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ABSTRACT

The Interplay Between Growth and Mechanics at the Unicellular and Multicellular Levels

by

Carlos Osvaldo Gomez

Whether it is a single cell organism or a multicellular system, both need to undergo
changes in mechanics in order to grow and shape themselves. In this thesis, we will look at
the interplay between growth and mechanics, both at the unicellular and multicellular levels.
For the single cell organism, we will look at how the mechanics of the cell wall are
maintained during the process of tip growth in S. cerevisiae and explore the interplay of cell
wall assembly and mechanics during the process of mating projection growth. For the
multicellular system, we will characterize how the forces change during the process of
growth and invasion in 4T1 breast cancer spheroids.

Single celled organisms have various forms of growth, but a common type is called tip
growth. In yeast, this mode of growth occurs during mating whereby two cells of different
mating types grow towards each other. While the molecular pathways of this process have
been documented, it is unclear how the mechanical integrity of the cell wall is maintained
under the high internal turgor pressure of the organism during cell wall assembly and
expansion. By combining theoretical and experimental approaches, we show that

mechanical feedback is necessary to allow mating projection growth to occur in S.

viii



cerevisiae. We found that the mechanical feedback is provided by the Cell Wall Integrity
pathway, which modulates cell wall assembly depending on mechanical changes in the cell
wall and stabilizes mating projection growth. By experimentally perturbing key players of
this pathway through genetic deletions of cell wall stress sensors, we were able to test the
predictions provided by our theoretical description. Our results show that cell wall assembly
and the mechanics of the cell wall must be tightly coordinated via a genetically-encoded
mechanical feedback to ensure cell viability during morphogenesis.

Multicellular cancer aggregates have been used as model systems to study different
aspects of tumorigenesis. Here we will investigate the mechanical aspects of the process of
invasion, which is one of the initial steps of metastatic growth. Multicellular aggregates, also
called spheroids, have been used extensively as they are more representative of the
physiology of a tumor and can be embedded in controlled microenvironments. While the
forces that a tumor generates on the surrounding environment have been investigated, the
forces within the tumor during invasion have never been explored, mainly due to a lack in
technologies enabling direct mechanical measurements in 3D multicellular environments.
By utilizing fluorescent cell-sized bioinert droplets as force transducers, we quantify how
the mechanics within the tumor change as it begins to invade into a collagen type | matrix.
Through the use of this technique and in-house developed software, we were able to show
that while supracellular stresses remain low and constant during invasion, cell-scale stresses
increase in invading spheroids while stresses in the non-invading spheroids stay relatively

constant.
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I. Introduction

How mechanics influence biological processes has been a question of interest that spans
decades [1, 2, 3]. It has been shown through various studies that mechanical cues are
important in the development [4, 5] and shaping of biological systems [6, 7], but the exact
link is difficult to find. This can be attributed to various factors such as molecular
redundancy [8, 9] or technological limitation [10, 11]. In order to gain a greater
understanding of the role of mechanics in biology, | have collaborated with graduate
students from various backgrounds to determine this link through modelling and direct
measurements. The goal of this thesis is to further our current understanding of the interplay
between growth and mechanics from the unicellular and multicellular perspectives. For this
reason, this document has been divided into two sections, the first section focuses on how
mechanical feedback is required for proper growth and polarization in the unicellular
organism S. cerevisiae and the second section focuses on how the mechanical properties of
multicellular tumor spheroids change upon invasion. With these studies, we aimed to

demonstrate how mechanics play a role in the biological processes of growth.

A. Role of Mechanics in Biological Processes

The process by which living organisms change their shape and form is called
morphogenesis. This process occurs in all living organisms and is run, in part, by genetic
processes encoded in each. Whether it is single-celled or multicellular, the way organisms
develop is also bound by the laws of physics [12]. One example that best exemplifies this
concept can be found in early Drosophila embryos. By simply compressing the embryo

during development, it was found that Twist expression, which is required for the



ventralization of the embryo, can be induced showing that changes in mechanics, in this case
growth, can influence genetic expression as it is required for proper development of the
organism [13]. How these genetic processes coordinate within the physical constraints of our
world are still not fully understood, but many approaches have been used to gain a better
understanding. In our work with budding yeast, we utilize theoretical modeling to
understand how the cell wall maintains its integrity during expansion and growth. In our
work with in vitro tumors, we utilize a microdroplet technique to directly measure how the
physical properties change as it begins to invade into its microenvironment. While two
vastly different approaches were used, they both helped further our understanding the

interplay between mechanics and growth.

B. Unicellular System: S. cerevisiae

The role of mechanics at the unicellular level has been observed in a wide variety of
biological processes ranging from cell fate decisions to motility [14, 15], but how are
mechanical cues processed to control cellular shape? To begin, we must understand how
cellular shape is determined. The shape of an individual cell is primarily determined by
either the actomyosin cortex in animal cells [16] or by the cell wall in walled cells [17]. To
gain further insight into how mechanics influence biochemical determinants of cellular
shape and vice versa, we have chosen to study this interplay in the unicellular eukaryote S.
cerevisiae for the mechanical forces and signaling components guiding morphogenesis are

better understood than in higher eukaryotes.



1. Process of Pheromone-Induced Growth

Budding yeast has three modes of growth: budding, pheromone-induced, and
filamentous. While each mode of growth could be assessed for our purposes, we have
chosen to investigate pheromone-induced growth as it is more controllable than budding,
which is regulated by the cell cycle, and better characterized than filamentous growth, which
cross-talks with other important signaling pathways [18].

Pheromone-induced growth begins with exposure to a mating pheromone from the
opposite mating type (i.e. a- or a-factor for mating type o or a respectively). This pheromone
is detected by its specific receptor leading to the activation of a heterotrimeric G-protein
causing its Ga and Gy subunits to dissociate and diffuse throughout the membrane.
Dissociation of the GBy subunit allows for the recruitment of Cdc24 which activates the
small G-protein Cdc42, the master regulator of cell polarization. The presence and activation
of Cdc42 then furthers the recruitment of proteins responsible for polarized growth to the
plasma membrane. This cluster of proteins has been termed the polarisome [19]. Within this
structure resides a protein called Bnil, the only formin in S. cerevisiae found to play a role
in pheromone-induced growth, and once activated, it nucleates actin cables [20]. This allows
secretory vesicles containing proteins and enzymes responsible for degrading and rebuilding
the wall to be localized to a specific region. This balance of degradation and assembly in
addition to the presence of a high internal turgor pressure allows the cell to grow a mating

projection.

2. Basis for Theoretical Model of Pheromone-Induced Growth

For budding yeast to undergo pheromone-induced growth, there must be an expansion of

the cell wall. The cell wall, which is composed of glycans and chitin, is only about 100 nm
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wide, but its strong interwoven network provides enough strength to keep the cell from
bursting [21]. Upon local degradation of the cell wall caused by the breaking of these glycan
chains, there is a change in its viscosity allowing this region to expand under high turgor
pressure. This expansion is counterbalanced by the deposition of new wall material brought
in by secretory vesicles, which were alerted of the stress on the wall by several cell wall
stress sensors (Wscl, Wsc2, Wsc3, Mid2, and Mtl1) that propagated the signal to Rhol, the
master regulator of cell wall integrity, and its downstream effector Fks1/2, glucan synthases
responsible for adding new material to the wall. Previous published values for physical
properties of the wall and activation rates of key CWI components were used to build upon
previous work that combined cell wall mechanics and growth in tip growing cells [22]
resulting in a model for how the cell interprets the mechanical state of the wall and responds

to these changes.

C. Multicellular System: 4T1 Murine Breast Cancer Spheroid

As one can imagine, the complexity and scale of multicellular systems can range
immensely [23]. For that reason, we wanted to use a system that would increase the
complexity but would not overcomplicate it. We utilized multicellular aggregates that were
composed of one cell type and decided on 4T1 murine breast cancer cells as preliminary
studies revealed that they make aggregates without the aid of any additional components.
These aggregated cells have been used to understand a variety of processes including

metastasis, which is the spread of cancer cells to distal regions of the organism.



1. Initial Process of Metastatic Growth

Cancer is one of the leading causes of death worldwide [24]. As such, much research has
focused on how to treat it. From understanding where the most common mutations occur
[25,26] to developing chemotherapeutics to stop its progression [27,28], it was found that
the process of metastasis, where cells spread from a primary tumor to distal regions of the
body, is actually responsible for 60-90% of cancer related deaths [29,30]. The process of
metastasis for solid tumors begins as all cancers do, by mutations to oncogenes [31]. Once
the oncogene has been mutated, the primary tumor begins to form. After this, local invasion
into the basement membrane begins by degradation and reorganization of its surrounding
microenvironment [32]. This is followed by the process of intravasation where the cells
enter the bloodstream and then seed to a distal region where they begin the process of
making a secondary tumor [33]. This process occurs at the system level of the organism and
has many variables associated to it. Therefore, we wanted to investigate one of the initial
steps, invasion, and understand if the forces within the actual tumor change during this
process. The process of invasion utilizes a variety of enzymes to degrade the basement
membrane, but for simplicity, we chose to make the microenvironment solely of one of its
main components: collagen type I [34]. The reason for this is due to the variability of
commercially available matrices, which could affect the mechanics of the system [35]. By
using only one component, we can eliminate one variable in our experimental setup and still

observe the process of invasion.

