and seam
cells (green) at stages shown on control (L4440/T444T empty vectors, n = 10 each) and
after RNAi-mediated reduction of B-LINK matrix components (n =10 each). Regions
where the utse has pulled away from the seam (utse-seam gaps) indicating defects in
the B-LINK are highlighted with white dotted lines. (D) (left) Fluorescence images of
mNG::fibulin-1 on control (T444T empty vector, n = 10 each) and hemicentin (him-4, n
=10 each) RNAIi at the mid-L4 and late-L4 stages. (right) Quantification of mean
fluorescence intensity at each stage on both control and hemicentin RNAi. Box edges
in boxplots depict the 25t and 75' percentiles, the line in the box indicates the median
value, and whiskers mark the minimum and maximum values. ****P < 0.0001, *P < 0.01
unpaired two-tailed Student’s t-test. Scale bars 10 pm. A.U., arbitrary units.

2.2.9 Hemicentin and fibulin-1 have early roles in B-LINK formation,
but not maintenance

I next examined the role of hemicentin, fibulin-1 and type IV collagen during B-
LINK maintenance. I first assessed hemicentin by initiating RN Ai-knockdown at the
early-L4 (~5 h before B-LINK formation), the mid-L4 (the start of B-LINK formation), the
mid-to-late-L4 (~5 h after B-LINK starts to form), or the young adult stage (~10 h after B-
LINK starts to form) and scoring for the Rup phenotype (Figure 12A, Table 5).
Knockdown of hemicentin at the early-L4 or mid-L4 (the start of B-LINK formation)
caused rupture, while knockdown of hemicentin at the young adult stage did not cause
rupture despite a complete loss of detectable hemicentin (Figure 12B; Table 5). This
suggests hemicentin is required during the early stages of utse-seam B-LINK formation,
but not for B-LINK maintenance. To confirm this, we placed animals on hemicentin
RNAI at the young adult stage (48 h post-hatch, ~10 h after B-LINK initiation) and
imaged the utse and seam cells 24 h later (72 h post-hatch, just before peak egg-laying).
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This later RNAi plating did not cause separation of the utse and seam cells, indicating
there was no B-LINK defect (Figure 12C). These results provide compelling evidence
that hemicentin has an early role during utse-seam B-LINK formation, but is dispensable
after the B-LINK is established.

Table 5: L4 RNAi knockdown efficiencies, rupture experiments

Gene?® Genotype/Treatment | Time on RNAI % Knockdown® ne

Early-L4 RNAi (35 h)

al-type IV collagen emb-9 (RNAI) 85h 81% 10
hemicentin him-4 (RNAJ) 85h 100% 10

Mid-L4 RNAI (37.5 h)
al-type IV collagen emb-9 (RNAI) 825h 79% 10
hemicentin him-4 (RNAI) 825h 100% 10
Mid-to-Late-L4 RNAI (40 h)
al-type IV collagen emb-9 (RNAI) 80 h 70% 10
hemicentin him-4 (RNAI) 80h 100% 10

Young Adult RNAi (48 h)

al-type IV collagen emb-9 (RNAI) 72h 63% 10
hemicentin him-4 (RNAI) 72h 100% 10

* All RNAi was completed using endogenous fluorophore tagged lines (a1-type IV collagen::mRuby2, hemicentin::mNG,
perlecan::mNG) with the exception of fibulin RNAI, which was completed in a strain with a null mutation in /in-35
[mNG::fibulin; /in-35(n745)], which improved RNAI efficiency.

® Knockdown was calculated by taking the mean fluorescence intensity of a 3-pixel wide line drawn through the left side of
the B-LINK (See Methods). Box plots with knockdown efficency data are shown in Fig. S4. 100% indicates signal was
undetectable after RNAi knockdown.

<Number of animals scored per condition.
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I next investigated fibulin-1. As fibulin-1 is required for fertility, which affects the
penetrance of the Rup phenotype, I directly examined the utse and seam cells. To

determine if fibulin-1 was required after its early role in B-LINK formation, I placed
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animals on fibulin-1 RNAi at the young adult stage (~10 h after B-LINK initiation) to
assess utse-seam separation 24 h later. RNAi platings at this stage, however, did not
result in sufficient fibulin-1 protein knockdown (Table 6). Thus, RNAi was used to
knock down fibulin-1 at the mid-to-late-L4 stage and the utse and seam cells were
examined 32 h later at the onset of egg-laying. Although RNAi knockdown of fibulin-1
was greater than 50% (Table 6), fibulin-1 loss did not cause utse-seam separation (Figure
12D). In contrast, early loss of fibulin-1 (L1 RN A, also ~50% knockdown, Table 1)
resulted in separation of the utse and seam cells, indicating a B-LINK defect (Figure
12D). These results strongly suggest that like hemicentin, fibulin-1 has a specific early
role in B-LINK formation, but not in maintenance during egg-laying.

Table 6: L4 RNAi knockdown efficiencies, utse-seam imaging

Gene?* Genotype/Treatment | Time on RNAI % Knockdown® n

Mid-to-Late-L4 RNAi (40 h)
fibulin-1 fbl-1 (RNAI) 32h 52% 10

Young Adult RNAi (48 h)

hemicentin him-4 (RNAI) 24 h 100% 10
fibulin-1 fbl-1 (RNAI) 24 h 1% 10
RNAi was using an is fluororphore tagged line (hemicentin::mNG) fibulin RNAi

was completed in a strain with a null mutation in /in-35 [mNG:fibulin; lin-35(n745)], which improved RNAI efficiency.

® Knockdown was calculated by taking the mean fluorescence intensity of a 3-pixel wide line drawn through the left side of
the B-LINK (See Methods). Box plots with knockdown efficency data are shown in Fig. S3. 100% indicates signal was
undetectable after RNAi knockdown.

¢Number of animals scored per condition.
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As type IV collagen appeared to be required for maintenance of the mature B-

LINK, I hypothesized that RNAi knockdown of type IV collagen beginning at the late-L4
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and young adult stages would cause rupture during peak egg-laying. However, no
significant ruptures were observed (late L4, 1/35; young adult, 1/246). I hypothesized
that since type IV collagen is highly stable at the B-LINK, the lack of late ruptures could
be because type IV collagen loss was not significant enough to disrupt the B-LINK. To
test this, I knocked down type IV collagen using L1 RNAi and measured type IV
collagen levels at the B-LINK at rupture onset (~72 h post hatch), thus determining the
threshold collagen levels when the B-LINK begins to fail. I then compared this to type IV
collagen levels after later RNAi platings (Figure 12E-F). Although L4 RNAi platings
caused ~75% knockdown of type IV collagen (at least 60 h on RNAi, Figure 12E), the
remaining type IV collagen levels were > 2-fold higher than type IV collagen levels when
ruptures were first observed (Figure 12F). To allow more time for knockdown, I plated
worms on type IV collagen RNAi at the young adult stage (48 h post-hatch) and scored
for rupture through the adult decline in egg-laying stage (end of day 4 adult) and found
that ruptures were significantly higher than controls at this later timepoint (control 2%,
2/90; type IV collagen RNAi 16%, 14/90; fisher’s exact test P < 0.01). Together, this
indicates that hemicentin and fibulin-1 initiate utse-seam BM-BM attachment, while type
IV collagen is highly stable and functions to maintain the utse-seam B-LINK during the

mechanically active time of egg-laying.
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Figure 12: Hemicentin is not required for later maintenance of the utse-seam B-
LINK. (A) A diagram detailing timing of RNAi and utse-seam connection analysis in
(B-D). (B) The percent of animals ruptured after 120 h on control (T444T empty vector)
or hemicentin RNAI that was started at either the early L4 (control n = 33, hemicentin
n = 26), the mid-L4 (control n = 25, hemicentin n = 40), the late-L4 (control n = 26,
hemicentin n = 48), or the young adult stage (control n = 243, hemicentin n = 127). ***P
< 0.001, **P < 0.01, *P < 0.05, Fisher’s Exact Tests, NS, not significant. (C) Ventral
fluorescence images of the utse (magenta) and seam (green) on hemicentin RNAi
started at either the L1 stage or at the young adult (YA) stage (L1 data shown
previously in Fig. 7 B and C). Regions where the utse has pulled away from the seam
(utse-seam gaps) indicating defects in the B-LINK are highlighted with white dotted
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lines and quantified on the right (n = 10 each). ***P < 0.001, unpaired two-tailed
Student’s t-tests, NS, not significant. (D) Ventral fluorescence images of the utse and
seam on fibulin-1 RNAI started at the L1 stage or at the mid-to-late-L4 stage (L1 data
shown previously in Fig. 7 B and C). Utse-seam gaps (dotted lines) indicating defects
in the B-LINK are quantified on the right (n = 10 each). *P < 0.05, unpaired two-tailed
Student’s t-tests, NS, non-significant. (E) A schematic detailing timing of al-type IV
collagen RNAIi in (F). (F) Quantification of al-type IV collagen::mRuby?2 levels at the
B-LINK when Rup phenotypes began after L1-initiated al-type IV collagen RNAi
compared to al-type IV collagen::mRuby?2 levels at the B-LINK after 120 h on al-type
IV collagen RNAIi started at the early L4 stage. Error bars represent standard error of
the mean. ****P < 0.0001, unpaired two-tailed Student’s t-test. Box edges in boxplots
depict the 25" and 75" percentiles, the line in the box indicates the median value, and
whiskers mark the minimum and maximum values. Scale bars 10 um. A.U,, arbitrary
units.

2.2.10 Hemicentin and fibulin-1 levels dramatically decline at the B-
LINK during egg-laying

As the data showed early roles for fibulin-1 and hemicentin in mediating utse-
seam B-LINK formation and later roles for type IV collagen and perlecan in B-LINK
maintenance, we examined the localization of these components during B-LINK
maintenance. We quantified component levels at the adult peak egg-laying stage (72 h
post-hatch) as well as two later timepoints when egg-laying is gradually declining due
to exhaustion of sperm and germline aging (120 h post-hatch/~day 3 adult and 168 h
post-hatch/~day 4 adult) (Figure 13A) (Kocsisova et al., 2019). Both hemicentin and
fibulin-1 levels significantly decreased throughout adulthood reaching low and, in the
case of hemicentin, nearly undetectable levels (Figure 13B-C). In contrast, perlecan levels
were maintained (n = 10 animals per stage) and type IV collagen increased (n =10 per

stage), consistent with a role in B-LINK maintenance (Figure 13B-C).
50



Imaged (C)

. . 1

| j Adult, Onset | Adult, Peak
L1 S“E \ayi Egg-Laying Adult, Decline in Egg-Laying

Day 1 Aduit Day 2 Adult Day 3 Adult | Day 4 Adult
48 72 96 120

0
Developmental Stage (Hours Post-Hatch at 20°C)
B
23 g3
g& 1 EE
- § — hemicentin gg
0 l 0 fibulin-1
g2 10 2o 10
o E =
) B >
5 53
58 X
£% g%
i3 2%
La
I3 3 c
a° T T T T T T T a©° T T T T T T T
S > S 'S S
R T A T AT g S A 4
N
¥ 7 oS 0@ § 7V oSS 8 SO
o I Cl il < ;&“ X & Ay S ¢ &
& & ¢ K& &£ ¢ S
& & @&@é}\ & & ¢ ¢ &
== 52
5 & 150 3T
b g <% ~— perlecan
E% - ai-type IV collagen A ; g 15
g o 100 : 52
25 22 10
K] kI
) ° B
38 50 g5 5
£% 19
8% 89
Eg g g \J \J J L A L] N L] L] A L]
a o Y T N \:Q\l(\q\l\l\lb b”‘ LN &,\\_&QQ ;?qa §® & é\b
o b > SN 3 § 'y @ & GRS & D'
¥ & P Dty Dy o LN TP NP PN Pt © S
NIE I T P A e &V SEEFEF TS
& *oooéb \»O\e,‘b v* rEY SN & *é@ & 3 Q@"’
« & & & &£ S & & &£ K
0 & SR TS
\QQ \é\‘: \‘f?\bé}\ Ry AL \© \bab
Cc Adult Adult Adult
Peak Egg-Laying Decline in Egg-Laying  Dramatic Decline in Egg-
(~72 h post-hatch) (~120 h post-hatch)  Laying (~168 h post-hatch)
c
0
8%
E i3
)
=
%
g £
Z23 - S -
E2
2% - :
-4 g)-g — ~~—~ I —— ——— —
o=
<8E ——a
5]
c
SO
] Z e~ e~ N —
~
g e e —

Figure 13: Hemicentin and fibulin-1 decline at the utse-seam B-LINK during
egg-laying. (A) A schematic outlining when mNG::fibulin-1, hemicentin::mNG, al-
type IV collagen::mRuby2, and perlecan::mNG were imaged at the utse-seam B-LINK.
(B) Quantification of mean florescence intensity of each B-LINK matrix component
from mid-L4 through adult decline in egg-laying stage as a percentage of the mean
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fluorescence intensity of that component in the onset of egg-laying adult (n =10 all
stages). Mid-L4 through onset of egg-laying data shown previously in Fig. 4 B. Black
arrows indicate fluorescence time points shown in panel (C). (C) Fluorescence images
of hemicentin:mNG, mNG::fibulin-1, al-type IV collagen::mRuby?2, and
perlecan::mNG at the B-LINK at the adult peak egg-laying, adult decline in egg-
laying 120 h/~day 3 adult, and adult decline in egg-laying 168 h/~day 4 adult stages.
Colors are inverted to improve visibility. Scale bars 10 pm. A.U., arbitrary units.

