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what is conveyed or represented by a particular arrangement or sequence of things.

All life on this planet stemmed from a single cell. While the complexity of a single cell is immense imagine 37
trillion cells, stuck together, performing specialized tasks, organized into tissues, organs, and the complexity
of a human being become apparent (Bianconi et al., 2013). How can such complexity originate from a single
cell? There are so many steps involved, the cell has to divide, cells have to adhere to one another, cells
need to differentiate to perform specialized tasks, cells need to produce mechanical force to bend and fold
tissues to make the organs, and the organs systems have to coordinate to maintain the life of the organism.
If every animal starts as a single cell then the first cell must contains of the information needed to build an
organism. How can something so tiny contain so much information? The simple and yet complex, unique
and yet consistently six pointed geometry of a snowflake provides a hint.

The intricate structure of a snowflake emerges from the hexagonal geometry of frozen water molecules (Fig.



1.1 A). As asolid, water molecules form a crystal lattice as a result of the physically bent molecular geometry
of water and the chemical properties where oxygen is is more negative and hydrogen is more positive (Fig.
1.1 A). From simple geometry and chemical properties a beautiful, complex, and unique snowflake is born.
A tiny water molecule, just a mere 2.5 Angstroms, contains all of the information necessary to build a
snowflake. Knowing this, it should not be difficult to understand how a cell which is made up of trillions
of molecules can provide the framework for something as simultaneously simple, complex, and unique as a
human being.

In our cells the sequence of nucleotide contained in the double helix of DNA is the master regulator of
information storage (Fig 1.1 B). The genes in our DNA code for different types of proteins (Fig 1.1 B).
Some of these proteins make other structures, such as lipids and chains of sugars (Fig 1.1 B). It isn’t often
thought of this way but the physical and chemical properties of proteins, lipids, and sugars store information
for the cell as well, similar to how the structure of a water molecule stores information for the snowflake.
The main difference between a living cell and a snowflake is that the cell built of more complex and less rigid
material. This allows the cells to take on many different shapes generated and maintained by proteins that
produce mechanical force all while remaining plastic enough to respond to stimuli, change, and adapt itself
overtime. Cells achieve this dynamic plasticity not only the expression of certain genes that determine the
type and shape of a cell but also the specific local accumulation and activation of the proteins that dictate
the immense variety an adaptability of cellular architectures seen (Fig 1.1 B). If cellular changes always
required the expression of new genes, this would be too slow, other responses are stored in the structure of
the proteins themselves. One fascinating examples of this is how proteins can respond to mechanical cues.
This allows cells to sense a forces and produce an almost instantaneous response. The focus of my thesis
work is on this, how cells respond to mechanical inputs and can adjust their mechanical properties to make
up an effective tissue.

The mechanical consequences of cytokinesis

For a mulitcellular organism the only time they under go a mechanical change that spans their entire being is
during their first cell division. Cytokineses, the process of splitting a cell in two is driven by tiny pico newton
forces generated by motor proteins that slide cytoskeletal filaments. (Fig. 1.2) This mechanical process
has fascinated scientists for over a century and we have unraveled many secrets of cytokinesis (Pollard,
2010). The classic model for how eukaryotic cells generate the force required to pinch themselves in two
is through sliding filaments of actin with the motor protein Myosin II. Many eukaryotes from amoebas,
yeast, and humans, use this method to pinch themselves in two, however, many organism have found other
methods such as plants which rely on membrane vesicle fusion and the addition of extracellular cell wall
material (Assaad, 2001), or the slime mold which in addition to filament sliding can also use traction forces to
drive cytokinesis (Reichl et al., 2008; Neujahr et al., 1997). Yeast can also divide with several disabled myosin
motors (Lord and Pollard, 2004). Surprisingly, successful cytokinesis can occur in vertebrates with Myosin
IT mutants that produce tension within the ring but cannot translocate actin filaments (Ma et al., 2012). In
addition to actin and Myosin II there are many additional genes involved in cytokinesis. The most robustly
characterized eukaryotic cytokinesis is the tiny fission yeast where over 150 genes are involved (Pollard and
Wu, 2010). Through studies in yeast and many other organism we have found that in order for a cell to
successfully divide it must overcome several obstacles. First the cell must properly position the contractile
ring. Second the cell must assemble the ring and connect it to the membrane. Third, contraction of the
ring must be established, tuned, and maintained while ring disassembly occurs as the ring grows smaller and
smaller. Finally, the membrane must be fused to separate the daughter cells. Most of the research in this
field has focused on this first division of multicellular creatures or division in single cell organisms (Pollard,
2010; Rappaport, 1996; Green et al., 2012). While this research has been extremely useful there is a finite
amount we can learn about cytokinesis in isolated cells. For a multicellular being the moments after the
first division provide a new challenge, a neighboring cell! Most of the human cells that divide in our body