2. Using Microdroplets to Quantify Forces in 3D

Many techniques have been developed to measure the mechanical forces generated by

individual cells [36], but only a few can measure the mechanical stresses of tissues,
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especially in 3D [37]. For this reason, obtaining measurements of mechanical forces of 3D
cell culture systems has proven difficult. A novel technique which utilizes fluorescent
hydrogel beads has been able to obtain measurements of the mechanical stresses in 3D cell
culture systems, but due to their composition, the cells seem to crawl over the hydrogel bead
[38]. Additionally, their results demonstrated an odd phenomenon which showed strong
actin activity around the hydrogel, which could have occurred due to the cells being able to
attach and crawl on the bead. To circumvent these and other technical issues, we opted to
utilize oil droplets, the first technique established to measure mechanical stresses in 3D
multicellular systems [39, 40]. This technique utilizes an oil that is bioinert, whose
interfacial tension is controlled by commercially available surfactants, and contains a far-red
fluorophore to allow imaging of said oil. The oil is then injected into the tissue of choice to
act as a force transducer to measure the anisotropic stresses of the system. This technique
has been demonstrated to work in biological systems [39, 40] and was developed to further

our understanding of how mechanics play a role in biology.

D. Outline

The purpose of this work was to gain a better understanding of how the mechanics
change during two different morphogenic events at different scales. While at different
scales, we find that the interplay of mechanics and growth plays a pivotal role in their
processes.

In chapter 2, we discuss how the shaping of tip walled cells requires coordination of cell
mechanics and growth. Using the model organism, S. cerevisiae, we show that mechanical
feedback is necessary to enable this communication of the mechanical state of the cell wall

to the genetic processes maintaining it, allowing the coordination of cell wall expansion and
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growth. My part in this work was performing experimental perturbations that could provide
support for the theoretical framework developed and its results. Through the contributions
that I made, we were able to show phenotypes that were representative of the theoretical
predictions made, that mechanical feedback was necessary not only for proper development
of the mating projection, but also its shape.

In chapter 3, we discuss how the forces within in vitro tumors change during invasion.
Using 4T1 spheroids, we show that the stresses within an in vitro tumor increase over the
course of invasion by the use of oil microdroplets. The process of invasion involves the
degradation and rearrangement of the surroundings while the individual cells from the tumor
push and pull into this reorganized space. Because of this, our hypothesis was that the
droplet would experience higher forces as the process continues. My part in this work was
collecting the data and quantifying the results through software that was made in-house.
Through my contributions, we were able to show that the stresses of the interior of the tumor
increase as the tumor cells invade the surrounding area.

We conclude in Chapter 4 by summarizing our results and discussing future directions.



II. Unicellular System: Mating Projection Growth in S. cerevisiae

From cell division to polarization and growth, cells constantly change their shapes to
perform specific tasks [41-43]. These morphological changes are achieved through
remodeling of the structures that mechanically sustain the cell, such as the cytoskeleton in
animal cells and the cell wall in walled cells. Unlike animal cells, which can undergo fast
and complex cell shape changes, walled cells must take extra care during shape changes, as
the cell wall needs to mechanically sustain their high internal turgor pressure throughout the
cell wall remodeling process [44-46]. A lack of coordination between cell wall expansion
and assembly during cell growth can be fatal for the cell, as the thinning of the cell wall in
expanding regions may lead to cell lysis unless it is carefully balanced by newly assembled
wall material. While it is believed that the coordination of cell wall expansion and assembly
is necessary to cell wall remodeling and morphogenesis, the mechanisms behind this
coordination remain largely unknown. This work was done in collaboration with Samhita
Banavar, who designed the theoretical framework, and Michael Trogdon, who aided in the
computational analysis. | was responsible for performing the wet-lab experiments. Otger
Campas, Tau-Mu Yi, and Linda Petzold provided supervision over our respective

contributions. This chapter was published in PLoS Computational Biology [47].

A. Introduction

Cell shape changes are ultimately governed by the mechanical state of the cell wall [45,
46, 48]. Studies of the mechanics of walled cell morphogenesis have predominantly focused
on tip-growing cells of plant and fungal species because of their large size, simpler geometry

and fast growth rates [49-51]. In this highly polarized growth mode, cells adopt a tubular



shape that extends only at the apical region (Fig. 1). During this process, cells polarize their
cytoskeleton and localize exocytosis to the growing region, exactly where the cell wall
needs to be assembled and remodeled. While the molecular underpinnings of tip-growth
differ across species, two basic features have been shown to be necessary [49]: polarized
assembly of new cell wall material at the tip, and nonhomogeneous mechanical properties
enabling its apical expansion (Fig. 1F). Previous theoretical descriptions of tip-growth
focused on cell wall assembly [52-54] or cell wall mechanics [51, 54, 56] separately. More
recent descriptions accounted for both cell wall assembly and mechanics [57-60], but
assumed these processes to be independent of each other. As we show below by directly
solving the dynamics of cell wall assembly and expansion, assuming cell wall mechanics
and assembly to be independent of each other always leads to unstable cell wall expansion
and cell lysis, in stark contrast with experimental observations. Despite its relevance to cell
viability during cell wall remodeling and morphogenesis, no previous theoretical
descriptions have addressed the role of coordination (coupling or feedback) between cell

wall mechanics and assembly in the morphogenesis of walled cells.



ol =)
@]
3
-—
~
N

Py
=
(o)
-t
\ 4

Kon

Cell Wall
Integrity pathway
e

- actin cables

Cell wall
£ : - cell wall
viscosity

| X d vesicles
‘ low high
¢ -y @ inactiveq cell wall
S~ Cell wall ‘ }synthase
S\ assembly D’ active (st1/2)
| o Wall ‘stress’ sensor
low high -7 (Mid2, Wsc1)

Figure 1. Schematic diagrams of relevant events and quantities in mating projection
growth. (A) Transmitted light image of a S. cerevisiae cell growing a mating projection
in the presence of a-factor. Scale bar, 2um. (B-D) Sketch of molecular events leading to
the delivery and activation of cell wall synthases Fks1/2 at the apex. See main text and
Table 1 for definitions of parameters. (E) Geometry of the system and definition of the
relevant variables. (F) Sketch depicting the increasing cell wall viscosity and decreasing
cell wall assembly away from the apex. The inset depicts local normal force balance at
the cell wall. All variables are defined in the main text.

In addition to well-known model systems for tip-growth, such as pollen tubes in plants
and hyphal growth in higher fungi [48-50], budding yeast display tip-growth during mating.
Haploid cells secrete pheromone (o- and a-factors for mating types a and a, respectively)
that elicits the growth a tubular mating projection from the partner of the opposite type [61 -
62] (Fig. 1A). Since the molecular basis of cell polarization and cell wall assembly and
remodeling have been extensively studied in budding yeast, tip-growth of mating projections
provide a unique system to study the mechanism of coordination between cell wall

mechanics and assembly.
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In a-cells, binding of a-factor to its cognate receptor activates the heterotrimeric G-
protein, leading to the activation and polarization of the small G-protein Cdc42, a master
regulator of cell polarization [63]. Cdc42-mediated polarization recruits various molecular
factors to an apical region of the plasma membrane known as the polarisome, where the
formin protein Bnil drives the nucleation of actin cables, focusing exocytosis at the apex
[43, 61] (Fig. 1B). Secretory vesicles transporting Fks1/2 cell wall synthases and cell wall
remodeling enzymes (e.g., glucanases) move along actin cables to the exocyst, eventually
leading to the incorporation of Fks1/2 synthases to the plasma membrane and the release of
glucanases into the preexisting cell wall (Fig. 1B and 1C) [64-67]. Together, these events
molecularly and mechanically polarize the cell, causing a localized expansion of the cell
wall at the apex (Fig. 1B and 1F).