2.2.11 Hemicentin recruits type IV collagen through ADAMTS9/20

Given the critical role of type IV collagen in mediating B-LINK maintenance, I
wanted to determine how hemicentin promotes collagen assembly. Hemicentin is not
known to bind to type IV collagen (Zhang et al., 2021), so I hypothesized that hemicentin
might recruit another protein that mediates collagen assembly. I reasoned that loss of
this protein would result in a similar phenotype to type IV collagen loss and thus
compiled a list of 403 genes using Wormbase (see Methods) whose RNAi knockdown or
genetic loss leads to the Rup phenotype. I focused on 52 genes encoding secreted or
transmembrane proteins and removed genes not likely to be directly involved with
collagen recruitment, such as metabolic transporters, cuticular collagens, and gap
junction components. This filtering process left 11 genes of interest (Table 7). RNAi
mediated reduction of these genes revealed that loss of ADAMTS9/20 (GON-1) led to the
strongest effect on type IV collagen levels —a more than a 50% reduction at the B-LINK
at egg-laying onset (Figure 14A-B). Importantly, ADAMTS9/20:mNG localized to the B-
LINK at the time of type IV collagen recruitment, and its localization was dependent on

hemicentin, but largely not on other BM components, with only a modest dependence
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on type IV collagen (Figure 15C, Figure 14C). Furthermore, loss of ADAMTS9/20
specifically affected collagen recruitment, but not the recruitment of other B-LINK
components (Figure 15C). To examine how ADAMTS9/20 affects type IV collagen
assembly, we used a strain with al-type IV collagen::mRuby2 and performed FRAP
experiments on control and ADAMTS9/20 RNAi treated animals. Animals were plated
on RNAI at the L2 stage as L1 RNAi made the animals prone to rupturing, which
prevented long-term imaging. After photobleaching at the young adult stage (prior to
egg-laying), type IV collagen recovered ~20% of its original fluorescence intensity after 2
h. In contrast, in animals where ADAMTS9/20 was reduced, type IV collagen recovered
only ~9% (Figure 14D). We conclude that ADAMTS9/20 helps mediate hemicentin
dependent assembly of type IV collagen at the B-LINK.

Table 7: Candidate genes from focused genome-wide Rup screen

Gene % Change type |V collagen Type® Wormbase ID
after gene knockdown?
gon-1 -57% RNAI WBGene00001650
C15C6.1 -12% RNAI WBGene00007600
imp-2 -10% RNAI WBGene00011481
clr-1 -5% RNAI WBGene00000548
ser-3 -4% RNAI WBGene00004778
F37B12.1 1% RNAI WBGene00009504
cpd-1 2% RNAI WBGene00019074
ten-1 2% allele WBGene00006498
Irp-1 6% RNAI WBGene00003071
kdin-1 10% RNAI WBGene00006490
F41E71 15% RNAI WBGene00009617

2 Percent change is the percent change of a1-type IV collagen::mRuby2 versus controls on RNAI
for the relevant gene. n=10 each.
® Type indicates whether gene was annotated for Rup phenotype based on RNAI or allele.
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Figure 14: ADAMTS9/20 promotes type IV collagen assembly at the B-LINK.
(A) A diagram showing when animals were photobleached and imaged. (B) (left)
Fluorescence images of al-type IV collagen::mRuby2 on control (L4440 empty vector,
n =10 each) and ADAMTS9/20 (gon-1, n =10 each) RNAI. (right) Mean fluorescence
intensity of each component quantified. ****P < 0.0001, unpaired two-tailed Student’s
t-test. (C) (left) Fluorescence images of ADAMTS9/20::mNG on control (T444T empty
vector, n = 10 each) and hemicentin (him-4, n = 10 each) RNAI. (right) Mean
fluorescence intensity of each component quantified. ****P < 0.0001, unpaired two-
tailed Student’s t-test. (D) (left) Fluorescence images of al-type IV collagen::mRuby2
before photobleaching, immediately after photobleaching, and 2 h post
photobleaching in young adult animals. Images were corrected to account for general
bleaching over the course of the experiment (Methods). Dotted white box indicates
bleached region. (right) A boxplot showing the mean percent recovery of al-type IV
collagen::mRuby?2 in the young adult B-LINK after 2 h (n =11 control, n=8
ADAMTSY9/20 RNAi). Values were normalized to an unbleached region of the B-
LINK to account for general photobleaching. **P < 0.01, unpaired two-tailed Student’s
t-test. Box edges in boxplots depict the 25" and 75% percentiles, the line in the box
indicates the median value, and whiskers mark the minimum and maximum values.
Scale bars 10 um. A.U,, arbitrary units.
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Figure 15: Characterization of ADAMTS9/20 at the B-LINK. (A) Schematic
timeline showing the timing of imaging. (B) (top) Fluorescence images of endogenous
ADAMTS9/20:mNG (GON-1) at the B-LINK (white arrowheads) from mid-L4 to peak
egg-laying in the adult (n = 10 each). (bottom) Quantification of mean florescence
intensity of ADAMTS9/20::mNG at each timepoint as a percentage of the final mean
fluorescence intensity in the peak egg-laying adult. Error bars represent standard
error of the mean (n =10 all stages). Scale bar 10 um. (C) Mean fluorescence intensity
of B-LINK matrix components al-type IV collagen::mRuby2, mNG::fibulin-1,
hemicentin:mNG, perlecan: mNG, and ADAMTS9/20::mNG on control (L4440/T444T
empty vectors) and corresponding B-LINK matrix component RNAI. lin-35(n745) was
used for fibulin-1 RNAI to sensitize worms for more efficient knockdown. Box edges
in boxplots depict the 25t and 75t percentiles, the line in the box indicates the median
value, and whiskers mark the minimum and maximum values. ****P < 0.0001, *P <
0.05, one-way ANOVA followed by post hoc Dunnet’s test, unpaired two-tailed t-test

for fibulin-1 RNAi. A.U., arbitrary units.
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2.3 Discussion

Basement membranes (BMs) enwrap and separate most tissues, allowing them to
slide along each other (Brown, 2011). However, at specific locations, including the lung
alveoli, kidney glomeruli, and astrocytes in the blood-brain barrier, adjacent tissues link
their BMs to stabilize tissues and build specialized organs (Keeley and Sherwood, 2019).
Due to the challenge of dissecting complex tissue interactions, the mechanisms that
mediate BM-BM tissue attachment are poorly understood. The Sherwood lab previously
characterized a transient BM-BM linkage (B-LINK) that facilitates anchor cell invasion
through linked uterine and vulval BMs and is composed of the matricellular matrix
protein hemicentin, the matrix receptor integrin, and the cytolinker plakin (Morrissey et
al., 2014). It was also discovered that these proteins are part of a stable B-LINK that
connects the multi-nucleated uterine utse cell to seam epidermal cells for the lifetime of
the animal. This utse-seam BM-BM linkage has been proposed to maintain the uterus
within the animal during egg-laying (Vogel and Hedgecock, 2001) but it was unknown if
it contained additional matrix components to mediate a more robust BM-BM linkage,
and whether it directly functioned to resist the high mechanical stress of egg-laying. In
this work I identified additional B-LINK matrix components and elucidated their role in

BM-BM adhesion (Figure 16).
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Figure 16: A model for assembly and role of different matrix components at
the utse-seam B-LINK.

Using live imaging and endogenous mNeonGreen tagged hemicentin, integrin,
and plakin, I discovered that the B-LINK begins to form at the mid-L4 stage and
enriches in B-LINK components by the young adult stage, just prior to egg-laying. Using
LITE-1 optogenetic stimulation of body wall and egg-laying muscle contractions
(Edwards et al., 2008) on hemicentin depleted animals (weakened utse-seam B-LINK), I
found that egg-laying causes uterine prolapse. These experiments establish that the utse-
seam B-LINK forms prior to egg-laying and functions to resist mechanical forces
associated with muscle contraction and egg-laying.

Through screening and timed RNAi depletion, we discovered the utse-seam B-
LINK has additional matrix components not found at the anchor cell B-LINK including

the matricellular protein fibulin-1, and core BM proteins type IV collagen and perlecan.
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Similar to hemicentin, loss of fibulin-1 and type IV collagen led to uterine prolapse.
Perlecan loss, however, eliminated egg-laying muscle contractions due to its role in
anchoring muscle attachments (Rogalski et al., 1995), thus impeding the determination
of its functional role at the B-LINK. An important strength of this in vivo model is the
ability to perform timed RNAi knockdown through feeding, allowing determination of
temporal roles for matrix proteins. Knockdown of the core BM components type IV
collagen and laminin at the L1 stage dramatically disrupts the gonadal BM by the young
adult stage (Jayadev et al., 2019; Gordon et al., 2019), which leads to the Rup phenotype
due to disruption of the B-LINK’s anchoring BM. By feeding worms at the L3 stage, 1
was able to specifically target the later deposition of collagen between the BMs at the B-
LINK, and leave the gonadal BM intact, as evidenced by modest collagen reduction in
the gonadal BM. This allowed me to establish a functional role for type IV collagen at the
B-LINK and determine that laminin was not functionally required at the B-LINK, as L3
RNAI targeting of laminin did not cause uterine prolapse.

Similar to hemicentin, each newly identified B-LINK matrix component
appeared at the B-LINK between the mid-L4 and the late-L4 stages and enriched into the
young adult stage. I also discovered that hemicentin is contributed to the B-LINK locally
from the utse and plays a key role in promoting the assembly of all other B-LINK matrix
components as the B-LINK matures. Notably, previous transmission electron

microscopy studies have observed electron dense extracellular matrix material localized
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between the utse and seam cell BMs that is lost in hemicentin null mutants (Vogel and
Hedgecock, 2001). These observations are consistent with this material being composed
of hemicentin and other B-LINK matrix components whose assembly hemicentin
promotes. I also found that loss of fibulin-1, type IV collagen and perlecan caused a
reciprocal increase in hemicentin, suggesting feedback mechanisms set the precise levels
of matrix proteins at the B-LINK. It will be interesting in future studies to determine the
mechanisms of feedback and if they involve mechanical load. Close association of
hemicentin with fibulins and collagens have been observed in both C. elegans and
vertebrates (Feitosa et al., 2012; Lin et al., 2020; Muriel et al., 2005). The physical binding
partners of hemicentins, however, are poorly understood (Zhang et al., 2021). Studies in
C. elegans have shown hemicentin promotes the assembly of fibuilin-1 at several
extracellular sites and requires EGF repeats 4 and 5 of fibulin-1, suggestive of a direct
interaction (Muriel et al., 2005, 2012). Our data indicates that hemicentin promotes type
IV collagen assembly through ADAMTS9/20 (GON-1), as GON-1 B-LINK localization
was dependent on hemicentin and its loss reduced type IV collagen assembly. The only
identified substrates of ADAMTS9/20 in vertebrates are aggrecan and versican (Kelwick
et al., 2015), which are not present in C. elegans. This suggests that GON-1 has another
substrate(s) that promotes type IV collagen assembly. Although paradoxical that an
ADAMTS protease promotes B-LINK type IV collagen incorporation, the matrix

metalloproteinase MMP-1 is required for normal type IV collagen assembly in the BM of
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Drosophila embryos and larvae (Stevens and Page-McCaw, 2012; Matsubayashi et al.,
2020). Proteolysis might facilitate type IV collagen incorporation into extracellular
matrices. Finally, we found that perlecan assembly during B-LINK maturation was
dependent on collagen. Perlecan binds type IV collagen (Hohenester and Yurchenco,
2013), suggesting hemicentin may promote perlecan enrichment indirectly through
collagen.