have many neighboring cells, not just one, this posses all sorts of obstacles for a dividing cell. How does the
dividing cell overcome the resistive forces of neighboring cells? Do neighboring cells assist with cell division?
How does the tissue maintain its barrier functions as cells within it divide? Chapter two of my dissertation
aims to answer several of these questions.

Signaling to build a contractile ring

To establish the contractile ring the small GTPase RhoA, the master regulator of contractility, must be
localized and activated at the site of division. RhoA cycles between and active form facilitated by gua-
nine nucleotide exchange factors (GEFs) and an inactive form facilitated by GTPase activating proteins
(GAPs). When in the active GTP-bound conformation, RhoA associates with the membrane and acti-
vate specific effector proteins, resulting in localized effects on the cytoskeleton. For example, active RhoA
promotes formation of actomyosin contractile arrays via its key effector proteins: formin, which nucleates
unbranched actin filaments, and Rho-associated coiled-coil kinase (ROCK), which phosphorylates the reg-
ulatory light chain of Myosin II to increase contractility (fig. qq). RhoA activity is properly positioned
through the delivery of GEFs and GAPs along microtubules to the division site. In brief, MLKP1, a motor
protein, transports MgcRacGAP which can bind the Rho GEF Ect2. The co-accumulation and MgcRacGAP
and FEct2 results in an activation and inactivation flux of RhoA at the division site maintaining properly
localized RhoA activity (Miller and Bement, 2008).

Scaffolding a contractile ring

Anillin is a well-characterized scaffolding protein in cytokinesis and is a major focus of my third chapter
where I demonstrate a new role for Anillin in regulating epithelial mechanics. During cell division, Anillin
ensures successful cytokinesis by bundling filamentous-actin (F-actin), linking F-actin and Myosin II to the
membrane, and regulating RhoA activity at the contractile ring (Piekny and Maddox, 2010). The N-terminal
domains of Anillin participate in actomyosin binding/assembly, while the C-terminal domains include PH
and C2 domains, which anchor it to the membrane, a RhoA binding domain, which allows it to interact
with active RhoA, and binding sites for interacting with the GEF Ect2 and the GAPs MgcRacGAP and
p1l90RhoGAP-A (Piekny and Maddox, 2010; Frenette et al., 2012; Manukyan et al., 2014b; Sun et al.,
2015). Through direct binding to active RhoA, Anillin helps reset the clock on RhoA activation, acting as a
buffer to extend the lifespan of active RhoA before passing it off downstream RhoA effectors (Budnar et al.,
2018). Early in cytokinesis, Anillin participates in a positive feedback loop in which its accumulation at the
contractile ring is both dependent on and enhances Rho activation (Piekny and Glotzer, 2008). Later in
cytokinesis, it interacts with pl90RhoGAP-A in a tension-sensitive manner, inactivating RhoA in response
to excessive force (Manukyan et al., 2014a). Finally, Anillin’s bundling of F-actin also affects contractility
in the ring where moderate levels of Anillin promotes efficient contraction of actomyosin (Descovich et al.,
2017). Thus, Anillin helps to promotes efficient contraction by fine-tuning RhoA signaling, bundling F-actin,
and linking the contractile ring to the membrane.