In general, the expansion of the cell wall is a vulnerable situation that must be carefully
controlled. Since the cell wall sustains the high internal turgor pressure, uncontrolled cell
wall expansion can lead to cell wall piercing and cell lysis. In budding yeast, the Cell Wall
Integrity (CWI) pathway is known to help the cell prevent loss of cell wall mechanical
integrity in a variety of situations [68-71], from mating pheromone-induced growth to
vegetative growth [69, 70, 72]. Five transmembrane proteins, namely Wscl, Wsc2, Wsc3,
Mid2, and Mtl1, are thought to act as stress sensors and relay information about the
mechanical state of the cell wall to multiple intracellular processes via the activation of
Rhol GTPases [69, 70, 72-78]. Previous works have shown that Wscl and, especially, Mid2
play an important role during mating pheromone induced growth, while the remaining stress
sensors do not seem to strongly affect projection growth [78-82]. While the specific

mechanical quantity that these stress sensors monitor in the cell wall remains unclear,
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activation of the CWI pathway leads to the downstream Rhol-mediated activation of several
key molecular components, including cell wall synthases (Fks1/2), actin nucleators (Bnil)
and mediators of exocytosis (Sec3), and also induces a transcriptional response via a MAPK
cascade [70]. The activation of cell wall Fks1/2 synthases [62, 70, 74] provides the most
direct coupling between cell wall mechanics and assembly and could potentially stabilize
mating projection growth (Fig. 1D). However, it is unknown if such a simple, direct
mechanical feedback can stabilize morphogenesis of walled cells by itself.

Using mating projection growth in budding yeast as a model system, and combining
experiments and theory, we show that coordination between cell wall mechanics and
assembly through direct Fks1/2 activation in the CWI pathway (mechanical feedback)
stabilizes mating projection growth without affecting its geometry. In what follows, the term
‘mechanical feedback’ refers to the nature of the input signal that is sensed and relayed by
stress sensors in the CWI pathway. We first derive a theoretical description that connects the
cell wall mechanics to the intracellular processes building the wall (Fks1/2 activation
dynamics) via the CWI pathway, and show that stable projection growth can only persist in
the presence of mechanical feedback. In the absence of coordination between cell wall
assembly and mechanics, cell wall expansion is always unstable, leading to either
progressive thickening or thinning of the cell wall depending on conditions. Our
experimental results indicate the compromising the mechanical feedback through genetic
deletions of the wall stress sensors Mid2 and Wsc1, and also through perturbations of cell
wall mechanics and increased turgor pressure, all lead to defects in mating projection growth
and cell viability. Our experimental observations are in agreement with the theoretical

predictions, suggesting that the mechanical feedback provided by the CWI pathway via
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direct activation of Fks1/2 synthases can stabilize projection growth without altering cell
geometry. In addition, by directly measuring the size of the exocytosis region in wild-type
(WT) and mutants with compromised mechanical feedback, we show that the size of the
mating projection is controlled by the size of the exocytosis region, but is independent of the
strength of the mechanical feedback, as predicted theoretically. Altogether, our results show
that a mechanical feedback between cell wall mechanics and assembly is essential for
stability of cell wall expansion and projection growth, but that its geometry and size are

insensitive to the mechanical feedback.

B. Theoretical Description

The expansion of the cell wall during morphogenesis is powered by the cell’s internal
turgor pressure, P. Such high pressure is mechanically sustained by the cell wall, which
provides mechanical integrity to the cell at all stages, including during mating projection
growth. Similarly to other organisms [45, 48, 50], the cell wall in budding yeast can be
considered a thin shell surrounding the cell, as the wall thickness (~100 nm [85]) is much
smaller than the radius of the projection (~1um [86]). Since the cell’s shape is determined
by the location of its cell wall, we describe the growth of the mating projection as the
expansion of an axisymmetric thin shell, parametrized by the arclength s from the projection
apex and azimuthal angle ¢ (Fig. 1E). The shape of the projection is characterized by its

local radius, (s, t), and the principal curvatures k, = 96/ds and kg, = sinf/r,

respectively, where 6(s, t) is the angle between the local outward normal and the axis of
growth (Fig 1E). The coordinates (r, ¢, z) (Fig. 1E) are standard cylindrical coordinates, and

the angle 8 and arclength s parameterize changes in normal and tangential directions of the
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surface, 71 and § respectively [60, 87] (Fig. 1E). The time evolution of the mating projection

shape is governed by the mechanics and assembly of the cell wall, as described below.

1. Cell Wall Mechanics and Extension

Building on previous work combining cell wall mechanics and growth in tip-growing
cells [60], as well as on the expansion of thin viscous shells [87], we write the equations
governing the dynamics of the growing cell wall. Local normal force balance at the cell wall
reads

OssKs + Opgpky = P and OssKgp = g 1)

where g (s, t) and oy (s, t) are the tensions along s and ¢ in the wall (Fig 1F). The
expansion of the cell wall during growth is caused by the tensions and depends on the
mechanical properties (rheology) of the cell wall, which govern the response of the cell wall
to applied stresses. Although the yeast cell wall behaves elastically at short time scales
(seconds [85]), it expands irreversibly on the characteristic timescales of mating projection
growth (minutes [57]), revealing a fluid-like behavior of the cell wall in growing regions.
The transition between fluid-like behavior at the growing apical region to an elastic behavior
far away from the apex has been studied in other systems and it is believed to be controlled
by an increasing concentration of cross-links between wall polymers away from the tip [88,
89]. This is consistent with the higher concentration of cell wall degrading enzymes
(glucanases) in the apical region of the mating projection [90]. We therefore assume the cell
wall of the growing mating projection to behave as an inhomogeneous viscous fluid, with
spatially varying viscosity u(s), minimal at the apex and increasing away from it (Fig. 1F).

The local tangential velocity u(s, t) of a cell wall with constant density p,,, or its strain
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(expansion) rates €; = du/ds and é4 = (1/7)(dr/dt) equivalently, can be minimally

related to the tensions in the wall by [60, 87]

Oss = 4uh[€ég + %‘p] and  ggg = 4,uh[% + €4] (2)

2. Dynamics of Cell Wall Assembly

Sustained expansion of the cell wall during mating projection growth requires constant
assembly of new cell wall material in the expanding apical region (Fig. 1B, 1C and 1F). Cell
wall assembly occurs through synthesis of the primary component of the wall, 1,3-B glucan
[85], by transmembrane 1,3-f glucan synthases Fks1/2, which localize at the apical, growing
region of the mating projection [91-92]. While only inactive Fks1/2 molecules, unable to
synthesize glucans, are incorporated to the plasma membrane through exocytosis, Fks1/2
can be activated by Rhol once at the plasma membrane [93] (Fig. 1C and 1D). The activated
form of Fks1/2 synthases extrudes 1,3-f glucan chains into the extracellular space, thereby
assembling new cell wall onto the preexisting wall [44]. Accounting for these events, mass

conservation of cell wall material yields

rm,K
9,(rh) + 05(rhu) = ——2

pa(s,t) 3)

w

where h(s, t) is the cell wall thickness (Fig. 1E), and m,, and k,, are the mass of a 1,3-8
glucan monomer and the 1,3-p glucan assembly rate by Fks1/2 synthases, respectively. For
simplicity, we assume that the assembly rate of new cell wall material is proportional to the
local surface density p, of active Fks1/2. Given that Fks1/2 synthases are constantly added
and removed from the plasma membrane by exo- and endo-cytosis, it is important to

consider their dynamics.
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Inactive Fks1/2 are transported to the apical region of the mating projection by the cell’s
exocytic machinery and incorporated to the plasma membrane via exocytosis [94] (Fig. 1C).
Once on the membrane, inactive Fks1/2 molecules, characterized by a local density p,, can
be activated at a rate k,,,. Due to the relatively fast exo- and endocytosis Fks1/2 recycling
(~ 1s [95]) and very low diffusion constant D of proteins on yeast membranes (D ~ 0.01
um?2/s [96]), the diffusive movement of inactive Fks1/2 on the plasma membrane can be
neglected. In the active state, Fks1/2 extrudes new 1,3-p glucan chains into the wall, which
get assembled into the preexisting 1,3-p glucan network, effectively attaching active Fks1/2
to the wall and leading to a wall-driven convective movement of active Fks1/2 with velocity

u. Finally, active Fks1/2 synthases become inactive at a rate k, ¢ (Fig. 1C). The dynamics

for both inactive and active Fks1/2 states can be written in the curved geometry of the cell as