Using timed RNAIi depletion, photobleaching, and quantitative fluorescence
analysis, I also determined distinct properties and temporal requirements for matrix
components at the utse-seam B-LINK (summarized in Figure 16). I found that
hemicentin and fibulin-1 have dynamic associations, with recovery half-lives of less than
thirty min, and reach peak levels prior to egg-laying. In contrast, perlecan and type IV
collagen reach peak levels later during egg-laying. Consistent with their early
deposition, hemicentin and fibulin-1 loss caused B-LINK disruption and utse-seam
splitting at the mid and late L4 stages before type IV collagen levels ramped up.
Although the B-LINK does not resist the mechanical forces of egg-laying at this time,
vulval and possibly uterine muscle contractions appear to occur in the L4 stage (Ravi et
al., 2018), which would place mechanical stress on the B-LINK. Notably, once type IV
collagen began to build up during egg-laying, hemicentin and fibulin-1 were no longer
required to maintain the B-LINK, and their endogenous levels dramatically decreased.

This supports the idea of a specific early role for fibulin-1 and hemicentin in mediating
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the initial stages of BM-BM linkage. It is likely that hemicentin and fibulin-1 have
independent functions in linking the BMs, as loss of fibulin-1 led to defects prior to loss
of hemicentin and the combined loss of hemicentin and fibulin-1 led to a greater defect
in BM-BM linkage than loss of either alone. Consistent with the notion of independent
functions, hemicentin alone promotes BM-BM linkage under the anchor cell (Morrissey
et al.,, 2014), and hemicentin-1 in zebrafish mediates fin fold BM-BM linkage (Carney et
al., 2010). Notably, hemicentin-2 and fibulin-1 also function together in zebrafish to
facilitate a transient somite and epithelial BM-BM connection (Feitosa et al., 2012). These
observations suggest that hemicentin and fibulin-1 function as a dynamic specialized
matrix, each with separate and perhaps some redundant functions that can rapidly
assemble to stabilize BM-BM linkages, withstand modest mechanical forces, and help
promote the assembly of a more stable BM-BM tethering matrix.

In contrast to hemicentin and fibulin-1, I found that type IV collagen and
perlecan are highly stable at the utse-seam B-LINK and enrich to maximal levels after
egg-laying onset. Consistent with this later buildup, type IV collagen depletion only
caused utse-seam B-LINK defects at egg-laying onset, suggesting it functions to bear
high mechanical loads. Supporting this idea, the triple helix of collagen provides
matrices with high tensile strength (Fidler et al., 2018). The role of collagen as a
stabilizing component of BM-BM linkages may be conserved, as in mice and humans the

collagen a3a4a5(IV) trimer localizes between the podocyte and glomerular BMs —fused
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BMs that resist strong hydrostatic pressure during blood filtration (Suleiman et al.,
2013). Mutations in a3a4a5(IV) lead to Alport syndrome, a kidney disease that can
result in kidney failure (Naylor et al., 2020). In Alport syndrome, the glomerular BM
often splits into distinct podocyte and endothelial BMs and it has been unclear why loss
of a3a4a5(IV) collagen leads to BM separation (Naylor et al., 2020; Rumpelt, 1987). Our
results suggest type IV collagen may help stably link the podocyte and endothelial BMs.
Consistent with this idea, the a3a4a5(IV) trimer is thought to have greater mechanical
strength than that of the ubiquitously expressed alala2(IV) trimer (Naylor et al., 2020).
Notably, the collagen a3a4a5(IV) trimer is upregulated during glomerulogenesis and
replaces the alala2(IV) trimer at the time of BM-BM fusion (Abrahamson, 1985;
Abrahamson et al., 2009). Whether this collagen also requires an earlier BM bridging
matrix is unknown. Loss of the two vertebrate hemicentins do not affect the glomerular
BM in mice, however, fibulin-1 is present within the glomerular BM and might mediate
the initial BM-BM connection (Lin et al., 2020; Naylor et al., 2020). The a3a4a5(IV)
trimer is also present in the ear and eye, which are sites of BM-BM linkage that are also
affected in Alport syndrome (Naylor et al., 2020; Keeley and Sherwood, 2019). Thus,
type IV collagen may have a broad and important role in stably maintaining other BM-
BM linkages.

Nearly 20 different BM-BM linkages have been observed that connect diverse

tissues (Keeley and Sherwood, 2019; Gao et al., 2017; Welcker et al., 2021). Although the
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molecular nature of most of these connections remain elusive, the composition and
structure of characterized BM-BM linkages is flexible. For example, the fibulin-
1/hemicentin matrix that connects the pharyngeal and muscle BMs in C. elegans is 7-9 um
long, while the fibulin-1/hemicentin matrix at the utse-seam B-LINK is less than 0.1 pm
(Vogel and Hedgecock, 2001). Matrix composition can also be distinct, as the anchor cell
B-LINK harbors hemicentin, but lacks the fibulin-1, perlecan, and type IV collagen found
at the utse-seam B-LINK. Yet, important commonalities in BM-BM linkages are also
emerging, including the importance of hemicentins and fibulin-1 in C. elegans B-LINKs,
zebrafish fin fold and somite-epidermal BM-BM connections, and in stabilizing fine
interdigitations of tendon at myotendinous junctions (Morrissey et al., 2014; Vogel and
Hedgecock, 2001; Welcker et al., 2021; Muriel et al., 2005; Feitosa et al., 2012; Carney et
al,, 2010; Suleiman et al., 2013). Further commonalties include the role of type IV
collagen in bridging the glomerular BM and utse-seam B-LINK BMs (Suleiman et al.,
2013), where collagen may help resist high mechanical stress. Together, these studies
suggest that BM-BM linkages can be tailored for the unique spatial, temporal and
mechanical needs of tissues. Understanding these linkages is important, as it will not
only increase our knowledge of tissue structure and function, but also inform therapies
to repair BM-BM connections in Alport syndrome and other pathologies affecting these

ubiquitous, yet poorly studied tissue connections.
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3. Elucidating the mechanisms behind basement
membrane stretching

This work was completed in collaboration with two undergraduate students that I

mentored in the lab: Jay Zussman and Sebastian Ochoa (see Chapter 3.4 for details).

3.1 Introduction

Basement membranes (BMs) are thin sheets of extracellular matrix that surround
and structurally support most animal tissues (Pozzi et al., 2017). BMs are primarily
composed of two independent polymeric networks, a laminin meshwork that attaches
BMs to cell surface receptors, and a cross-linked type IV collagen network that provides
BM with its strength (Yurchenco, 2011). Although traditionally viewed as static
scaffoldings, BMs must stretch in many tissues, including blood vessels, the bladder,
and muscle. Yet how BMs stretch and recover to maintain tissue integrity is not well
understood.

BM stretching is particularly important in blood vessels, which must stretch as
vessels expand to withstand pulsatile forces from the blood and then recover to ensure
appropriate blood pressure and directional blood flow (Eble and Niland, 2009; Xu and
Shi, 2014). Highlighting the key role of BM in this process, alterations in BM composition
can lead to a variety of vascular disorders. Knockout mice for the two major type IV
collagen isoforms die during embryonic development because of dilated and ruptured
blood vessels (Poschl et al., 2004; Kuo et al., 2012), suggesting that type IV collagen

provides structural support to stretching tissues while preventing tissue rupture. In
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vertebrates there are six type IV collagen chains, al through a6, that assemble into three
heterotrimers, each composed of an N-terminal 7S domain, a middle collagenous region
of interrupted Gly-X-Y repeats, and a C-terminal NC1 domain (Yurchenco, 2011).
Disease causing mutations are often in the Gly-X-Y region, which is thought to confer
flexible properties, and patients with al and a2 type IV collagen mutations (the isoforms
that compose the predominant vertebrate heterotrimer) present with altered vessel
stiffness including cerebral microbleeds, porencephaly, and hemorrhagic stroke (Kuo et
al,, 2012; Jeanne et al., 2015; Breedveld et al., 2006; Gould et al., 2006; Yao, 2019). Notably,
the position of the mutation within the Gly-X-Y region appears to affect type IV collagen
functionality. C-terminal mutations demonstrate mainly secretion defects while N-
terminal mutations appear to lie in functional subdomains, causing tissue-specific
pathologies (Jeanne and Gould, 2017; Labelle-Dumais et al., 2019). Interestingly, while
promotion of secretion alleviates C-terminal mutation phenotypes, it worsens N-
terminal mutation pathology, suggesting this collagen isn’t functional. Despite the
critical role of BM, it has been challenging to elucidate how they stretch due to a lack of
in vivo models that allow for visualization of BM matrix components, multiple isoforms
of each protein making genetic analysis difficult, and vertebrate tissues that are
inherently complex and difficult to study in their native settings.

C. elegans is an ideal model to study BM stretching as it allows for molecular

perturbations and live-cell imaging. This system is particularly useful as all BM
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components have C. elegans orthologs and smaller gene families. Additionally, our lab
has previously endogenously tagged all major BM matrix components with genetically
encoded fluorophores (Keeley et al., 2020), which allows for visualization of all these
components at endogenous levels in real time, including how they move and change
when the BM stretches. In addition to the general strengths of the worm, C. elegans is
also particularly well suited for studying BM stretching. The C. elegans gonad, which is
responsible for germline development and egg-laying, houses germ stem cells that
develop into sperm and oocytes that are ultimately fertilized in the spermatheca. The
spermatheca, which is encased in BM, expands each time an oocyte enters, and returns
to its original shape as the embryo exits to the uterus after fertilization. Each worm
fertilizes hundreds of eggs in its lifetime, making the spermatheca a powerful model to
study BM stretching. How the BM surrounding the spermatheca stretches to withstand
such changes in tissue structure is unknown.

In this study, I leveraged the strengths of the C. elegans system to investigate the
role of type IV collagen and type IV collagen regulators in the BM’s ability to stretch.
First, we generated a FIJI macro that would allow for efficient measurement of
spermatheca volume and generation of volumetric isosurfaces from fluorescence images.
Using this macro along with live-cell imaging and fluorescence recovery after
photobleaching (FRAP) we found that the spermatheca expands over 4-fold during

ovulation and confirmed that the BM surrounding the spermatheca is stretching during
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the process of ovulation. Additionally, I developed a protocol for using atomic force
microscopy (AFM) to measure the stiffness of the gonadal BM, including the proximal
gonad which houses the spermatheca, which suggests that there could be a stiffness
gradient along the gonad with the proximal gonad being the least stiff. RNAi-mediated
knockdown demonstrated that type IV collagen is a regulator of BM stretching in the
spermatheca with increased type IV collagen levels causing decreased stretching (~20%
lower volume). Finally, through a focused localization screen I identified PXN-1 and
FBL-1 as type IV collagen regulators that are specifically localized to the spermatheca

that could have unique roles in BM stretching.

3.2 Results
3.2.1 The spermatheca is a tissue that expands during ovulation

Within the gonad, a tube-shaped reproductive organ, distal germ stem cells
progress through meiosis as they move proximally and differentiate into sperm and
oocytes that are then fertilized in the spermatheca during ovulation (Figure 17A). Every
20 minutes an individual oocyte enters the spermatheca and is fertilized by sperm, after
which the embryo enters the uterus and eventually exits the animal through the vulva
(Kadandale and Singson, 2004). Each C. elegans can have over 400 ovulations in its
lifetime (Kadandale and Singson, 2004); however, it is not known to what extent the

spermatheca expands during each ovulation. To determine the degree of expansion of
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the spermatheca during ovulation and confirm that the spermatheca is an appropriate
model to study BM stretching, we imaged the spermatheca (visualized with exc-
6p::moesinABD::mCherry) over the course of 2 ovulations using live-cell imaging. We
found that the spermatheca cycles between a resting state (internal lumen empty and
collapsed) and a stretched state (mid-ovulation, when an oocyte/embryo is inside, Figure

17B).

exc-6p::moesinABD::mCh

Resting

Distal gonad —

Stretched

, ~sperm
embryos spermatheca

<—Proximal gonad

Figure 17: The spermatheca exists in two conformations. (A) A schematic of C.
elegans gonad. Germ cells (purple) begin at the distal end of the gonad and move
towards the proximal end of the gonad as they progress through meiosis and
differentiate into oocytes (orange). Oocytes enter the spermatheca (green) where they
are fertilized by sperm and them enter the uterus (blue) as embryos. (B) The
spermatheca (visualized with exc-6p::moesinABD::mCh) in the resting state (no
oocyte/embryo inside) and the stretched state (oocyte/embryo inside). Scale bar 10

pm.