Dividing in a tissue

Much of the work on cytokinesis has been done in either replicating singled celled organisms or the first
embryonic development of multicellular organisms. From this we have learned a great deal about the mech-
anisms of ring constriction but cells in our body and other mulicellular organisms don’t divide in isolation.
Cells in tissues are connected to one another via cell-cell junctions, cell-cell junctions will be covered in



the next section, but still divide rapidly. For example, the cells lining your small intestine are dividing
so rapidly that the epithelial lining is turning over every 2-4 days! Cells in a tissue have all of the same
cell autonomous obstacles to overcome when it comes to cytokinesis but they have many more additional
problems and questions to be to solved with the added complexity of being in a tissue. Do dividing cells
in a tissue communicate with their neighbors? Do neighboring cells actively participate in cell division?
How does the dividing cell overcome the resistive force of neighboring cells? Do cells in a tissue need to
produce more force to successfully divide or do neighboring cells become more compliant? Is and or how is
the barrier of an epithelium maintained during cell division? Early studies using electron microscopy and
immunostaining showed that epithelial cells remain in contact with one another during cell division (Jinguji
and Ishikawa, 1992b; Baker and Garrod, 1993). This means that both the dividing cell and the neighboring
cell are undergoing large shape changes during cell division. How are both cells responding to these mechan-
ical inputs? Three very exciting papers showed that dividing cells in Drosophila tissue actually break their
cell-cell junctions to invaginate the membrane (Guillot and Lecuit, 2013; Founounou et al., 2013; Herszterg
et al., 2013). One of the papers even found that there was a loss of adhesion between the dividing cell and
the neighboring cell (Guillot and Lecuit, 2013). This raises several interesting questions, are the forces from
cytokinesis disrupting cell adhesion or is cell adhesion being regulated by non force dependent mechanism?
Additionally, why is junction disengagement only happening in certain tissues (Guillot and Lecuit, 2013),
but not others (Jinguji and Ishikawa, 1992a; Baker and Garrod, 1993; Founounou et al., 2013; Herszterg
et al., 2013)7 Is the barrier function of epithelial tissues being disrupted by forces from cytokinesis and what
impacts does this have on the organism? Chapter two of my thesis address whether or not the epithelial
barrier is maintained during cytokinesis and how cell-cell junctions respond to the mechanical cues from
cytokinesis.

Cell-cell junctions

Without the ability for cells to adhere to one another all life on this planet would be destined to be unicellular.
To achieve multicellularity life had to evolve a solution to mechanically connect the two daughter cells that
form after cytokinesis. Interestingly many of the proteins that assemble to form the contractile ring during
cell divisions are also found at cell-cell junctions, the structures that adhere cells together, even though the
functions of these cellular structures are very different. The contractile ring functions to cut a cell in two while
cell-cell junctions functions to mechanically link cells together and allow tissues to form barriers; without
them multicellularity on the level of a human being could not exist. Some organism such as Choanoflagellates
can live as a unicellular or multicellular organism. They achieve multicellularity not with specialized cell-
cell junctions but by skipping the last step of cytokinesis, remaining connected via and intracellular bridge
and sharing cytoplasm (Dayel et al., 2011). Again highlighting the intimate link between cell division and
adhesion. To achieve mulicellularity on a larger scale cells had to evolve specialized adhesion solutions so
that tissues could be both rigorous enough to maintain tissue and barrier integrity and dynamic enough
to maintain tissue homeostasis through the flux of cell renewal and cell death. Cell-cell junctions emerged
600 million years ago but the ultrastructure of cell-cell junctions was first identified only a few decades
ago in a seminal electron microscopy study by Farquhar and Palade (Farquhar and Palade, 1963). The
authors described the apical junctional complex in vertabrates being composed of tight junctions (or zonula
occludens), where the space between epithelial cells is almost completely obliterated, adherens junctions
(or zonula adherens), located just basal to the tight junction where the cell membranes are brought in
close proximity (720 nm apart), as well as “conspicuous bands of dense material located in the subjacent
cytoplasmic matrix”, which we now know to be junctional actomyosin (Farquhar and Palade, 1963). The
apical junctional complex in vertebrates plays the critical role of sealing the paracellular space and adhering
epithelial cells to one another (Hartsock and Nelson, 2008; Van Itallie and Anderson, 2014).