[0:(pi7) = r[kofpr — konpi] + rlkxpo — kpprl, @
0r(par) + 0s(parut) = 1[konpr — KorrPal
where ky and kj, are the exocytosis and endocytosis rates, respectively. Experimental
observations of the spatial distribution of both exocytic and endocytic events during mating
projection growth indicate that these are maximal at the apex and decay away from it [95].
These localized exo- and endo-cytosis profiles are characterized by a decay length scale and
can be written as ky (s, t) = k2exp(—s?/1%) and kp (s, t) = k3exp(—s?/1%), where k9
and k9 are the apical rates of exocytosis and endocytosis, respectively, and 1, and A, are
the length scales over which exocytosis and endocytosis decay, respectively. Given that the
enzymes that locally degrade the cell wall and control its mechanical properties are secreted

through exocytosis [97], we assume the length scale of viscosity variation to be set by the

exocytosis length scale and write the viscosity profile as u(s) = poexp(s?/1%).
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In order to simultaneously solve for the mechanics of cell wall expansion and the
dynamics of cell wall assembly described above, it is necessary to specify the activation and
inactivation rates of membrane-localized Fks1/2 cell wall synthases, k,, and ko,
respectively. Inactivation of active, membrane-localized Fks1/2 synthases has been largely
unexplored and assumed here to occur at a constant rate. The activation of inactive Fks1/2 is
mediated by the GTPase Rhol through the CWI pathway [62, 70, 74] (Fig. 1D), providing a
direct coupling between the local mechanical state of the wall and the local cell wall
synthesis machinery via the Fks1/2 activation rate k,,, (Fig. 1D). To account for this
coupling, we write the Fks1/2 activation rate kon as dependent on the cell wall mechanical
state, namely

kon =T[€s + €4] (5)

where we assumed the stress sensors to perceive the expansion (strain) rate in the wall,
rather than strain or stress. Indeed, activation of cell wall synthases should not occur in the
absence of cell wall expansion, as it could otherwise lead to uncontrolled cell wall
thickening. Eq. 5 constitutes a direct mechanical feedback of cell wall mechanics on cell
wall assembly, with the dimensionless parameter I" establishing the strength of the
mechanical feedback: large values of I" indicate that low levels of cell wall expansion trigger
large activation of Fks1/2 synthases, and vice versa.

Combining Egs. 1-5 and the profiles of exocytosis, endocytosis and wall viscosity
described above, we solve the coupled dynamics of cell wall mechanical expansion and
assembly. Normalizing all variables, we find 5 dimensionless parameters that control the

dynamical regimes of the system (Table 1), namely k¢ /kg, kp/kg, Ap/Ax, I', and the ratio
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Figure 2. Dynamical regimes. Parameter space spanned by I' and 4y /4, (A-1) for
different values of the parameters k) /k% and k,z¢/ky. The transition from unstable

growth (red) to stable growth (green) exists in all cases.

(Ppwix)/(12uom,,pok,), which corresponds to the ratio Ay /4, of the exocytosis length
scale Ax and a length scale A,,, = 12uom,,pok,/Pp,, set by the expansion mechanics of

the cell wall.

The parameters k,¢r/ky, kD /kg, Ap/Axhave either been measured or estimated and we

use below their known values [95, 98] (Table A in Appendix); variations in these parameters
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do not qualitatively affect our results. We vary the parameters held constant in the main text

within a reasonable range and determine the dynamical regimes. Since our theoretical

predictions and experimental results indicate that the instability occur as the pressure is

increased or the mechanical feedback decreased, we explore if this behavior is robust as we

vary all other parameters. Varying the parameters k9 /kg and k,/ky by two orders of

magnitude (from 0.10 to 10) does not change our qualitative results (Fig. 2): there is

transition between stable and unstable states, and the critical value of the mechanical

feedback strength increases with Ay /A,,. Varying Ax /A, leads also to the same qualitative

results.
Dimensionless Parameters
Ppy,Ax r kogr kp Ap
12puomy,pok, k9 k9 Ax

Physical/Chemical Parameters

1,3-B glucan
monomer

P Turgor pressure of Ax Exocytosis length-
budding yeast scale

Pw Density of 1,3-8 Ap Endocytosis length-
glucans in cell wall scale

Uo Apical viscosity of k9 Apical rate of exo-
cell wall cytosis

m,, Mass of 1,3-B kogr Inactivation rate of
glucan monomer Fksl1/2

Po Density of Fks1/2
enzymes in vesicle

k, Extrusion rate of

Table 1. System physical parameters and relevant dimensionless parameters.
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C. Stability of Mating Projection Growth

In the absence of mechanical feedback (I" = 0), the equation 2.4 cannot lead to mating
projection growth is unstable for any value of the parameters. We find that in the absence of
mechanical feedback the cell wall either progressively thins, eventually leading to either cell
wall piercing, or thickens, leading to unbounded cell wall growth, depending on parameter
values. This instability arises from the lack of coordination between cell wall expansion and
assembly: changes in cell wall expansion cannot be balanced by cell wall assembly unless
the processes building the cell wall have information about how cell wall expansion is
changing on the cell’s surface.

In the presence of mechanical feedback (I" > 0), numerical integration of Egs. 1-5
(Methods) shows that stable states of mating projection growth can be sustained for a large
range of parameters (Fig 3F and 3). In this context, stable states refer to sustained steady
state growth of the mating projection at constant velocity. For any given value of the ratio
(Ppwax)/(12uomy,pok,) there exists a critical value of the feedback strength I" below
which mating projection growth is unstable. Similarly, for every value of the feedback
strength I', there is a maximal value of (Pp,,Ax)/(12uym,,pok,) above which mating
projection growth becomes unstable. This instability is caused by the progressive thinning of
the apical cell wall, eventually causing the piercing of the cell and leading to cell lysis. The
bifurcation between stable and unstable states characterizes the transition between stably
growing mating projections and a situation in which this stable growth cannot be sustained

because of the progressive thinning of the cell wall and its eventual piercing. This instability
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Figure 3. Effect of mechanical feedback strength and turgor pressure on cell
viability. The strength of mechanical feedback, I', is experimentally varied by deleting
MID2 and WSC1. The dimensionless parameter (Ppy,Ax)/(12uom,,pok,) is varied by
changing the osmolarity of the external medium through dilution of the yeast growth
media, YPD, in deionized H20, effectively increasing turgor pressure P in cells. Cell
lysis was measured using the Pl staining viability assay (Methods). (A) Percent of lysed
cells in the absence of a-factor for WT, mid24 and wsc14 mutants, as well as the mid2
AwsclA double mutant. (B) Percent of WT lysed cells when grown in the presence of a-
factor in YPD medium with decreasing osmolarity. (C) Percent of mid24 wsciA lysed
cells when grown both in the presence and absence of a-factor in YPD, in osmotically
supported conditions (YPD + 1M sorbitol), as well as in hypo-osmotic conditions (100%
H20). (D) Percent of mid24 wsci4 lysed cells when grown in the presence of a-factor
and osmotically supported media (YPD + sorbitol), diluted for decreasing osmolarities.
(E) Percent of lysed cells in mid24 and wsc14 mutants, as well as the mid2Awsci4
double mutant, when grown in the presence of a-factor in YPD. (F) Theoretically
predicted dynamical regimes for varying values of the mechanical feedback strength I"
and the ratio (PpyAx)/(12uom,,pok,). Decreasing osmolarity experimentally,
corresponds to increasing P and, therefore, moving along horizontal lines in the positive
direction. Addition of zymolyase, a cell wall degrading enzyme, corresponds to
decreasing the cell wall viscosity, moving also along horizontal lines in the positive
direction. (G) Images (DIC, PI staining and merge) showing the moments before and
after the piercing of the cell wall at the tip of a mating projection and subsequent cell
lysis of a mid24 cell after the addition of zymolyase. Scale bar, 2um. (H) Temporal
increase in the fraction of pierced mating projections for both mid24 (squares) and WT
(circles) cells after addition of zymolyase.
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minimal viscosity), above (below) which the cell wall progressively thins and eventually
pierces at the tip of the projection, leading to cell lysis. The predicted increase of the
maximal turgor pressure or decrease in the minimal wall viscosity for increasing feedback
strength I' indicates that cells with compromised mechanical feedback should be more
sensitive to both an increase in turgor pressure or a decrease in wall viscosity than WT cells.
In order to experimentally explore the predicted dynamical regimes (Fig. 3F and Fig. 2),
we systematically varied the mechanical feedback strength, as well as the turgor pressure P
and cell wall viscosity . In contrast to previous works, here we examine all three
perturbations in the context of the stability of pheromone-induced projection growth. We
first varied the feedback strength I' by compromising the ability of the cell to sense the
mechanical state of the wall. To this end, we genetically deleted the two primary cell wall
stress sensors present during mating projection growth, namely Wscl and Mid2 [74] (Fig.
1D), and measured the resulting cell lysis (Methods). Only in the presence of a-factor and
mating projection growth, did the deletion of either of the two sensors (Mid2, Wscl) lead to
increased levels of cell lysis compared to WT (Fig. 3A and 3E), as predicted theoretically
(Fig 3F), indicating that the ability to sense the mechanical state of the wall is essential
during growth. Moreover, the double mutant mid24wsc14 exhibited the highest level of cell
lysis in a-factor and, even when osmotically supported by 1M sorbitol, showed a substantial
increase in lysis after the addition of a-factor (Fig. 3A, 3C and 3E). These observations
show that the double mutant has an enhanced sensitivity to the addition of mating
pheromone, in agreement with previous results obtained during vegetative growth [81]. To

explore how changes in the parameter (Pp,,Ay)/(12uom,, pok,) affected cell viability (Fig.