To calculate the volume of the spermatheca in each state, we generated a macro
for FIJI that takes a z-stack of the spermatheca (taken with any spermatheca-specific

marker) and creates a surface. This macro begins by applying several preprocessing
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steps to each image slice (Figure 18): (1) Histogram stretching is applied to the image to
enhance contrast, (2) Gaussian Blur is applied to smooth the edges of the image, (3) the
minimum thresholding method (Prewitt and Mendelsohn, 1966) is used to convert the
image to binary black and white pixels (black represents signal, white represents no
signal), (4) FIJIs fill holes method is applied to fill the inside of the spermatheca. After
this preprocessing, background noise is reduced by removing any region of signal with
an area less than 5% of the total area of black pixels in the slice. Finally, gaps on either
side of the spermatheca are closed. Slices that require gap closure are identified by
comparing the area of black pixels in each slice to that of the previous slice. Slices with
gaps will have a substantially lower area as the inside of the spermatheca will not have
been filled (set to black) by the “fill holes” method. Once identified, the inside of
spermatheca in these slices is filled as follows (Figure 19): (1) fitting a convex hull to the
existing black pixels, (2) selecting any pixel that is not black and within the convex hull,
(3) excluding from this selection any pixel that is not black in the previous slice, (4)
setting the resulting pixels to black. With the gaps closed and all points within the
spermatheca filled, FIJI can calculate the volume of the black regions. The processed
stack can also be imported into Imaris for surface generation. This program allows for
surface creation and volume calculation at a much faster rate than manual surface

creation using Imaris software.
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Figure 18: A FIJI macro to convert a spermatheca z-stack into a binary surface
for automatic volume calculation. (A) A single representative slice from a z-stack of
the spermatheca before any processing is done. (B) The slice from (A) after histogram
stretching is applied to enhance image contrast. (C) Gaussian blur is applied to the
slice from (B) to smooth the edges of the image and make it more amenable to
thresholding. (D) The slice from (C) then undergoes the minimum thresholding
method which converts the slice into a binary black and white image. (E) The final
preprocessing step uses FIJI's fill holes command to fill any empty space within the

spermatheca.

Total Combined ROI Convex Hull

D

AND Complete Previous Slice

v

Selected Pixels to be Altered

Figure 19: A method for filling binary image slices that have gaps in signal due
to the spermatheca-uterine (sp-ut) valve. (A) A representative slice of a spermatheca z-
stack that has undergone preprocessing. Red arrow indicates a gap in signal caused by

71



opening of the spermatheca-uterine (sp-ut) valve which is often slightly dilated
during ovulation. Slices with signal gaps such as this one cannot be filled using FIJI's
fill holes command and must go through additional processing steps. (B) In order to
process these slices, a convex hull (red line) is fitted around the shape. (C) The XOR
command is used to select every pixel that is within the ROI (A) or the convex hull
(B). Selection shown in gray. Red arrows indicate selected regions outside of the
spermatheca area that will need to be removed from the selection before filling. (D) A
representation of the slice immediately above the slice with the gap we are filling.
This slice will always be filled as it will either be filled naturally (the uppermost z-
slices will not capture the valve and will not have gaps) or the gap closing protocol
will have already been run on this slice. (E) To remove the selections outside of the
spermatheca (red arrows in (C)) we select only pixels that are in both the selection in
(C) and the previous slices in (D). These selected pixels (shown in gray) can then be
filled with black to fill the slice.

Using this program, we created volumetric isosurfaces of the spermatheca in
both the resting and stretched state and measured the volume of the spermatheca. We
found that spermatheca volume increases 4-fold during ovulation (Figure 20). Notably,
we did observe some folding of the spermatheca; however, this folding was not
sufficient to fully account for the 4-fold increase in volume. Together, this data suggests
that the spermatheca is a dynamic tissue that expands and recovers repeatedly

throughout the lifetime of the animal.
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Figure 20: The volume of the spermatheca increases during ovulation. (A) (top)
3D projections of the spermatheca in the resting and stretched state. (middle) Binary
surfaces of each 3D projection created through preprocessing steps described in
Figure 18 and 19. (bottom) 3D isosurfaces generated in Imaris from the binary FIJI
surfaces. (B) Volume of spermatheca in the resting (n = 5) and stretched (n = 4) state
calculated using automatic surface creation. ****P < 0.0001, unpaired two-tailed
Student’s t-test. Box edges in boxplots depict the 25 and 75" percentiles, the line in
the box indicates the median value, and whiskers mark the minimum and maximum
values. Scale bars 10 um.

3.2.2 The BM surrounding the spermatheca stretches as the tissue
expands

The spermatheca is encased in a BM that must accommodate tissue expansion.
To determine if the spermathecal BM is stretched during ovulation, we examined an
endogenously tagged core BM matrix component: y-laminin::mNG (C. elegans LAM-2).
We imaged the spermatheca over the course of ovulation using live-cell imaging and
calculated the volume enclosed by the spermathecal BM in the resting and stretched

state. We found that the volume enclosed by the spermathecal BM is 4-fold higher in the
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stretched state than in the resting state (Figure 21A), consistent with the volumes we see
with our spermathecal marker. Surfaces were created manually in Imaris as the FIJI
macro only works for spermathecal specific markers. Notably, the BM appeared as a
uniform sheet in both states, and we did not observe folds in the BM that were large
enough to account for the volume change.

To confirm that the BM is stretching during ovulation, we photobleached a
region of the spermathecal BM in the y-laminin::mNG strain and observed it throughout
ovulation. Notably, the length of the timelapse was not long enough to allow for
recovery of the bleached signal. We found that the bleached region expands during
ovulation, increasing in area by ~70% (Figure 21B), consistent with the increased volume
of the spermatheca. Together, these results suggest that the spermathecal BM is

stretched during ovulation.
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Figure 21: The basement membrane surrounding the spermatheca stretches
during ovulation. (A) (left, top) The basement membrane matrix component laminin
(visualized with y-laminin::mNG) surrounding the spermatheca in the resting and
stretched state. Dotted line outlines the spermatheca. (left, bottom) 3D isosurfaces of
the spermatheca in the resting and stretched state created manually in Imaris. (right)
Volume of spermatheca in the resting (n =5) and stretched (n = 5) state calculated
using manual surface creation. ****P < 0.0001, unpaired two-tailed Student’s t-test. Box
edges in boxplots depict the 25t and 75t percentiles, the line in the box indicates the
median value, and whiskers mark the minimum and maximum values. Scale bars 10

pm.
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3.2.3 Development of a method to use atomic force microscopy to
measure gonadal BM stiffness

As the spermathecal BM was shown to be stretched during ovulation, we
hypothesized that this region of the BM might be less stiff than the rest of the gonadal
BM. To determine the stiffness of the spermathecal BM, I developed a protocol for using
atomic force microscopy (AFM) to measure the stiffness of the gonadal BM (Figure 22A).
AFM has been used to measure the stiffness of the C. elegans cuticle, the external ECM
surrounding the worm, but not for internal organs such as the gonad (Essmann et al.,
2017; Rahimi et al., 2022). To get access to the gonadal BM, worms were dissected using
hypodermic needles. Worms were decapitated, leading to the extrusion of the worms’
internal organs as a result of the strong internal pressure present within the worm. To
immobilize the gonad for use with an AFM probe, worms were dissected in liquid and
transferred to positively charged slides that interact with the negatively charged
gonadal BM. After dissection, gonads were probed with the AFM cantilever.

Using this method, I was able to access the gonadal BM with an AFM cantilever
to measure BM stiffness. In a preliminary experiment to test the protocol feasibility, I
found that gonadal BM stiffness ranges from 500 — 1000 Pa, and that there is a
decreasing stiffness gradient along the gonad from the distal region toward the proximal
region, which includes the spermatheca (Figure 22B). Further optimization and control
experiments will need to be completed to ensure accuracy and reproducibility of the

protocol.
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Figure 22: Atomic force microscopy can be used to measure the stiffness of the
gonadal basement membrane. (A) A schematic depicting worm preparation for use in
atomic force microscopy (AFM). Worms are decapitated using hypodermic needles
(top), which causes the worms internal organs to extrude from the animal (middle).
Worms are then transferred onto positively charged slides to immobilize the
negatively charged basement membrane and probed with the AFM cantilever
(bottom). (B) (top) diagram of the C. elegans gonad depicting the three regions that
were probed with the AFM cantilever. (bottom) Young’s modulus calculated for each
region (n =1 for each region).

3.2.4 Type IV collagen levels regulate BM stretching in the
spermatheca

Type IV collagen provides matrices with high tensile strength, but how type IV
collagen affects BM stretching is unknown. In C. elegans, there is a single type IV
collagen heterotrimer comprised of two al-type IV collagens (EMB-9) with one a2-type
IV collagen (LET-2) (Figure 23A). To visualize the type IV collagen network, I imaged
al- type IV collagen::mRuby in the spermatheca (Figure 23B). Major folds in the BM
were not observed, although type IV collagen accumulated in the cell junctions, perhaps

being tethered during stretching. Outside of the cell junctions, type IV collagen levels
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were ~30% lower in the stretched state compared to the resting state in accordance with
the 4-fold volume change (Figure 23B). Together, this data suggests that the type IV
collagen network is stretching.

To examine the effects of increased type IV collagen on BM stretching, we
globally upregulated the INA-1/PAT-3 integrin heterodimer that recruits collagen (by L1
RNAi knockdown of pat-2), which resulted in a ~45% increase in type IV collagen at the
spermathecal BM (see Methods). We found animals with increased type IV collagen had
a 20% reduction in spermathecal volume versus controls (Figure 23C). Importantly,
there was no significant change in oocyte or embryo size compared to controls.
Together, these results support the hypothesis that increased type IV collagen in the

spermathecal BM restricts BM stretching.
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Figure 23: Increased type IV collagen reduces expansion of the spermathecal
basement membrane during ovulation. (A) A schematic diagram of the C. elegans type
IV collagen heterotrimer and type VI collagen network. (B) (left) Type IV collagen
(visualized with al-type IV collagen::mRuby?2) surrounding the spermatheca in the
resting and stretched state. Dotted line outlines the spermatheca. White arrows
indicate type IV collagen in the body wall muscle. (right) Bar graph shows mean
percent decrease in type IV collagen fluorescence intensity between resting and
stretched state. (C) (left) 3D projections and 3D isosurfaces of the spermatheca in the
resting and stretched state on pat-2 RNAi, which causes an increase in type IV
collagen levels. Dotted line outlines the spermatheca. Images of control animals
shown in Figure 21A. (right) Volume of the spermatheca in resting and stretched state
on control or pat-2 RNAi. Control data also shown in Figure 21A. ***P < 0.001,
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unpaired two-tailed t-test, ns, non-significant. Box edges in boxplots depict the 25"
and 75 percentiles, the line in the box indicates the median value, and whiskers
mark the minimum and maximum values. Scale bars 10 pm.

3.2.5 Peroxidasin and fibulin-1 are specifically localized to the
spermathecal BM

In addition to laminin and type IV collagen, there are over 50 other matrix
proteins and proteases present in BMs that may have undefined roles in regulating BM
physical properties. To identify other BM matrix proteins with potential roles in
regulating BM stretching, I performed a BM component localization screen of 20 BM
matrix components to determine if any of these components were specifically localized
or enriched at the spermathecal BM compared to the rest of the gonadal BM. I found that
high levels of PXN-1 and FBL-1 are concentrated in the spermathecal BM (PXN-1, ~25%
increase over gonadal BM; FBL-1, ~45% increase; Figure 24). Together, this suggests that
additional matrix components enrich at the spermathecal BM and could have unique

roles in BM stretching.
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Figure 24: Fibulin-1 and peroxidasin-1 are enriched in the spermathecal
basement membrane. (left) Fibulin-1 (visualized with mNG::fibulin-1) and
peroxidasin-1 (visualized with peroxidasin-1::mNG) in the spermatheca in the resting
state. Dotted lines indicate the spermatheca. (right) Bar graph shows the mean
fluorescence intensity of each protein in the spermathecal basement membrane and a
more distal region of the gonadal basement membrane. ***P < 0.001, **P < 0.01,
unpaired two-tailed t-test. A.U., arbitrary units. Scale bars 10 um.