Tight junction mechanics

Tight junctions are are well known to be important determinant of epithelial barrier function, however, recent
studies have also revealed that they can sense and regulate apical forces. Classically tight junctions seal the
intercellular spaces between adjacent epithelial cells and form regulated, selective (size- and ion-specific)
barriers. Barrier function can be acutely regulated in epithelial tissues by signaling mechanisms — notably
by changes in actomyosin contractility (Shen et al., 2011). To achieve these functions, the tight junction
transmembrane proteins (Claudins, Occludin, immunoglobulin-like JAMs) form tight junction strands, which
are linked to the underlying actomyosin cytoskeleton via cytoplasmic plaque proteins (Zonula Occludens (ZO)
proteins, Cingulin, Afadin, etc.) (Van Itallie and Anderson, 2014) (Fig qq). The ZO proteins (ZO-1, ZO-2,
and ZO-3) bind to the cytoplasmic tail of Claudins and Occludin with their N-termini (Itoh et al., 1999; Li
et al., 2005). ZO-1 interacts with F-actin through its C-terminus; ZO-2 and ZO-3 also interact with F-actin,
although the binding sites have not been determined (Fanning et al., 1998; Wittchen et al., 1999). ZO
proteins are proposed to initiate the polymerization of Claudins into TJ strands (Umeda et al., 2006), and
ZO-1 has the ability to stabilize Claudin strands (Van Itallie et al., 2017). In addition to their role in
regulating the barrier of epithelial sheets it is also becoming clear that tight junctions are also important
regulators of epithelial mechanics. For example, when ZO-1 and -2 are depleted F-actin and Myosin II
dramatically increase at adherens junctions and generate high tension in line with the junction (Fanning
et al., 2012; Choi et al., 2016) meaning tight junction negatively regulate tension on adherens junctions (Hatte
et al., 2018). Additional work has shown that ZO-1 itself is mechanosensitive. Tensile force along ZO-1
reveals a binding site for the transcription factor DbpA, thus sequestering it to inhibit cell proliferation, with
additional possible effects on barrier function and epithelial morphogenesis (Spadaro et al., 2017). These
initial studies position tight junctions as important mechanical signaling centers in addition to the classic
role in regulating tissue barrier function.

Adherens junction mechanics

Adherens junctions, located just basal to the tight junction, mediate cell-cell adhesion and are well known
for transmitting mechanically forces across epithelial cells into tissues. Adherens junctions are functionally
important for epithelial homeostasis and morphogenesis. In addition to resisting mechanical forces from
neighboring cells, the contractile actomyosin network associated with adherens junctions can also transmit
tension across cell-cell junctions to neighboring cells, actively shaping tissues during development. For
example, contraction of actomyosin coupled to adherens junctions promotes apical constriction of individual
cells, which collectively leads to tissue folding (Coravos and Martin, 2016; Takeichi, 2014), and promotes
intercalation, during which cells remodel their cell-cell contacts through neighbor exchange (Lecuit and
Yap, 2015), more on this in the following sections. Each of these functional roles of adherens junctions is
dependent on regulated linkage of the core molecular components of adherens junctions to the actomyosin
cytoskeleton.