3F), we independently changed the turgor pressure P and the cell wall viscosity u,. To
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increase the cell’s turgor pressure P, we progressively decreased the osmolarity of the
external medium (Methods). We observed a monotonic increase in lysed cells for both WT
and mid2Awsci4 cells as media osmolarity was decreased in the presence of a-factor (Fig.
3B and 3D), consistent with the theoretically predicted effect of increased turgor pressure P
(Fig. 3F). Finally, in order to decrease the cell wall viscosity o, thereby increasing the value
of the parameter (Pp,,Ax)/(12uomy,pok,) (Fig. 3F), we added zymolyase to the culture
media (Methods). Zymolyase enzymatic activity degrades 1,3-f glucans in the cell wall,
effectively lowering the cell wall viscosity. Addition of zymolyase led to the piercing of the
cell wall typically at the tip of the mating projection (Fig. 3G), as expected theoretically
(Fig. 3F). Since zymolyase will continuously degrade the cell wall, leading to the eventual
piercing and lysis of all cells, we studied the temporal increase in pierced cells. Our results
indicate that mid24 cells with reduced mechanical feedback pierced faster than WT cells
when grown at the same zymolyase concentration (Fig. 3H), as theoretically expected (Fig.
3F). Overall, our experimental results are in agreement with our theoretical predictions (Fig.
3F) and are consistent with the CWI pathway providing the necessary mechanical feedback

to coordinate cell wall expansion and assembly.

D. Characteristics of Stably Growing Mating Projections

Stable, steady-state solutions for mating projection growth show that the shape of the
mating projection is largely insensitive to variations in the feedback strength I and the ratio
(PpwAx)/(12ugm,,pok,) (Fig. 4A, 4B, 4E and 4F). The size (radius) R of the mating
projection increases linearly with the size of the exocytosis region Ay, but it is independent
from the feedback strength I" (Fig. 4B). Beyond projection shape and size, the cell wall

expansion rate, €5 + €4, is always maximal at the projection apex (s = 0) and decreases
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Figure 4. Steady-state stable solutions for mating projection growth: Projection
shape and cell wall expansion. (A,C,E,G) Mating projection shape (A), as well as the
spatial profiles of the cell wall expansion rate é; + €4 (C), curvature kg (E) and cell wall
thickness h (G), for different values of the mechanical feedback strength I' and the ratio
Ax/Am= (PpwAx)/(12pom,, pok,). All insets show a different scaling of each
magnitude, with the arclength normalized by the projection radius R and each quantity
normalized by its value at the projection tip (s = 0), with the exception of the wall
thickness h(s) and the shape r(s), which are normalized by the limiting values far away
from the apical region, H and R respectively. The color code indicates the different
parameter values, shown as dots of the same color in the parameter space right to each
panel. Increasing orange and blue tones of the dots corresponds to decreasing I" and
increasing (Ppy,Ax)/(12pom,,pok,), respectively (arrows in Fig 2E). (B,D,F,H) The
variation of the apical value of each magnitude, namely &, = é;(s = 0) = €4(s = 0)
(D) and kg = K4(s = 0) (F), is shown for the different values of the parameters for
which stable states exist. The variation of the projection radius and wall thickness away
from the apical region, R (B) and H (H) respectively, are shown as a function of the
parameters as well.

away from it (Fig 4C), eventually vanishing as no wall expansion occurs far away from the
growing apical region. The cell wall expansion rate at the projection apex, (€ + €4)|s=o,
increases with increasing turgor pressure (or (PpyAx)/(12pom,, pok,) equivalently) and
with decreasing mechanical feedback strength (Fig. 4C and 4D). In contrast, the apical cell
wall thickness displays the opposite behavior (Fig. 4G and 4H), decreasing for increasing P
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Figure 5. Steady-state stable solutions for mating projection growth: Cell wall
assembly via Fks1/2. Cell wall assembly via Fks1/2. (A,C,E,G) Total Fks1/2 density
pa+ pi (A), fraction of active Fks1/2, p4/(pa + p1) (C), active Fks1/2 density (E) and
inactive Fks1/2 density (E), for different values of the mechanical feedback strength I’
and the ratio Ax /A= (PpyAx)/(12pem,,pok,). All insets show a different scaling of
each magnitude, with the arclength normalized by the projection radius R and each
quantity normalized by its value at the projection tip (s =
the different parameter values, shown as dots of the same color in the parameter space
right to each panel. Increasing orange and blue tones of the dots corresponds to
decreasing I' and increasing (Pp,,Ax)/(12uom,,pok,), respectively (arrows in Fig 2E).
(B,D,F,H) The variation of the apical value of each magnitude, namely (p$ +

P1)/po (B), pa/ (P4 + p1) (D), pa/po(F) and p}/pe(H), is shown for the different

values of the parameters for which stable states exist.

0). The color code indicates

or decreasing I'. These results indicate that cells closer to the instability threshold display

stronger apical cell wall expansion rates and thinner cell wall (Figs. 3E, 4D, and 4H),

suggesting the strong cell wall expansion and thinning at the apex as the cause of the loss in
cell wall mechanical stability.

Regarding cell wall assembly during stable, steady-state projection growth, our
theoretical results indicate maximal cell wall assembly at the expanding apical region. Both

the total surface density of Fks1/2 synthases, p, + p;, and the surface density of only active
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Fks1/2 synthases, p, , are maximal at the apex and decrease away from it until they vanish
(Fig. 5A, 5B, 5E and 5F), as expected from the apically-localized exo- and endo-cytosis
profiles. The apical value of the total (or only active) Fks1/2 surface density, namely p$ +
pY (or p3), can be either smaller or larger than the surface density p, of Fks1/2 synthases
secreted by exocytic vesicles (Fig. 5A, 5B, 5E and 5F). The reason why the total Fks1/2
surface density p$ + p? can be larger than p, at the apex is that active Fks1/2 is secreting
1,3-B glucans into the cell wall, a process that effectively anchors them to the wall, holding
secreted Fks1/2 synthases to the tip region and increasing its concentration there. Beyond
Fks1/2, anchoring transmembrane proteins to the cell wall can potentially be used as a
mechanism to locally increase the protein concentration on the membrane to levels well-
beyond secretion levels. The fraction of active Fks1/2, p,/(p4 + p;), is also maximal at the
apex and decreases away from it (Fig. 5C and 5D). This is because of mechanical feedback,
which induces more Fks1/2 activation at the apex following the larger cell wall expansion
rate in this region (Fig. 4C). Finally, the surface concentration of inactive Fks1/2 also
decreases away from the expanding tip because of tip-localized exo- and endo-cytosis (Fig.
5G and 5H). Non-monotonic profiles of inactive Fks1/2 occur because high cell wall
expansion rates at the tip lead to more Fks1/2 activation, leaving less inactive Fks1/2
molecules in this region. Altogether, these results indicate that at the instability threshold,
the apical cell wall expansion rate becomes too large to be balanced by cell wall assembly,
leading to the progressive thinning of the cell wall and cell lysis.

The theoretical results above predict that both the geometry and size of the growing
mating projection are independent from the mechanical feedback strength I, and that the

projection radius increases with the size of the exocytosis region (Figs. 6A and 6B and 4A
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and 4B). To experimentally explore how exocytosis and the mechanical feedback strength
affect the mating projection size R (Fig 6A), we employed a deletion mutant for Spa2, a
scaffold protein that localizes Bnil and is recruited by Cdc42 [64], which displays a very
wide mating projection compared to WT (Fig 6C and 6D). We visualized the exocytosis
region in both WT and spa24 cells by expressing GFP-tagged Sec3, a component of the
exocyst that marks exocytic sites [43]. The exocytosis length scale Ay (Fig. 6A), which we
measured directly from confocal images (Fig. 6C and 6D and Methods), is considerably
larger in spa24 mutant cells than in WT cells (Fig. 6E), indicating that a larger mating
projection radius R is associated with a larger size of the exocytosis region. In contrast, the

size R of the mating projection was not observed to vary with changes in the strength of the
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Figure 6. Control of mating projection size. (A) Diagram of a growing mating
projection showing the mating projection radius R and length scale of the secretion
region (green), Ax. (B) Theoretically predicted dependence of the projection radius R
with the length scale of the secretion region, Ay, and the strength of mechanical feedback,
I'. (C-D) Confocal images of WT (C) and spa24 (D) mutant cells growing mating
projections. The cell wall is labeled with calcofluor (white) and the exocytosis profile is
defined by Sec3-GFP (green). Scale bar, 1 um. (E) Measured average cell radius, R, and
exocytosis length scale, AX, for mid24 and wsci4 mutants in both WT and spa24
backgrounds (mid24, N = 6; wsclA4, N = 9; spa2A4 mid2A4, N = 7; spa2A wsciA, N = 6), as
well as for WT (N = 7) and spa24 (N = 6) cells. Mean and standard deviation are shown.
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mechanical feedback I" (Fig. 6E), as shown by deleting Mid2 or Wscl in both WT and
spa24 backgrounds, while simultaneously measuring the size of the mating projection R and
the length of the exocytosis region using Sec3-GFP. While deletion of Wscl and Mid2
strongly affects mating projection stability (Fig. 3E), our measurements show that it does not
affect the size of the mating projection (Fig. 6E). These results indicate that the mechanical
feedback is essential to sustain stable mating projection growth, but it does not affect mating
projection size, which is controlled by the exocytosis profile, as predicted theoretically (Fig.