3.3 Discussion

Basement membranes (BMs) are dense extracellular matrices that surround
animal tissues to provide barrier functions and structural support (Pozzi et al., 2017).
While BMs are traditionally thought of as static matrices, the tissues they encapsulate
can be highly dynamic. For example, BM surrounding blood vessels must stretch to
accommodate vessel expansion due to pulsatile blood flow. Due to the challenge of
visualizing these structures in complex vertebrate tissues, the mechanisms behind BM

stretching are largely unknown. I have developed the C. elegans spermatheca as a
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powerful in vivo model to study BM stretching. The spermatheca, where oocytes are
fertilized, repeatedly expands and recovers throughout the lifetime of the animal as
oocytes/embryos pass through. Despite the dynamic nature of this tissue, how the
surrounding BM stretches and recovers to support tissue integrity is poorly understood.
Using live-cell imaging, we imaged the spermatheca over the course of multiple
ovulations and found that it exists in two main conformations: the resting state (when
the internal lumen is empty) and the stretched state (when and oocyte/embryo is inside).
To determine the change in spermatheca volume between these states, we developed a
fast, efficient way to generate isosurfaces of the spermatheca based z-stacks of strains
with markers whose expression are specific to the spermatheca. Using this pipeline, we
found that spermatheca volume increases 4-fold over the course of ovulation,
confirming that the spermatheca is a tissue that dramatically expands and recovers
throughout its lifetime. As the spermatheca is encased in BM, this makes the C. elegans
spermatheca an ideal model to study BM stretching. It will be critical for future work on
this project to further develop this pipeline for use on strains with fluorescently tagged
BM components like type IV collagen that are expressed in both the spermathecal BM
and surrounding BMs. This could be done by crossing BM strains with a spermatheca-
specific marker that can be used as a mask during image analysis. It will also be
important to image an embryo marker during ovulation to determine how the embryos

are affected during ovulation.
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While this data confirmed that the spermatheca expanded during ovulation, it
was important to determine if the BM surrounding the spermatheca was stretching.
Live-cell imaging of the core BM component laminin during ovulation revealed that the
BM surrounding the spermatheca was not disrupted during ovulation (remaining as a
uniform sheet around the tissue), confirming that the BM was not broken or
substantially remodeled in the stretched state. Further, manual volumetric surfaces
determined that the volume encapsulated by the BM increased 4-fold during ovulation
in accordance with the volume change noted with spermathecal membrane markers.
Another hypothesis in addition to BM stretching that could account for this substantial
volume change could be the presence of folds within the BM; however, significant
folding was not observed withing the laminin network, suggesting that BM folding is
not responsible for the volume change. By photobleaching a region of the spermathecal
BM and observing it throughout ovulation, we discovered that the bleached region
expanded in a mostly unform manner and increased in area by ~70%, suggesting the BM
is stretching. It will be interesting in future studies to observe the region over multiple
ovulations to determine if the region recovers to its original size post ovulation.

As the BM surrounding the spermatheca is stretching during ovulation, I
hypothesized that this region might be less stiff than the neighboring gonadal BM. Using
atomic force microscopy (AFM) I developed a protocol to measure the stiffness of the C.

elegans gonadal BM. Through proof of principle experiments using this protocol I
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confirmed the feasibility of these experiments and found that there is a decreasing
stiffness gradient along the gonad from the distal region toward the proximal region,
which includes the spermatheca. Additional work on this protocol will need to be done
to confirm the accuracy and reproducibility of these values. Important controls to
confirm we are measuring stiffness of the BM as opposed to the gonad as a whole
include the following: reducing collagen in the BM and confirming decreased stiffness
measurements, reducing cellular actomyosin networks and confirming we see no change
in stiffness measurements, reducing the turgor pressure and confirming no change in
stiffness measurements. Additionally, the number of animals needs to be increased to
determine variability and ensure reproducibility.

Using live-cell imaging we also imaged endogenously tagged type IV collagen in
the spermatheca and found that its levels were ~40% lower in the stretched state than in
the resting state, suggesting the type IV collagen network is stretching. Interestingly,
however, type IV collagen appears to accumulate in the cell junctions during the
stretched state, suggesting the type IV collagen network could be uniquely configured
allow for dynamic stretching. Type IV collagen is generally very stable in the gonadal
BM (Keeley et al., 2020). It will be interesting in future studies to assess the dynamics of
type IV collagen in the spermatheca (both at the cell junctions and outside of the
junctions) to determine if the collagen network in this region is more dynamic to allow

for BM stretching. Our work also showed that increasing type IV collagen levels in the
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spermathecal BM by upregulating the collagen-recruiting integrin heterodimer caused a
decrease in spermatheca volume during ovulation, suggesting that increased type IV
collagen levels restrict BM stretching. The covalently linked type IV collagen network
confers strength to BM (Fidler et al., 2018) and it has been suggested that type IV
collagen is required to support vascular BMs when the heart starts to pump and initiate
mechanical stress (Eble and Niland, 2009). Furthermore, increased type IV collagen
levels are associated with vascular thickening in diabetes and aging (Roy et al., 2010;
Horn and Trafford, 2016; Karttunen et al., 1986). It will be interesting in future studies to
confirm these results by specifically driving increased type IV collagen levels in the
spermatheca and determining the effects on stretching by calculating volume during
ovulation, photobleaching the BM and observing BM stretching, and measuring stiffness
of the BM using AFM. It will also be informative to observe the effects of decreasing
type IV collagen, as aneurysm tissue has been shown to have reduced type IV collagen
levels (Liu et al., 2018). Consistent with this idea, it will be interesting to observe if
reducing type IV collagen levels causes increased BM stretching or BM rupture during
stretching. In humans, mutations in type IV collagen cause COL4A1/A2 syndrome,
leading to vascular defects that cluster by mutation location. C-terminal mutations are
characterized by cerebrovascular disease including porencephaly, small-vessel disease,
and hemorrhagic stroke (Jeanne and Gould, 2017), while N-terminal mutations are

associated with angiopathy, aneurysm, and arterial tortuosity among others (Jeanne and
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Gould, 2017). The type IV collagen mutations in COL4A1/A2 syndrome are thought to
impair secretion, but the effects beyond secretion are not clear. Pharmacologically
promoting secretion improves cerebrovascular disease caused by C-terminal mutations,
while N-terminal mutations appear to lie in functional subdomains, causing tissue-
specific pathologies (including arterial tortuosity, angiopathy, and aneurysm) that are
exacerbated by restoring collagen secretion (suggesting mutant collagen is not
functioning normally) (Jeanne and Gould, 2017; Labelle-Dumais et al., 2019). Seventeen
homologous mutations within the triple helical (Gly-X-Y) domain have been isolated in
the C. elegans type IV collagen a2 gene let-2 (Sibley et al., 1994). It will be interesting to
investigate these mutations and determine if any of these mutations cause defects in BM
stretching during ovulation. I hypothesize that C-terminal disease mutations will affect
type IV collagen secretion, while N-terminal mutations will affect both secretion and the
function of type IV collagen in the BM, altering the BM’s ability to stretch.

In addition to type IV collagen, I also completed a focused localization screen of
20 additional BM matrix components that could have unidentified roles in BM stretching
and found that there are high levels of peroxidasin-1 (PXN-1) and fibulin-1 (FBL-1) in
the spermathecal BM, suggesting they could be playing roles in BM stretching.
Peroxidasins are type IV collagen modulators that regulate collagen cross-linking. Cross-
linking of type IV collagen at the NC1 domain is achieved through sulfilimine bonds,

which are catalyzed by peroxidasins and increase BM stiffness (Bhave et al., 2017, 2012).
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Altered BM stiffness is associated with vascular disorders including cerebral
microbleeds and hemorrhagic stroke, suggesting that type IV collagen cross-linking
could be a key regulator of BM stretching. In C. elegans there are two peroxidasins —
peroxidasin-2 (PXN-2) promotes type IV collagen cross-linking, while peroxidasin-1
(PXN-1) antagonizes PXN-2 (Gotenstein et al., 2010). I hypothesize that PXN-1
localization within the spermathecal BM maintains low levels of type IV collagen cross-
linking, which reduces stiffness, increases turnover, and promotes BM stretching. It will
be interesting to confirm this hypothesis by using peroxidasin mutants and RNAI to
alter type IV collagen cross-linking levels and assess BM stretching. Furthermore, it will
be interesting to see if peroxidasin levels affect the dynamics of the type IV collagen
network, as decreased cross-linking could lead to a more dynamic collagen matrix. The
type IV collagen network is also modulated by fibulins. In vertebrates, fibulins are
implicated in maintaining type IV collagen (Kobayashi et al., 2007; Yanagisawa and
Davis, 2010; Kubota et al., 2012; Papke et al., 2015) and may also promote type IV
collagen recruitment to BMs. Knockout mice for various fibulin isoforms present with
decreased vessel stiffness, vessel rupture, aneurysm, and hemorrhage (McLaughlin et
al., 2006; Nakamura et al., 2002; Chapman et al., 2010). Fibulins are also associated with
tibrosis and matrix remodeling after vascular injury, which both involve increased
collagen levels (Chapman et al., 2010; Harvey et al., 2016). Despite the connection

between fibulins and vascular diseases, understanding the role of fibulins has been
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challenging due to the high number of fibulin vertebrate isoforms (7) and the complexity
of vertebrate tissues. In C. elegans there is only one fibulin, fibulin-1 (FBL-1), which
makes this an ideal model to determine the role of fibulin in BM stretching. The C.
elegans fibulin maintains type IV collagen in the gonadal BM (Kubota et al., 2012) and
fibulin loss decreases fertility (Muriel et al., 2005), consistent with a possible role in
ovulation. It is possible that fibulin functions to maintain type IV collagen in the
spermathecal BM, ensuring appropriate collagen levels in this dynamic matrix. Future
work using stretching assays described above along with FRAP and optical highlighting
can determine the effect of fibulin-1 on the properties of the type IV collagen network
and the BM’s ability to stretch. Rather than promoting BM stretching through collagen
maintenance, fibulin may facilitate BM recovery after stretching. In vertebrates, several
tibulin isoforms bind to elastin in connective tissue, helping tissues return to their
normal shape after stretching (Eble and Niland, 2009; Xu and Shi, 2014; Timpl et al.,
2003; Halper and Kjaer, 2014; Yanagisawa and Davis, 2010). Although there is no elastin
homolog in C. elegans, there is a fibrillin, which is involved with elasticity in vertebrates
(Halper and Kjaer, 2014). It would be interesting in future work to explore fibulin-1
interactions with fibrillin, and whether fibrillin has effects on BM stretching.

Collectively, this work has developed a strong model to study BM stretching and
has begun to identify BM matrix components that could have important roles in this

process. Despite the critical importance of BM stretching in dynamic tissue function, the
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molecular mechanisms behind this process remain poorly understood due to the
complexity of vertebrate tissues and gene families. These findings have begun to
elucidate a critical role for type IV collagen and type IV collagen regulators in BM
stretching and provide a powerful new model for identifying additional matrix
components with roles in this process. Understanding how BM components contribute
to BM stretching is critical in improving our understanding of how BM stretching
contributes to disease and can inform the development of effective treatments for a

variety of vascular diseases.
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4. Discussion

4.1 Hemicentin recruits type IV collagen to strengthen
juxtaposed basement membrane linkage

Juxtaposed BMs can link together to attach neighboring tissues. These linkages
are critically important in many locations including the lung alveoli, kidney glomeruli,
and blood-brain barrier (Keeley and Sherwood, 2019). Disruptions in these linkages are
observed in various disease states including Alport syndrome, a kidney disease
characterized by glomerular BM splitting (Naylor et al., 2020). Despite the importance of
BM linkages, little is known about how these linkages are constructed and maintained
while withstanding mechanical force. In this work, I used the C. elegans utse-seam BM
linkage as a model to explore how long-term BM-BM linkages are built and maintained.

Through visual and phenotypic screening, I identified four BM matrix
components required for a stable utse-seam B-LINK: the previously identified
hemicentin, which is required at the short-term C. elegans anchor cell B-LINK, as well as
three previously unidentified components type IV collagen, perlecan, and fibulin-1.
Additionally, using a strain with optogenetically inducible muscle contraction I
discovered that the B-LINK functions to withstand forces associated with egg-laying,
and that loss of B-LINK components leads to B-LINK failure and rupture of the animal
upon egg-laying contractions.

Identification of BM proteins with roles in BM linkage has been challenging in

vertebrate systems due to the complexity of tissues and lack of tagged components;
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however, interesting similarities do exist. Hemicentin, for example, has been identified
in many other BM linkages including both short term linkages such as the C. elegans
anchor cell and fin fold and somite-epidermal linkages in zebrafish, as well as long-term
linkages such as the glomerular BM, the blood-brain barrier, Bruch’s membrane in the
eye, and linkages in myotendinous junctions (Morrissey et al., 2014; Vogel and
Hedgecock, 2001; Welcker et al., 2021; Muriel et al., 2005; Feitosa et al., 2012; Carney et
al., 2010; Suleiman et al., 2013; Xu et al., 2013; Lennon et al., 2014; Hobeika et al., 2017).
Fibulin has similarly been identified at both zebrafish linkages as well as the glomerular
BM, the blood-brain barrier, and in myotendinous junctions (Feitosa et al., 2012; Welcker
et al.,, 2021; Muriel et al., 2005; Carney et al., 2010; Lennon et al., 2014; Hobeika et al.,
2017). Type IV collagen, on the other hand, has mainly been studied in long-term
vertebrate junctions and is present in the glomerular BM, Bruch’s membrane, alveolar
linkages in the lung, and Rissner’s membrane in the ear (Suleiman et al., 2013; Chen et
al., 2003; Kalluri et al., 1998; Miner and Sanes, 1994). Although these proteins have been
identified at various vertebrate linkages, understanding how they contribute to BM
linkage has been challenging to study.