The core AJ components include the transmembrane proteins (E-cadherin and Nectins) and cytoplas-
mic plaque proteins (B-catenin, o-catenin, pl120-catenin, Vinculin, Afadin, etc.) (Quiros and Nusrat, 2014;
Ratheesh and Yap, 2012) (Fig qq). E-cadherin forms both small spot-like clusters along the lateral mem-
brane as well as an apical belt-like structure, the zonula adherens, which is located just basal to the tight
junction. F-actin plays an important role in corralling the small E-cadherin clusters (Wu et al., 2015),
and actomyosin drives their coalescence and stabilization at the apical zonula adherens (Ratheesh and Yap,
2012). The linkage of E-cadherin to F-actin is achieved via catenin proteins. B-catenin binds to the cyto-
plasmic tail of E-cadherin, and o-catenin binds to B-catenin. Although a-catenin can bind F-actin, there
were controversies about whether a-catenin can simultaneously bind to both the cadherin/catenin complex
and F-actin (Yamada et al., 2005). Recent work demonstrated that o-catenin can indeed bind both, but
only under actomyosin-generated force (Buckley et al., 2014; Nelson and Weis, 2016). This work showed



that under tension, the cadherin/catenin complex forms a stable bond with F-actin (Buckley et al., 2014).
Furthermore, actomyosin-mediated tension promotes a conformational change in a-catenin, which reveals a
binding site for Vinculin (Yonemura et al., 2010). Vinculin is is then only recruited to cell-cell junctions
under mechanical tension to function in reinforcing cell adhesion and the linkage to F-actin in the face of
mechanical force (le Duc et al., 2010; Yonemura et al., 2010).

Force generation on the epithelial surface

Without the ability to orient mechanical forces and adjust the mechanical properties a an attempts to achieve
multicellularity is destined to remain a one dimensional chain, a two dimensional sheet, or three dimensional
sphere of cells, depending on the orientation of cell division. The production of forces from individual cells
allows a tissue to sculpt itself through tissue bending and elongation events. These mechanical events in
conjunction with controlled cell death are what allow organisms to take the variety of shapes we see in
multicellular organism on earth. Changes in the mechanical properties of a tissue also directly effect the
prognosis of certain diseases, such as cancer. With the adherent functions of cell-cell junctions and their
connection to thick bundles of actin filaments it is no wonder these structures were first studied as possible
regulators of force generation at the apical surface of epithelial tissues. To fully understand the amazing
process of development and to understand, treat, and prevent disease such as cancer, we need a comprehensive
understanding of how epithelial sheets regulate their mechanics.

Circumferential actomyosin

A key mechanical change in epithelial cells during development is the constriction of the apical surface of
cells. This constriction shrinks the apical surface which causes the tissue to bend in on itself which is a
key step for gastrulation to form primary tissue layers of the organism and neurulation to form the spinal
cord. Using electron microscopy early studies in frog, newt, and chick, showed evidence that circumferential
actin filaments directly associated with adherens junctions were likely driving apical constriction during
neurulation (Baker and Schroeder, 1967; Burnside, 1971; Karfunkel, 1972). Later immunostaining work in
brush border cells induced to apically constrict highlighted that myosin associated strongly with cell edges
before and after apical constriction (Hirokawa et al., 1983). Using quick freeze deep etch electron microscopy
Hirokawa and colleges most convincingly that in brushed border cells also apically constrict by squeezing
in the adherens junctions first, leaving their apical surfaces bulging out (Hirokawa et al., 1983). The
contractile nature of the circumferential actomyosin network was demonstrated by islolating the actomyosin
apparatus from chicken epithelial cells. Upon addition of ATP to the purified actomyosin apparatuses the
rings of actomyosin constricted (Owaribe and Masuda, 1982). Additional work on embryoing tissue wounds
demonstrated the importance of supracellular junctional cables that from to close the wound via a purse
string constriction method (Martin and Lewis, 1992) (Nodder and Martin, 1997). With all of this evidence
it should not be surprising that the circumferential actomyosin was thought to be the only contributor
epithellial mechanics for over 50 years.