6B).

E. Discussion

In this work, we studied both theoretically and experimentally how the mechanics of cell
wall expansion and the molecular processes assembling the cell wall are coordinated during
cell morphogenesis, using budding yeast mating projection growth as a model system. We
first derived a theoretical description of mating projection growth that couples, through
mechanical feedback encoded in the CWI pathway, the cell wall expansion and geometry to
the molecular processes building the cell wall. The theoretical predictions were tested
experimentally through genetic deletions affecting the feedback strength and also through
mechanical perturbations (hyposmotic shocks and cell wall degradation). Our theoretical
predictions are in good agreement with the experimental results and indicate that the
existence of mechanical feedback is essential to guarantee stability during cell wall
remodeling and cell morphogenesis.

This theoretical description of mating projection growth connects the mechanics of the
cell wall to the molecular events in charge of sensing its mechanical state and controlling its
assembly via well-established signaling pathways (CWI pathway), thus providing specific
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predictions on how mutations can affect cell morphogenesis. Several previous models
accounted for both the mechanics and assembly (remodeling) of the cell wall [57-60], as we
have done above, but did not account for a connection to known molecular feedback control
(CWI pathway) coupling wall mechanics and assembly. These models consider the cell wall
to be either a elastic material undergoing remodeling [58-59] or an elastoplastic material
[57], as opposed to our description of the cell wall as a viscous fluid, which has also been
considered before [60]. Importantly, at long timescales over which cell growth and cell wall
remodeling occur, assuming the cell wall to be a viscous fluid, a remodeled elastic material
or an elastoplastic material is largely equivalent because all of them properly account for the
observed irreversible expansion (flow) of the cell wall at long timescales [57]. While
previous descriptions assumed that irreversible cell wall expansion only occurs when new
cell wall material is inserted into the pre-existing wall [58-59], we allowed the possibility of
cell wall expansion even in the absence of cell wall assembly because the cell wall can be
fluidized by the action of wall degrading enzymes secreted via exocytosis. Indeed, addition
of zymolyase leads to cell wall piercing for cells with intact cell wall assembly (Fig. 3G).
Such cell wall degrading enzymes are known to play an important role in cell wall
remodeling [70, 100] and the establishment of inhomogeneous cell wall material properties
in several organisms [88, 101], including budding yeast [57]. Since these enzymes are
secreted via exocytosis, we assumed the length scale of viscosity variation away from the
apex to be the same as the exocytosis region. Finally, the combination of the observed
inhomogeneous stiffness of the cell wall during mating projection growth [57] (measured at

short timescales; seconds) and cell wall remodeling can be theoretically described as an
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effective inhomogeneous viscosity at timescales longer than cell wall remodeling, as we
assumed in our description above and also done previously for other systems [60].

In the absence of any mechanical feedback relaying information about the mechanical
state of the cell wall to the intracellular processes building it, our theoretical data indicate
that cell wall expansion is unstable, leading to cell lysis. Previous works have shown that the
cell wall is prone to piercing in cell if the CWI is compromised [70], and our experimental
data indicates that degradation of the cell wall by zymolyase (effectively lowering the cell
wall viscosity in our description) also leads to cell wall piercing (Fig. 3G). Since cell wall
piercing involves changes in cell wall thickness, our theoretical description accounts for the
dynamics of cell wall thickness from first principles (mass conservation). This is in contrast
to previous models that also consider cell wall mechanics and assembly, which assume the
cell wall thickness to be constant, fixed by an unknown mechanism [57-59]. Considering a
variable cell wall thickness was done before [60], but the cell wall mechanics and assembly
were considered independently (no mechanical feedback) and the dynamics of cell growth
was not studied. We theoretically show that accounting for the simplest mechanical
feedback encoded in the CWI pathway, which directly couples cell wall expansion and
assembly via direct activation of Fks1/2 synthases, stabilizes cell wall expansion for a wide
range of parameters. The agreement between our theoretical predictions and experimental
results suggests that the specific mechanical feedback studied herein, with cell wall stress
sensors Wscl and Mid2 locally sensing cell wall expansion and directly activating Fks1/2
cell wall synthases, can stabilize cell wall remodeling during mating projection growth by
itself. Such mechanical feedback ensures that in regions where the cell wall expands the

fastest (at the projection apex) and could potentially rupture via thinning, local activation of
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cell wall synthases increases assembly of cell wall material, preventing cell wall rupture and
stabilizing mating projection growth. However, our work does not rule out that other
mechanical feedbacks encoded in the CWI pathway could also play a role in the stabilization
of projection growth. It also is likely that other stress sensors [69-70], expressed during
different cell wall remodeling events in budding yeast, coordinate cell wall expansion and
assembly in other morphogenetic processes. While our experimental observations
qualitatively agree with our theoretical predictions regarding the existence of an instability
associated to the thinning of the cell wall and then need of mechanical feedback to
coordinate cell wall extension and assembly, further experiments will be needed to fully
confirm this scenario.

Beyond budding yeast, many other organisms, including other fungi, plants and bacteria,
have walled cells that are constantly remodeled [45, 50, 102, 103]. The molecular control of
cell wall remodeling and morphogenesis differs across species, and it is therefore likely that
different mechanisms encode mechanical feedback in other species. Indeed, previous
observations have hinted at the existence of mechanical feedback [104], but the feedback
mechanisms remain elusive. The mechanical feedback described herein, or different
feedback mechanisms to be discovered, may also play an important role in the coordination
of cell polarity and morphogenesis in both animal and walled cells [104-107].

While essential to ensuring stability during cell wall expansion, our results show that the
strength of mechanical feedback does not affect mating projection shape or size (Figs. 4 and
6) The observed decoupling in the control of cell geometry and growth stability reported
here may allow cells to maintain a functional shape under different growth conditions. In

addition, we find that projection size is controlled by the spatial extent of exocytosis. This is
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in agreement with recent observations in fission yeast indicating that the size of the apical
growth domain correlates best with the size of the apical exocytosis region [58], and also
with theoretical models of fission yeast that predict the radius of the cell to be determined by
the size of the apical cell wall assembly region [59].

More generally, the need to coordinate growth processes and mechanics during
morphogenesis is important for individual cells, but also for tissues and organs. Identifying
the molecular mechanisms enabling this coordination at different scales and in different

organisms will substantially contribute to our understanding of morphogenetic processes.

F. Methods

Numerical integration of governing equations.

The system of Egs. 1-5 was scaled and written in a manner such that r, h, p,, and
p; were described by equations evolving in time, and u, 8, k, by differential equations in s.
The latter equations were solved by the method of lines; s was discretized and the s-
derivatives were written as a differential matrix using fourth order central difference and one
sided finite differences at the boundary. The resulting system becomes a differential
algebraic system (DAE), which was solved using Sundials, a suite of nonlinear and DAE
solvers. Steady state solutions were obtained by ensuring that all time derivatives of scaled
variables were below 1073,

Yeast strains and culture conditions.

All yeast strains were derivatives of W303-1A and contained the bari4 mutation that
prevents a-factor degradation by deletion of the Barl protease. Genetic techniques were
performed per standard methods [31]. Yeast strains used in this study are listed in Table B in
Appendix. All strains were cultured in YPD (yeast extract-peptone-dextrose) media

32



supplemented with adenine. The wsclAmid2A strain was grown in YPD media with 1M
sorbitol to increase viability. Gene deletions and GFP-tagging were constructed by genomic
integration using vectors amplified and targeted by PCR primers [32].

Cell viability measurements.