Using the strengths of C. elegans, this work began to elucidate distinct roles for
these BM matrix proteins that are likely conserved in vertebrate systems. Using
endogenously tagged strains and RNAi knockdown, I found that hemicentin plays a

major organizational role, with type IV collagen, fibulin, and perlecan all being
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dependent on hemicentin for assembly at the B-LINK. Further, I identified that
hemicentin and fibulin-1 are dynamic components required early on for initial set up of
the linkage, while type IV collagen and perlecan reach higher levels later on, are more
stable, and are required throughout the lifetime of the linkage, likely to provide
mechanical support during egg-laying. It is possible that hemicentin and fibulin-1 form a
provisional matrix that functions to attach the tissues but is not strong enough to resist
high mechanical forces. The recruitment of type IV collagen (and perhaps perlecan)
could function to reinforce this provisional linkage so that it can be maintained in the
face of high mechanical load. Interestingly, type IV collagen is not present at the short-
term anchor cell B-LINK, suggesting that perhaps structural reinforcement is not needed
at this short-term linkage. Similar patterns can be seen in other short-term BM linkages
such as the linkages in zebrafish fin folds during morphogenesis. Linking of the
juxtaposed epithelial BMs helps align the two epithelial sheets during development and
is dependent on hemicentin (Carney et al., 2010). Only later in development, once the
cross-fibers between the BMs begin to disappear, is collagenous extracellular matrix
material deposited to stabilize the tissues (Feitosa et al., 2012; Dane and Tucker, 1985).

Similarities in component roles can also be seen at the glomerular BM. Type IV
collagen’s role in maintenance could explain why mutations in a3a4a5(IV) collagen lead
to glomerular BM separation (Naylor et al., 2020; Rumpelt, 1987). It is likely that these

linkages that lack type IV collagen as a stabilizing force cannot withstand the natural
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pressures applied to the linkage over its lifetime. Changes in glomerular composition
also support this idea, as the a3a4a5(IV) collagen trimer, which is thought to have more
mechanical strength, replaces the ubiquitously expressed alala2(IV) collagen trimer
during glomerulogenesis, suggesting the tissue requires additional strength to support
this linkage (Naylor et al., 2020; Abrahamson, 1985; Abrahamson et al., 2009).
Interestingly, hemicentin and fibulin-1 have been identified at this junction, but their
roles are unknown (Lennon et al., 2014; Hobeika et al., 2017). It is possible that
hemicentin and fibulin-1 are playing similar early roles in the glomerular BM, setting up
an early transitional matrix that allows for initial linkage and helps to recruit other
stabilizing components such as type IV collagen.

Dissecting the roles of BM matrix components in a tractable model system such
as C. elegans provides insight into the roles of these components and can provide useful
insight into how these proteins function in vertebrate systems and disease. Aside from
the components identified in this work, there are many additional proteins that associate
with the BM that could be playing roles in BM linkage. It will be interesting in future
work to not only expand upon the roles of known components, but also to explore
additional proteins that could have roles in this system. In this work, we used a curated
list of 403 genes whose loss causes the Rup phenotype to identify an additional protein,
ADAMTS9/20, that recruits type IV collagen at the B-LINK. Future studies could explore

this list further to identify previously unidentified components with roles in this
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process. Ultimately, by building a thorough understanding of the BM matrix proteins
that contribute to this process, we can better understand how BM linkages are built and
maintained, and provide valuable insight into how these proteins are functioning in

vertebrate systems and disease states.

4.2 Examining the mechanisms involved in basement membrane
stretching

BM surrounding mechanically active tissues must stretch to accommodate
dynamic tissue movement while continuing to structurally support tissues. BM
stretching is particularly relevant in the vascular system, where blood vessels must
stretch to accommodate blood flow (Eble and Niland, 2009). Disruptions in the type IV
collagen network are associated with vascular disease (Kuo et al., 2012; Jeanne et al.,
2015; Breedveld et al., 2006; Gould et al., 2006; Yao, 2019), but how the type IV collagen
network, and type IV collagen modulators, contribute to BM stretching is unclear.

In this work I established the C. elegans spermatheca as a model to study BM
stretching and began to explore the role of type IV collagen and type IV collagen
regulators in BM stretching. Using live-cell imaging and photobleaching we visualized
the spermathecal BM during ovulation and found that the spermathecal BM is stretched
dramatically (~4-fold) during this process, making this an ideal model to study BM
stretching. To begin to investigate how specific BM components contribute to the
properties of the spermathecal BM, we visualized type IV collagen in the spermatheca

and found that increased type IV collagen levels in the spermathecal BM led to less
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spermathecal expansion during ovulation. As type IV collagen is known to provide
tensile strength to the BM (Fidler et al., 2018), it is likely that the type IV collagen
network is restricting stretching and stabilizing the BM. However, we did not see breaks
or ruptures in the BM during ovulation, suggesting that the type IV collagen network is
not being broken to allow for tissue expansion. As discussed in Chapter 3.3, it will be
interesting for future studies to elucidate the dynamics of the type IV collagen network
in the spermathecal BM. Although type IV collagen is known to be very stable in the
gonadal BM (Keeley et al., 2020), the dynamics of type IV collagen in the spermathecal
BM are unknown. It is possible that collagen in the spermathecal BM is much more
dynamic than in neighboring tissues, allowing for faster remodeling of the type IV
collagen network and precise control over the mechanical properties of this tissue over
time. In C. elegans, type IV collagen is predominantly generated in body wall muscle,
secreted into the extracellular fluid, and recruited into the BMs of various tissues (Clay
and Sherwood, 2015). Interestingly, type IV collagen is also produced locally in the
spermatheca (Graham et al., 1997), suggesting that it might require local synthesis.
Future studies using spermatheca-specific RNAi could determine if this local population
of type IV collagen is recruited to the spermathecal BM. This local source could help the
spermathecal BM replenish type IV collagen quickly after dynamic turnover.
Alternatively, type IV collagen regulators could play keys roles in providing the

type IV collagen network with the ability to accommodate expanding tissues. Through a
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BM component localization screen, I found that there are high levels of peroxidasin-1
and fibulin the spermatheca, suggesting these components could be playing unique
roles in BM stretching. Peroxidasins regulate type IV collagen cross-linking at the NCI
domain (peroxidasin-1 reduces cross-linking, peroxidasin-2 increases cross-linking) and
have been shown to affect BM stiffness (Bhave et al., 2012, 2017). It is likely that
maintaining precise stiffness levels is critical for ensuring tissues have the appropriate
amount of structural support. To determine stiffness of the spermathecal BM, I have
begun to optimize a method for using atomic force microscopy to measure BM stiffness.
Preliminary measurements suggest there could be a stiffness gradient within the
gonadal BM with the spermatheca being the least stiff. It will be interesting to confirm
these results in future studies and observe if the stiffness of the spermathecal BM
changes over time and how this correlates with type IV collagen levels. The enrichment
of peroxidasin-1 in the spermatheca suggests that perosidasin-1 could be reducing cross-
linking of the type IV collagen network in the spermatheca to increase type IV collagen
turnover and promote BM stretching. Interestingly, C. elegans is one of the few
organisms to have two peroxidasin-like genes as in humans (absent in rodents)
(Papageorgiou and Heymans, 2014; Péterfi et al., 2014). Human PXDNL is thought to
function similarly to peroxidasin-1 in inhibiting cross-linking, is expressed exclusively in
the heart, and increases upon heart failure, suggesting a crucial role in cardiovascular

function (Péterfi et al., 2014; Papageorgiou and Heymans, 2014). It is possible that
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human PXDNL, similar to peroxidasin-1 in wormes, is localized to dynamic tissues to
facilitate routine expansion. The presence of peroxidasin-1 in C. elegans, along with the
ability to perform robust live imaging and genetic studies, will allow for the
investigation of the mechanisms behind type IV collagen cross-linking, and determine if
low levels of cross-linking result in a less stiff, less stable collagen network that is more
rapidly turned over and, therefore, more easily stretched.

High levels of fibulin in the spermathecal BM could also be contributing to BM
stretching via regulation of the type IV collagen network. Fibulin has been shown to
maintain type IV collagen in the gonadal BM (Kubota et al., 2012), suggesting it could be
playing a similar role in the spermatheca. Low levels of type IV collagen have been
linked to aneurysm (Liu et al., 2018), suggesting that decreased collagen levels could
lead to rupture due to a lack of structural support. It is possible that fibulin is required to
help maintain sufficient type IV collagen levels in a tissue with rapid type IV collagen
turnover to prevent rupture. Alternatively, fibulin is associated with elastin in
vertebrates (Eble and Niland, 2009; Xu and Shi, 2014; Timpl et al., 2003; Halper and
Kjaer, 2014) and could be helping the spermathecal BM recover after stretching. Fibulin
could be recruited to stretching tissues to help these tissues elastically recover to
facilitate repeated stretching. It will be interesting in future studies to examine the
dynamics of fibulin in the spermatheca and determine if fibulin levels change

throughout the course of ovulation.
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Type IV collagen, fibulin, and peroxidasin, are only a small subset of the matrix
proteins known to associate with BMs. Identifying additional proteins that contribute to
this process is critical for understanding the molecular underpinnings of various disease
states caused by disruptions in the BM. In the future, it would be informative to perform
an RNAi-based screen of identified matrisome genes using C. elegans to identify proteins
that affect BM stretching. In this work we have developed a FIJI macro that allows for
quick, automated volume measurements of the spermatheca from a fluorescent z-stack.
This processing pipeline will allow for rapid screening to identify additional
components that contribute to BM stretching. One potential candidate that could come
out of the screen is type XVIII collagen, as the interrupted triple helical domain of
collagen XVIII is thought to confer flexible properties to the molecule (Heljasvaara et al.,
2017). It has also been suggested that collagen XVIII might contribute to BM stiffness by
binding water through glycosaminoglycan side chains (Heljasvaara et al., 2017).
Consistent with a possible function, collagen XVIII is present at high levels in the
spermathecal BM and is associated with atherosclerosis, abnormal neovascularization,

and increased vascular permeability (Heljasvaara et al., 2017).
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5. Conclusion

BMs are thin, cell-associated extracellular matrices that surround most animal
tissues to provide barrier functions, facilitate signaling networks, and offer structural
support. Despite the crucial role of BM in the structural support of tissues, very little is
known about how BMs provide mechanical support while allowing for dynamic tissue
movement and growth. For example, BMs can link together to attach neighboring
tissues, but how these linkages are built and maintained for the lifetime of the animal
despite often being exposed to high mechanical load is unknown. Similarly, BM
surrounding growing tissues, or tissues that routinely expand and contract, must be able
to withstand dramatic tissue movement while continuing to provide structural support
to the tissue. In this dissertation, I used the model organism C. elegans to advance our
understanding of how BMs link together and stretch to withstand mechanical load.

Using endogenous fluorophore knock-in strains and visual and RNAi screening,
Iidentified four BM matrix components — hemicentin, fibulin-1, type IV collagen, and
perlecan — that are components of the utse-seam B-LINK, which links the utse cell BM
to the seam cell BM for the lifetime of the animal. Using a strain with optogenetically
inducible muscle contraction, I determined that this B-LINK functions to withstand the
mechanical forces of muscle contraction and egg-laying and maintain the uterus within
the animal, as loss of identified B-LINK components leads to uterine prolapse upon

muscle contraction. I also demonstrated that hemicentin is required for the recruitment
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of all other identified B-LINK components and that these components have unique
temporal roles, with hemicentin and fibulin-1 being required early on for initial set-up of
the linkage, while type IV collagen and perlecan are required later after the start of egg-
laying, likely to help the linkage resist egg-laying muscle contractions. Finally, through a
focused genome-wide screen, I was able to discover that hemicentin also recruits
ADAMTS9/20, which is required for proper assembly of type IV collagen at the B-LINK.
Studying the C. elegans utse-seam B-LINK can not only enhance our knowledge of
similar vertebrate structures such as those in the kidney, lung, and blood-brain barrier,
but could also inform potential therapies for diseases such as Alport’s syndrome that are
characterized by disruption of these linkages.