Medial-apical actomyosin

In addition to the band of circumferential actomyosin associated with junctions there another actomyosin
network that produces mechanical forces in epithelial tissues. Probably because it is less conspicuous than
junction actomyosin it took much longer for researchers to appreciate importance of medial-apical acto-
myosin network (Fig. 1.10), in fact even when it was directly observed it the more prominent purse string



model was still favored. The protein Shroom 3 was first characterized near the turn of the millennia to
induce apical constriction for neural tube closure in both mice and frog (Haigo et al., 2003; Hildebrand
and Soriano, 1999; Nishimura and Takeichi, 2008). Interestingly, the proposed mechanism for Shoorm 3
induced apical constriction was the accumulations of actomyosin around the circumference of cells even
though both junctional and medial apical actomyosin increased (Haigo et al., 2003; Nishimura and Takeichi,
2008). Medial-apical actomyosin was first appreciated for its role in apical constriction when live imaging
was performed on gastrulating Drosophila (Martin et al., 2009). Where the researches found that tem-
poral burst of Myosin II accumulated medial-apically to induce apical constriction in a pulsed contraction.
Outside of morphogenic events such as apical constriction medial-apical actomyosin has been shown to be
a load bearing structure in stable epithelia (Ma et al., 2009). Laser hole drilling of both junctional and
medial-apical F-actin revealed that epithelia acts more as continuous mechanical sheet rather than an array
of contractile vertices (Ma et al., 2009). Even with with these findings epithelial tissues are still often thought
of as an array of contractile vertices and conclusions are made assuming the mechanical strain is stored only
in circumferential actomyosin. Medial-apical and junctional are distinct, but also very similar. There are
still many unanswered question about the function of medial-apical actomyosin and it’s interplay with cir-
cumferential actomyosin. How are they controlled and regulated and differentiated, does one feed into the
other, etc. My third chapter shows that the scaffolding protein Anillin dramatically increased medial-apical
actomyosin and this leads to dramatic changes in the mechanics of epithelial cells.

Dissertation goals

In this dissertation, I investigate how epithelial cells respond to mechanical cues and regulate their cellular
mechanics. In Chapter 2, I describe how vertebrate epithelial cells maintain the barrier function of the tissue
during cytokinesis by reinforcing their cell-cell junctions in response to forces generated by the contractile
ring. In Chapter 3, I explore how the scaffolding protein Anillin contributes to epithelial cell and tissue
mechanics. Preliminary experiments hinted that Anillin functions in generating tension in line with cell-cell
junctions via the circumferential actomyosin belt, however, upon deeper investigation I found a new role
for Anillin in dramatically organizing medial-apical actomyosin which has mechanical affects at the cellular,
tissue, and whole embryo level. In Chapter 4 I discuss the implications of my findings in the context of the
field and propose future experiments that I would be interested in pursuing.



Figure 1.1: From simple physical and chemical properties comes complexity

A water molecule B DNA

crystal lattice of ice 2 7 cellular components

> ¢
( »”

‘ { | s sugar polymere
> ‘ - ‘ | ab s 5
‘ ’ ‘ ’ XN ..--‘,7\': -

snowflake shapes cell shapes
fibroblasit nerve cell
smooth
muscle cell
liver cell
[ )

.

)
\ fat cell N,

goblet cell /

bone cell

Figure 1: This is a caption

8



Figure 1.2: A contractile ring of actomyosin drives cytokinesis
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Figure 1.4: Anillin fine tunes RhoA signaling, bundles F-actin, and links the contractile ring to the membrane
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Figure 1.6: Simplified model of vertabrate apical cell-cell junctions
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Figure 1.7: ZO-1 is a mechanically sensitive tight junction protein
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Figure 1.8: a-catenin is a mechanically sensitive adherens junction protein
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Figure 1.9: Evidence that circumferential actomyosin was a contractile apparatus in epithelial cells
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Figure 1.10: Model of the medial-apical network in regulating epithelial mechanics
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