Cell lysis was determined by propidium iodide (Molecular Probes) staining. Propidium
iodide (PI) was prepared in DMSO at a concentration of 20 mM and then diluted 1:1000 for
use. Propidium iodide was added to cells after being exposed to a-factor (1 uM) for 2 hours.
To observe the viability of cells after altering the osmotic pressure, we diluted the YPD
media with distilled water upon addition of propidium iodide. The cells were imaged on
slides after being exposed to propidium iodide for 10 minutes. Brightfield and fluorescent
(RFP filter set) images were acquired using an inverted Nikon Eclipse TE300 microscope
with a 60x objective (NA = 1.4). Image analysis was manually performed using ImagelJ.
Data from 3 samples for each condition was averaged and, for each sample, 150 cells or
more were analyzed.

Cell lysis due to zymolyase.

To decrease the viscosity of the cell wall, we utilized zymolyase, which contains -1,3
glucanase, to hydrolyze the glucan linkages that strengthen the wall. Zymolyase (Zymo
Research, 1 pl (2 units) per 100 pl of cells) was added to cells exposed to alpha-factor for
1.5 hours. Cells were treated additionally with concanavalin A to immobilize them during
the imaging process. The cells were imaged on slides for 7 minutes after being exposed to
zymolyase for 3 minutes. DIC images were acquired every 3 seconds. Data from 5 samples
for each condition was averaged and, for each sample, 15 cells or more were analyzed.

Image analysis was manually performed using ImageJ.
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Imaging and analyzing exocytosis.

The length-scale of exocytosis was measured in strains that contained Sec3 fused to
GFP. Calcofluor White Stain (Sigma-Aldrich) was added to cells 10 minutes prior to
imaging (final concentration 0.1mg/ml) to distinguish the cell wall during image analysis.
To properly visualize the length-scale and reduce imaging noise, we averaged 30
consecutive confocal images, taken at 2 second time intervals, for each cell, after incubation
in 1 uM a-factor for 1 hour and 30 minutes. For spa24 cells, the 30 images were taken at 13
second intervals to average over a longer time period to average out the stronger fluctuations
in polarization in this mutant. Images were acquired with a laser-scanning confocal
microscope (Zeiss LSM 710), using a 100x objective (NA = 1.4). The cells were
immobilized to a glass-bottom dish coated with concanavalin A. To horizontally orient the
mating projections, we layered a YPD (supplemented with 1 uM a-factor) agarose pad on

top of the cells. Image analysis was manually performed using ImageJ.
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II1. Multicellular System: Initial Stages of Metastatic Growth in 4T1
Spheroids

Metastasis, the spreading of malignant cells from a primary solid tumor, is a key event in
cancer progression and ultimately one of the major causes of patient death. The spreading of
tumor cells requires the invasion of cells into surrounding tissues, a physical process likely
linked to mechanical changes in tumors. While the mechanics of the tumor
microenvironment is known to play an important role in tumor progression, the endogenous
mechanical stresses inside tumors, and their changes during invasion, remain largely
unknown. Combining new image analysis methods and direct mechanical stress
measurements of model in vitro tumors (spheroids) of 4T1 murine breast cancer cells, here
we show that invading and non-invading tumors display differences in their mechanical
behavior. While supracellular stresses are low (100 Pa) and remain constant in both invading
and their non-invading counterparts, cellular stresses inside invading tumors increase
consistently during invasion, with non-invading tumors displaying the opposite behavior.
Moreover, cellular stresses display increasing variability during tumor invasion, with peak
values well over 1000 Pa, as opposed to non-invading tumors, for which cell stress
variability decreases over time. These results indicate that changes in internal tumor
mechanics may play an important role in their ability to invade surrounding tissues. This
work was done in collaboration with Johannes Soltwedel who developed the image analysis
software. | was responsible for performing the experiments. This chapter is currently being

prepared for submission.
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A. Introduction

Cancer is one of the leading causes of death worldwide [24]. The molecular diversity
among patients and the complexity of tumor progression in different tissues [108, 109] have
hindered efforts towards successful treatment. Most previous studies have focused on the
role of molecular cues, genetic mutations, cell behavior, interaction among different cell
types and changes in the tumor microenvironment [110, 111]. These studies and many
others have shown that after the onset of the disease, eventual death is due to the spread of
the tumor to multiple organs from an original, individual and localized tumor. Beyond
specific molecular changes, the spreading of malignant cells from the original tumor
requires the physical invasion of tumor cells into their immediate surrounding tissue.
Despite the many molecular studies of this process, the mechanical stresses in isolated
tumors and the mechanical changes inside the tumor that occur during its invasion of their
surroundings are still unclear.

Mechanics is known to play a key role in many developmental processes, from tissue
morphogenesis to collective cell migration, as well as in cancer progression [113, 114, 115].
In vitro studies have shown that the material properties of the tumor microenvironment
change the ability of tumors to invade [116, 117, 118]. For instance, a malignant
transformation of non-malignant MCF10A cells can be induced by increasing the stiffness
of the microenvironment [119]. Also, many studies have shown that cancer cells are softer
than their healthy counterparts, with their invasive potential correlating with their stiffness
[120, 121], a phenomena thought to help invading tumor cells pass through small openings
in the tissue (intravasation). Using traction force microscopy, it has been possible to quantify

the forces of invading tumor cells on synthetic 3D substrates and while the stiffness of the
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cell has been correlated with higher invasion potential, it was found that non-malignant cells
can also apply high forces on the environment, but that high force is not the only component
necessary for invasion to occur [122]. While each of these studies provides novel
information about mechanical changes for individual cells and their environment, the
cellular forces within 3D tumors during invasion have not been quantified, mainly due to the
technical challenges associated with measuring mechanical stresses in 3D multicellular
systems.

Microdroplet techniques have been recently developed to perform in situ measurements
of cell and tissue mechanical stresses in living 3D tissues [123, 124]. In addition to multiple
applications in vivo and ex vivo, microdroplets have also been used to quantify the
contributions of tensile and compressive stresses in growing multicellular spheroids in
vitro19. Gel beads were later developed as microdroplet alternatives that allow the
additional quantification of tissue pressure and tangential stresses, and have been also used
to measure mechanical stresses in spheroids in vitro [126, 127, 128]. While these techniques
have revealed some of the mechanical forces generated by cells in multicellular systems, the
mechanical stresses at play within isolated tumors and their changes during tumor invasion
remain unknown.

To reveal the mechanical stresses in model tumors, we used oil microdroplets and
compared the mechanical stresses in invading and non-invading tumors. To focus on the
mechanical changes during invasion while minimizing the complexity of the system, we
generated spheroids of highly invasive 4T1 murine breast cancer cells and embedded them
in different hydrogel matrices to control the invasion process. In particular, we quantified

both cell-scale and supracellular stresses in spheroids of 4T1 murine breast cancer cells
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embedded in agarose (non-invading) and in a type I collagen matrix (invading), which
mimics physiologically relevant microenvironments. Using a new image analysis pipeline,
we analyzed the characteristics of invading model tumors while simultaneously measuring
the endogenous mechanical stresses in them. By comparing the results in invading type |
collagen-embedded tumors and non-invading agarose-embedded tumors, we reveal the

changes in endogenous mechanical stresses that occur specifically during invasion.

B. Characterization of model tumor invasion

To reveal the mechanical differences between invading tumor spheroids and their non-
invading counterparts, we first generated spheroids of fluorescently-labelled (cytoplasmic
marker) 4T1 murine breast cancer cells using the hanging droplet technique (Fig. 1a;
Methods). Once the spheroids were compact (after 3 days), we injected a single,
fluorescently-labelled oil microdroplet in each one of them to monitor the mechanical
stresses inside the spheroid (Fig. 1b; Methods). Droplet-injected spheroids were then
embedded in either an agarose or a collagen | matrix. Previously used techniques to embed
spheroids in hydrogel matrices were unsuccessful with droplet-injected spheroids due to the
additional weight of the droplet, which caused the spheroids to completely sink in the
chamber before matrix rigidification [129]. To overcome this, we developed a new
mounting system consisting of a dual hydrogel cylindrical chamber that enables the control
of spheroid positioning during hydrogel rigidification (Methods). The spheroid was first
embedded into the desired hydrogel in a cylindrical chamber, which was later further
embedded into a larger cylindrical agarose chamber to provide better structural integrity to
the system. With this method, it was possible to embed droplet-injected spheroids in either

agarose or collagen I and image them for long time periods, as the cylindrical geometry of
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Figure 1. Dual hydrogel cylindrical system to observe droplet-embedded spheroids.
a, Sketch depicting the hanging drop technique where several droplets containing a
certain number of cells are placed on the lid of a petri dish and suspended over a reservoir
of media. Left alone for 72 hours, the cells aggregate at the bottom of the droplet. b,
Sketch depicting how oil is injected in the spheroid where the spheroid is in grey and the
oil is in magenta. The spheroid is first placed in a well to make injection easier, the
spheroid is then pierced without injecting the oil in, once the needle is ensured to be in
the spheroid the oil is injected, the needle is pulled out and the spheroid is left to recover
for a day. c, Sketch depicting the double hydrogel system in which the spheroid does not
invade due to being encapsulated in agarose. d, Sketch depicting the double hydrogel
system in which the spheroid does invade due to being encapsulated in collagen. e,
Spheroid that was embedded in a system as shown in (c) at Oh and 12h. Scale bar, 50 um.
f, Spheroid that was embedded in a system as shown in (d) at Oh and 12h. Scale bar, 50
pm.
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the chamber allows easy perfusion with fresh media (Methods). Spheroids embedded in
agarose grew slightly in volume but were not able to invade their surroundings and remained
largely spherical over the course of the experiment (Fig. 1c, e), as expected. In contrast,
spheroids embedded in collagen | matrix readily invaded their surroundings (Fig. 1d, f). Just
one hour after embedding the spheroid, small protrusions were already visible, indicating
that the invasion process occurred very fast. After a few hours, cell streams (spheroid
cellular protrusions) were observed extruding from the spheroid and bifurcating into
multiple smaller streams. These results show that the dual hydrogel chamber enables the
simultaneous 4D imaging of the invasion processes and the droplet force sensors.