Using time-lapse imaging, endogenous fluorophore knock-in strains, and
photobleaching we were able to visualize the spermathecal BM during ovulation and
discover that the BM stretches during ovulation as the tissue expands to accommodate
the incoming oocyte. Through RNAi-mediated knockdown and a visual localization
screen, we determined that type IV collagen acts to restrict BM stretching in the
spermatheca and identified fibulin-1 and peroxidasin as type IV collagen regulators that
could have unique roles in BM stretching. Finally, I established a method to quickly
evaluate spermathecal volume and developed a protocol for using AFM to measure
gonadal BM stiffness. Investigating how BM stretches to accommodate tissue expansion

will enhance our biological understanding in a variety of contexts, perhaps most notably
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in vascular biology where this work could inform treatments for a variety of vascular

disorders characterized by defects in BM.
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Appendix A

A.1 Materials and Methods

A.1.1 Worm handling and strains

Worms were grown under standard conditions on NGM plates seeded with

OP50 Escherichia coli at 16°C, 18°C, or 20°C (Stiernagle, 2006). Strains used in this study

are listed in Table 8.

Table 8: Strain information

Table S8: Strain information

Strain Genotype® Reference
NK2617 | qyls23 [cdh-3p::mCh::PH] l; IqIs80 [SCMp::GFP:CAAX] IV This study
NK2422 qy33 [him-4::mNG] X Keeley et al., 2020
NK2324 qy23 [ina-1::mNG] Il Jayadev et al., 2019
NK1593 | qy9 [vab-10a::GFP + unc-119(+)] Morrissey et al., 2014
NK2583 qy80 [unc-52::mNG] Il Keeley et al., 2020
NK2579 | qy62 [mNG::fbl-1] IV Keeley et al., 2020
NK2326 qy24 [emb-9::mNG] llI Keeley et al., 2020
NK2556 qy72 [mig-6S::mNGJ/+ V Keeley et al., 2020
NK2443 qy38 [nig-1::mNG] V Keeley et al., 2020
NK2322 qy22 [cle-1::mNG] | Keeley et al., 2020
NK2557 qy73 [mig-6L::mNG] V Keeley et al., 2020
NK2580 qy30 [spon-1:mNG] Il Keeley et al., 2020
NK2335 qy20 flam-2::mNG] X Jayadev et al., 2019
KG1271 lite-1(ce314) X; cels37 [myo-3p::lite-1 + myo-3p::GFP] X Edwards et al., 2008
NK2585 qy83 [emb9::mRuby?2] Il Jayadev et al., 2022
NK2689 1lin-35(n745) \; qyls23 II; 1q/s80 IV This study
NK2645 1lin-35(n745) |I; qy33 X This study
NK2651 1lin-35(n745) 1, qy83 Il This study
NK2644 | lin-35(n745) I; qy62 IV This study
NK2643 1lin-35(n745) 1; qy80 Il This study
N2 Wild-type (ancestral) -
EG1770 agr-1(oxTi4) Il Hrus et al., 2007
CH119 nid-1(cg119) V Kang et al., 2000
CH120 cle-1(cg120) | Ackley et al., 2001
CB998 unc-52(e998) Il Rogalski et al., 1994
NK1905 fbl-1(hd43)/nT1 1V, (IV.V) Muriel et al., 2005
NK2334 rrf-3(pk1426) I1; qy20 X Jayadev et al., 2019
NK1316 rrf-3(pk1426) 11; qyls102 [fos-1ap::RDE-1, myo-2p::GFPJ; Morrissey et al., 2014
qyls10 [lam-1p::lam-1::GFP] \V; rde-1 (ne219) V;
qyls24 [cdh-3p::mChemry::PLCdPH]
NR222 rde-1(ne219) V; kzls9[pKK1260(lin-26p::nis::gfp), Qadota et al., 2007
PKK1253(lin-26p::rde-1), pRF4(rol-6 marker)]
NK970 rhis23 [him-4::GFP] X; qyls50 [cdh-3::mCh::moeABD] II; Morrissey et al., 2014
rol-6(su1009)
NK2590 qy45 [gon-1::mNG] IV Keeley et al., 2020
NK2922 | lin-35(n745) I; qy45 IV This study
NK2920 qy831Il; gy45 IV This study
SBW292 ebp-2::gfp Il; qyls250 [unc-119(+); exc-6p::mCH::moeABD] Il This study
NK2445 qy40 [pxn-1::mNG] V Keeley et al., 2020

* When a transgene is listed in the table for the first time, it is bolded and the entire genotype is displayed.
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A.1.2 Cloning of RNAi into T444T vector

For RNAI targeting fbl-1 and him-4, new RNAI clones were generated using the
T444T RNAI vector (Sturm et al., 2018). Briefly, PCR fragments corresponding to existing
fbl-1 and him-4 RN A clones in the Vidal (Rual et al., 2004) and Ahringer (Kamath et al.,
2003) RNAI libraries respectively were amplified and inserted into Sacll and HindIII-
digested T444T vector by Gibson assembly. Forward and reverse primers used to
amplify these fragments were: fbl-1, 5'-
CGATGAATTCGAGCTCCACCGCGGATGCATGTGACTCTGGTACAGA-3’ and 5'-
GAGGTCGACGGTATCGATAAGCTTGTTCAACGAGTCGTGAATATAG-3’; him-4, 5'-
CGATGAATTCGAGCTCCACCGCGGAACCAACAATTTCGTGGCTCAAAG-3" and 5'-
GAGGTCGACGGTATCGATAAGCTTTTCAGCCAATTTGATAGGGCAAGT-3'.

Constructs were transformed into HT115 competent cells.

A.1.3 RNA Interference

All RNAi experiments were performed using the feeding method (Rual et al.,
2004; Kamath et al., 2003; Timmons et al., 2001), and with the exception of fbl-1 and him-
4, all RNAi constructs were obtained from the Vidal and Ahringer libraries. RNAi
bacterial cultures were grown in selective media (1:1000 ampicillin) for 24 h at 30°C and
then for an additional h after the addition of ImM Isopropyl b-D-1-
thiogalactopyranoside (IPTG) to induce dsRNA expression. RNAi plates were prepared

by spreading a 1:1 mixture of 1M IPTG and 100mg/ml ampicillin (18ul each) on NGM
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agar plates. Plates were then seeded with RNAIi bacterial cultures and left at room
temperature overnight to allow for further induction and drying. For RNAi initiated at
the L1 larval stage, synchronized L1 worms were placed on RNAi plates and allowed to
feed between 24 and 120 h at 20°C depending on the experiment. The 14440 and T444T
empty vectors were used as negative controls. For hemicentin and fibulin double
knockdown, cultures of hemicentin and fibulin RNAi were grown normally and mixed
in a 1:1 ratio prior to seeding.

For RNAI initiated at later developmental stages, worms were synchronized and
plated on OP50, left to grow for ~30, 35, 40, 45, or 48 h at 20°C, then transferred to RNAi
plates. Briefly, worms were washed off OP50 plates into ImL of M9 buffer and collected
in 15 mL conical tubes, pelleted, and transferred into a non-stick polycarbonate 1.5 mL
tube. Worms were washed 4x by centrifugation at 2000 rpm for 60 s, aspirating
supernatant, and resuspending in M9 buffer. After the second wash, tubes were placed
on a rocking incubator for 10-15 min to allow worms to pass any bacteria remaining in
the gut. Prior to the fourth and final wash, worms were transferred to a fresh 1.5 mL
tube. After the final wash, worms were resuspended in M9 buffer and plated on RNAi-
feeding plates.

Importantly, RNAi does not result in instantaneous protein loss, proteins can
have different stabilities, and RNAi has different efficiencies in reducing mRNA. Thus,

for RNAi experiments reduction of levels of the targeted protein at the tissue of interest
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were assessed to ensure sufficient knockdown was achieved. Knockdown levels for
experiments in Chapter 2 were quantified and are shown in Table 1, 3, 5, and 6. Box
plots for all quantified knockdown experiments are in Figure 25. To improve RNAi
knockdown efficiency for the fbl-1 RNAi, we used worms harboring a null mutation in
lin-35 [lin-35(n745)] (Lehner et al., 2006). For the pat-2 RNAi in Chapter 3.2.4, type IV
collagen levels were quantified to ensure the RNAi was sufficiently increasing type IV

collagen levels in the spermathecal BM. Box plot for this knockdown is in Figure 26.
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A L1 RNAi Knockdown Box Plots — Percent Knockdown in Table S2
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Figure 25: RNAi Knockdown efficiencies of utse-seam B-LINK matrix
components. (A-D) Quantification of knockdown efficiency for B-LINK matrix
component RNAIi started at the L1, L3, and L4 stage. ****P < 0.0001, unpaired two-
tailed t-tests, NS, non-significant. Box edges in boxplots depict the 25 and 75t
percentiles, the line in the box indicates the median value, and whiskers mark the
minimum and maximum values. A.U,, arbitrary units.
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Figure 26: al-type IV collagen levels in the spermathecal BM after pat-2 L1
RNAI. ****P < 0.0001, unpaired two-tailed t-test. Box edges in boxplots depict the 25t
and 75 percentiles, the line in the box indicates the median value, and whiskers
mark the minimum and maximum values. A.U., arbitrary units.

Tissue specific RNAi experiments were performed as previously described using
r1f-3(pk1426) 11; qyls102 [fos-1ap::RDE-1, myo-2p::GFP]; qyls10 [lam-1p::lam-1::GFP] IV; rde-
1 (ne219) V; qyls24 [cdh-3p::mCherry::PLCAPH] worms for uterine-specific RNAi and rde-
1(ne219) V; kzIs9[pKK1260(lin-26p::nls::gfp), pKK1253(lin-26p::rde-1), pRF4(rol-6)] worms
for hypodermal-specific RNAi (Qadota et al., 2007; Tabara et al., 1999; Hagedorn et al.,
2009). Briefly, these worms harbor a null mutation in rde-1 which is required for RNAi
sensitivity (Qadota et al., 2007; Tabara et al., 1999). To restore RN Ai sensitivity to the
tissue of interest, a functional RDE-1 protein is specifically expressed in the tissue of

interest allowing for tissue specific RNAi knockdown.
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A.1.4 Imaging

Confocal Images were acquired on a Zeiss Axiolmager microscope equipped
with a Yokogawa CSU-10 spinning disc confocal controlled by Micromanager or
Metamorph software using a Zeiss 40x Plan-APOCHROMAT 1.4NA oil immersion
objective or 100x Plan-APOCHROMAT 1.4NA oil immersion objective and a
Hamamatsu Orca-Fusion sSCMOS camera or ImageEM EMCCD camera. Worms were
mounted on 5% noble agar pads containing 0.01 M sodium azide for imaging for all
experiments except for Figure 7, 14, 17, 20, 21, and 23. For Fig. 7, worms were mounted
on 5% noble agar pads with no added anesthetic and added to agar pads in 3 pl
undiluted 100nm polystyrene bead solution (Polysciences cat. #64010) (Kim et al., 2013).
For Figure 14, 17, 20, 21, and 23 worms were anesthetized by soaking in 5 mM
Levamisole in M9 for 15 min (see FRAP section below for details).

Lateral images of B-LINK components were acquired using z-stacks at 0.37 um
intervals spanning the entirety of the B-LINK. For lateral and ventral images of the utse
and seam, we acquired z-stacks spanning the top half of the utse (lateral) or the full
depth of the utse (ventral).

For ventral B-LINK images, slides were made by pouring agar onto a vinyl
record to make agar pads with negative replicas of the record channels (Zhang et al.,
2008). Worms were then added onto the record slides in M9, moved into the channels,

and then a cover slip was placed over the worms (Port City Diagnostics, Inc, #M2000-
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10). The cover slip was then gently pushed to rotate the animals in the channels to a
ventral view for imaging.

Spermatheca timelapses in Figure 17, 20, 21, and 23 were acquired using z-stacks
at 0.34 um intervals spanning the entirety of the spermatheca. Images were acquired
every five minutes over the course of an hour to visualize the spermatheca in both the
resting and stretched state.

Movies of animal rupture using the LITE-1 optogenetic strain to induce egg-
laying were acquired on a Zeiss Axio Zoom V16 stereo fluorescence microscope
controlled by Zen 3.2 software using a 3x objective and an Axiocam digital camera.
Movies were acquired using the Zen 3.2 movie recorder.

Images in Figure 14 were acquired on an inverted Zeiss 880 single point scanning
confocal attached to a Zeiss Axio Observer Z1 microscope, with Marzhauser linearly
encoded stage and a 40x Plan-Neofluar 1.3NA oil immersion objective. Images were
acquired sequentially by scanning bidirectionally at 0.34 micros using the galvanometer-
based imaging mode, with a scan areal size of 106.3um x 106.3um in Zeiss Zen Black
Acquisition software (version 3.3) and saved as CZI files. For all images the pinhole size
was 39.2 um, calculated at 1 A.U. for 561 nm emission. mRuby?2 fluorescent protein was
excited with 561 nm laser and emission was collected with GaAsP detector set to 565-650
nm range. To minimize general photobleaching due to image acquisition, 3 z-slices were

acquired at 0.37 um intervals, centered around the z-slice where the B-LINK was most in
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focus. A general photobleaching correction factor (detailed below) was applied to the
pre-bleach and post-bleach images shown in Fig. 14 to normalize to the respective 2 h

post-bleach images.

A.1.5 Fluorescence Recovery After Photobleaching

For fluorescence recovery after photobleaching (FRAP) experiments in Figure 7,
photobleaching was performed using an iLas? FRAP system from BioVision equipped
with an Omicron Lux 60mW 405nm continuous wave laser and controlled with
MetaMorph software. Worms were immobilized using 100nm polystyrene beads
(Polysciences cat. #64010) as described above. Regions of interest were selected with the
freehand ROI tool. One half of the uterine-epidermal junction was photobleached at 10%
laser power. The number of repetitions needed to achieve complete photobleaching
varied by strain (number of repetitions varied between 20 and 50 reps, and total beach
time ranged between 0.5 and 2.5 s) and was determined experimentally. After bleaching,
images were acquired every 30 s for the first 5 min, every 2 min for the next 10 min, and
then once more after the next 15 min. Animals were rescued after photobleaching to
confirm they were able to recover and continue developing.

FRAP experiments in Figure 14 were completed on an inverted Zeiss 880 single
point scanning confocal attached to a Zeiss Axio Observer Z1 microscope, with
Marzhauser linearly encoded stage and a 40x Plan-Neofluar 1.3NA oil immersion

objective. Worms were anesthetized by soaking in 5 mM Levamisole in M9 for 15 min,
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then transferred to a small (1cm x 1cm) 4% noble agar pad. A glass cover slip (thickness
0.15 - 0.19 mm) was then placed on top, sealed with VALAP and flooded with 5 mM
Levamisole. The sealed coverslip prevented the slide from drying out to allow for longer
time lapsing without rescue (see (Kelley et al., 2017) for details). For all images the
pinhole size was 39.2 um, calculated at 1 A.U. for 561 nm emission. mRuby?2 fluorescent
protein was excited with 561 nm laser and emission was collected with GaAsP detector
set to 565-650 nm range. A rectangle region in one arm of the BLINK was photobleached
using 30 iterations of simultaneous 405 nm (100% laser power) and 561 (100% laser
power) for a total bleaching time of 1.5 s. Worms were imaged prior and immediately
following bleaching, then again 2 h later. ADAMTS9/20 (GON-1) knockdown was
calculated at the time of imaging and found to be 99.8% (Control L4440 RNAin =11,
GON-1 RNAin = 8).

FRAP experiments in Figure 21 were conducted on the iLas? FRAP system from
BioVision mentioned above. Worms were anesthetized using levamisole as in Figure 14
(described above) so that ovulation would continue to occur after worms were
anesthetized. The spermatheca was bleached when the worms were mid-ovulation (with
oocyte/embryo inside) and then observed after embryo exit. Regions of interest were
selected with the freehand ROI tool. A square region of the spermatheca was bleached at
25% laser power with 25 repetitions when animals were mid-ovulation. After bleaching,

images were acquired every 5 min for the next hour.
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A.1.6 Image analysis, processing, and quantification

Raw images were quantified in Fiji 2.0 (Schindelin et al., 2012). Figures were
constructed using Adobe Illustrator (CC 2021) and graphs were exported from
GraphPad Prism 8.

For data in Chapter 2, B-LINK fluorescence intensity measurements were
acquired by taking the mean fluorescence intensity of a 3-pixel wide line drawn through
the left side of the B-LINK in a single confocal z-slice. Background intensity values were
obtained by taking a line measurement in a region with no visible fluorescence signal.
Images of the utse and seam markers were acquired as z-stacks and are displayed in
figures as max projections. Images of collagen::mRuby?2 fluorescence recovery in control
and ADAMTS9/20 RNAI treated animals were acquired as z-stacks and displayed in
Figure 14 C as sum projections. All other images are single slices. All images of each
strain within each experiment were acquired using identical settings. Fluorescence
intensity values for the adult timepoints in Figure 13 B were normalized to data in
Figure 5 B based on the overlapping adult peak egg-laying timepoint. For the data in
Figure 14 B, a bleach correction factor was calculated to account for general
photobleaching during image acquisition across the duration of the experiment. Briefly,
the background-corrected fluorescence intensity measurement on the side of the B-LINK
where FRAP was not performed at the 2 h post-bleach timepoint was divided by the

respective value at the pre-bleach timepoint to obtain the bleach correction factor.
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Fluorescence intensity measurements at the pre-bleach and post-bleach timepoints on
the side of the B-LINK where FRAP was performed were then multiplied by the
respective bleach correction factor to normalize these values to the 2 h post-bleach
fluorescence intensity measurement in the same region. 3D isosurfaces of the utse and B-
LINK hemicentin were created from confocal z-stacks and exported using Imaris 7.4.

For data in Chapter 3, images were acquired as z-stacks and presented as max-
projections. For spermatheca-specific marked strains, surfaces were created using the
FIJI macro described in 3.2.1 (see A.1.7 for more details). Surfaces were then inputted
into Imaris 7.4 for visualization. For basement membrane tagged strains, surfaces were
created manually in Imaris 7.4 using Imaris” manual surface creation function by hand-
tracing the spermatheca in every third slice of the z-stack. Area of the bleached region in
FRAP experiments was calculated in FIJI. AFM methods are described below in A.1.8.
Fluorescence measurements in Figure 24 were acquired by taking the mean fluorescence
intensity of a 3-pixel wide line drawn through either the spermathecal BM or a distant
region of the distal gonad BM in a single confocal z-slice.Images isn Figure 24 are

displayed as single slices.

A.1.7 Scoring of ruptured through vulva (Rup) phenotype

To score for the Rup phenotype, ~30-80 worms were plated on RNAi at the L1,
L3, L4, or young adult stages as described above. After 24 h on RNAI, the number of

worms on the plate was recorded. At least once every 24 h for the next 120 h, plates were
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visually screened for ruptured worms. Ruptured animals were subtracted from the total
number of starting animals and picked off the plate so as not to double count them.
After 120 h the percentage of ruptured animals was calculated and compared to controls
using Fisher’s exact test.

For the long-term collagen RN Ai rupture experiment, worms were synchronized
and plated on RNAi at the young adult stage as previously described. Plates were then
scored for ruptures as above for seven days (168 h). Each day, non-ruptured worms
were picked onto fresh RNAi plates to avoid starvation and remove progeny. After
seven days the percentage of ruptured animals was calculated and compared to controls
using Fisher’s exact test.

For experiments using the optogenetically induced muscle contraction strain
KG1271, worms were synchronized and plated on RNAi at the L1 stage as described
above and fed for 72 h. Plates of animals were placed on the Axio Zoom V.16 where they
were exposed to 488nm light for ~7 s. After light induced muscle contraction, the
number of eggs expelled by the animal was recorded and the animal was scored as

positive or negative for the Rup phenotype.

A.1.8 Rup phenotype screen

A list of genes documented to cause the Rup phenotype was compiled using
WormBase (http://wormbase.org). The list was generated using the WormMine feature,

which returns all genes annotated to a particular phenotype (RNAi/allele). These 403
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genes were then filtered by whether they encoded proteins with a signal sequence
(secreted or transmembrane proteins), which resulted in a list of 52 genes. To further
filter this list, genes that are unlikely to be directly involved in collagen recruitment
were removed. This included genes encoding proteins with roles in metabolism, the
cuticle, or gap junctions. We also removed matrix proteins previously tested for roles in
the B-LINK. Furthermore, we focused on genes that met one or more of the following
criteria: (1) genes that on their own caused a Rup phenotype (not a synthetic
interaction), (2) genes documented to be expressed in the utse or hypodermis, (3) genes
whose loss is also documented to cause sterility or reduced brood size similar to known
B-LINK components, and (4) genes whose RN Ai loss was not pleotropic and primarily
led to a Rup phenotype. This filtering process left us with a list of 11 genes (shown in
Table 7) that were then screened using RNAi clones from either the Ahringer or Vidal

libraries.

A.1.9 FIJI Macro for Spermatheca Surface Creation

The spermatheca surface macro was developed and tested in FIJI. General steps
of the macro are described in Chapter 3.2.1. Histogram stretching in step 1 was applied
such that 0.35% of pixels became saturated. Gaussian blur was applied with a sigma
(radius) of 1. Slices were selected for the “fill holes” method if the area of the previous

slice is more than 1.5 times larger than the current slice area or if the total perimeter of
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current slice is 1.25 times larger than that of the previous slice. After processing, 3D

isosurfaces of the spermatheca were created and exported using Imaris 7.4

A.1.10 Atomic Force Microscopy

AFM experiments were conducted on an Asylum Research MFP-3D Stand Alone
AFM controlled by Igor Pro 6.37 software. Cantilevers from Novascan with the
following specifications were used for all experiments: silicon nitride triangular tip
cantilever (spring constant 0.03), borosilicate particle tip (10pm), Au coated, OH surface.
The actual spring constant of each cantilever was determined via thermal calibration in
liquid. Measurements were done in liquid. Approach velocity was set to 0.8 um/s.
Samples were prepared as described in Chapter 3.2.3. Worms were dissected using BD
PrecisionGlide 25 gague needles (REF 305122) in M9. After dissection, worms were
transferred onto positively charged slides (Electron Microcopy Sciences, Cat. # 71869-30)
using non-adhesive pipette tips. After data acquisition, cantilever deflection curves were
fit to a modified Hertz model using a MATLAB algorithm modified from (Crest et al.,
2017)The MATLAB algorithm only uses the first 50 nm of indentation to ensure the

calculated Young’'s Modulus is for just the BM.

A.1.11 Statistical Analysis

Statistical analysis was performed in GraphPad Prism 8. Distribution of data was
assessed for normality using the Shapiro-Wilk test. For comparisons of mean

fluorescence intensities between two populations, I used an unpaired two-tailed
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Student’s t-test. To compare mean fluorescence intensities between three or more
populations, I performed a one-way ANOVA followed by either a post hoc Dunnett’s or
Tukey’s multiple comparison test. To compare percent rupture between two
populations, I performed a Fisher’s Exact Test. All graphs were prepared in GraphPad

Prism. Figure legends indicate sample sizes, statistical tests used, and p-values.
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Appendix B
B.1 Supplemental videos
B.1.1 Video S1. Hemicentin located at the utse-seam B-LINK.

Movie shows a 3-Dimensional reconstruction of hemicentin (visualized with
hemicentin::GFP) localized at the ends of the utse cell (visualized with cdh-
3p::mCh::moeABD) that contact the seam cells (not shown). The utse marker cdh-
3p::mCh::moeABD is also expressed in four groups of vulval muscles that extend below
the cross-bar of the utse. Related fluorescence images in Figure 1. Scale bar labelled in

video.

B.1.2 Video S2. Optogenetically induced muscle contraction causes
egg-laying.

A transgenic worm expressing the ultraviolet light receptor LITE-1 in body wall
and egg-laying muscles (lite-1(ce314); cels37 (myo-3p::lite-1 + myo-3p::GFP)) grown 60 h on
control T444T empty vector RNAi and then exposed to 488 nm light for 7 s to induce
extended body wall and egg-laying muscle contractions and forced egg-laying. Stills
from movie are shown in Fig 4 B. Video was collected and is displayed at 31.5 frames/s.

Scale bar labelled in video.

B.1.3 Video S3. Optogenetically induced muscle contraction causes
uterine rupture after loss of hemicentin.

A transgenic worm expressing the ultraviolet light receptor LITE-1 in body wall

and egg-laying muscles (lite-1(ce314); cels37 (myo-3p::lite-1 + myo-3p::GFP)) grown 60 h on
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hemicentin RNAi and then exposed to 488 nm light for 7 s to induce body wall and egg-
laying muscle contractions. The animal shown undergoes uterine rupture during forced
egg-laying. Stills from movie are shown in Fig. 4 B. Video was collected and is displayed

at 31.5 frames/s. Scale bar labelled in video.
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