In order to quantitatively characterize the invasion process, we developed a Python-
based image analysis workflow for spheroid surface segmentation and protrusion tracking
(Fig. 2a,b). Droplet-injected spheroids were imaged using confocal microscopy in 3D and
time, and the surface of the spheroid was segmented at each timepoint (Methods). The 4D
spheroid surface reconstruction allowed for a quantitative characterization of the invasion
process. The tips of spheroid protrusions (invading cell streams) were first detected in the
final image (latest timepoint) by analyzing high mean curvature regions on the spheroid
surface and then tracked backwards in time (Fig. 2b), providing the trajectories and
bifurcations (or branching points) of the cell streams during invasion (Fig. 2c,d). Using this
analysis, it was possible to quantify the speed and spatial orientation of spheroid protrusions
(Fig. 2e,f,g,h), the number and timing of bifurcations (Fig. 2i,j), their invasion distance and
also the protrusion tip radius (Fig 2k,l). Moreover, by determining the spheroid’s center of

mass from the reconstructed surface it is possible to measure the principal direction of
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Figure 2. Characterization of invading tumor spheroid. a, Workflow for the
reconstruction of the spheroid where 3D images are scaled and binarized, segmented,
reconstructed, and then smoothed. b, Sketch depicting how invasive branches were traced
back to their origin. ¢, Sketch demonstrating parameters that are measured from an
individual invading spheroid. d, An overlay on a spheroid that demonstrates all the
detected protrusions and bifurcations. e, Protrusion growth rate over time. f, Graph
displaying the average growth rate of protrusions at different angles. g, Graph displaying
the principal direction of invasion of collagen-embedded spheroids. h, Direction of
protrusions and number of protrusions in that direction indicated by the length of the bar.
i, Number of bifurcations over time. Dark blue line is the mean; all transparent colored
lines are replicates. j, k, Average length of protrusion for an invading spheroid over time.
Dark blue line is the mean; all transparent colored lines are replicates. I, Average

protrusion head radius based on the direction of the protrusion.

invasion for each spheroid (Fig. 2g). Collectively, this dataset provides important

information on the characteristics of the invasion process.

41



Our results show that protrusions elongate linearly with time, revealing an
approximately constant protrusion speed (Fig. 2k). By measuring the preferred directions of
invasion on a spherical coordinate system, we find that spheroid protrusions occur
preferentially along the long axis of the cylindrical chamber, as revealed by the angular
directions of the protrusions (Fig. 2g), indicating that cells avoid invasion along the paths
closest to the surrounding agarose chamber. This may be caused by a mechanical anisotropy
in the collagen network, as previously reported, or by cells perceiving other mechanical
anisotropies [130]. Although it is reasonable to predict that the invading speed of each
protrusion depends on their invasion direction, we found that protrusions in all directions
grew at constant speed (Fig. 2f). Beyond the overall growth characteristics of invading
tumor protrusions, each of the protrusions can split or bifurcate, thereby generating
considerably more protrusions. The total number of bifurcations increases linearly over time
as invasion proceeds, meaning that bifurcations appear at a constant rate (Fig. 2i,j). The size
of the protrusion tips does not depend on the direction of invasion of the protrusions (Fig.
2l). Finally, protrusions with many bifurcations do not occur early-on in the invasion
process, suggesting that protrusions need to reach a defined length before bifurcating (Fig

2i).

C. Endogenous mechanical stresses in non-invading and invading model tumors

To monitor endogenous mechanical stresses inside tumor spheroids, we used oil
microdroplets as stress sensors (Fig. 1c,d and Fig. 3a,b; Methods), as previously done in
multiple living 3D tissues and 3D multicellular aggregates [123, 124, 125]. In order to
quantify stresses with oil microdroplets, it is necessary to analyze the droplet deformations

from 3D (or 4D) reconstructions of the droplet shape, which we obtained by 3D confocal
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imaging of both non-invading and invading spheroids, as well as the droplets in them, for
12h (Fig. 3a,b). We used our previously developed STRESS software to reconstruct the
surface of the droplets in 3D and time and quantify their surface geometry (Fig. 3c,d) [130].
Combined with measurements of the droplet’s interfacial tension (Methods), the droplet
surface geometry analysis provides quantitative measurements of the temporal evolution of
the anisotropic stresses inside the spheroids and their temporal persistence.

The measured mechanical stress anisotropy inside the spheroids displayed marked
differences in non-invading and invading spheroids (Fig. 3e). In agarose-embedded, non-
invading tumor spheroids, the anisotropic stresses initially decreased until reaching a plateau
and remained constant at approximately 700 Pa after that. In contrast, anisotropic stresses in
collagen-embedded, invading tumor spheroids showed a sustained increase over time, from
approximately 510 Pa to 810 Pa. While the magnitude of endogenous stresses showed clear
differences in invading and non-invading tumor spheroids, the temporal persistence of
stresses was very similar, as indicated by the temporal autocorrelation of the anisotropic
stresses, which showed a fast initial decay (minutes) followed by a longer decay, indicating
that a small component of the stresses persists over long timescales (several hours) in the
tumors (Fig. 3f). Invading spheroids lose completely the stress memory in about 9 hours, but
non-invading spheroids always show a small persistence (even at 12h), indicating that
anisotropic stresses keep some mechanical memory of the initial stresses even after 12h.
Beyond temporal persistence, spatial autocorrelation of the anisotropic stresses on the
droplet surface shows periodic behavior over a length scale of approximately 5 um, a similar
length scale as the cell size, suggesting that stresses at the cell scale may be dominant (Fig.

3g). The spatial correlation is lost over a length scale of approximately 15 um, meaning that
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Figure 3. Endogenous mechanical stresses inside non-invading and invading tumor
spheroids. a, Maximum intensity projection of spheroid with droplet injected embedded
in 1% low melting point agarose at Oh, 6h, and 12h. Below is a maximum intensity
projection of the droplet at 2h intervals. Scale bar, 50 um. b, Maximum projection of
spheroid with droplet injected embedded in 2.7 mg/ml type | collagen at Oh, 6h, and 12h.
Below is a maximum intensity projection of the droplet at 2h intervals. Scale bar, 50 um.
¢, Reconstruction of droplet embedded in a non-invading tumor at 12h overlayed on
original image. d, Reconstruction of droplet embedded in an invading tumor at 12h
overlayed on original image. e, Total stress anisotropy of droplets within non-invading
(blue, n = 10) and invading (orange, n = 7) spheroids over 12h. f, Temporal
autocorrelation of stresses in non-invading (blue, n = 10) and invading (orange, n = 7)
spheroids over 12h. g, Spatial autocorrelation of stresses in non-invading (agarose) and
invading (collagen) spheroids over 12h. h, Tracks showing how the center of the
invading spheroid and center of the droplet move throughout time. i, Distance between
the center of mass of the droplet and spheroid in non-invading (blue, n = 10) and
invading (orange, n = 7) spheroids over 12h. j, Displacement of non-invading (blue, n =
10) and invading (orange, n = 7) spheroids over 12h.

the dominant anisotropic stresses become uncorrelated in the tissue for distances larger than
that. This indicates that the measured mechanical stresses become largely uncorrelated for
distances of more than one cell size, a behavior that occurs in invading and non-invading
tumors. Altogether, these results show that mechanical stress anisotropy increases
substantially deep inside the tumor during tumor invasion, in contrast to non-invading

tumors, which show the opposite behavior.
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Beyond mechanical stresses, the microdroplet can also be used as a passive tracer
particle inside the tumor spheroid, which can provide information about the physical state of
the tumor. We tracked both the center of mass of the droplet and the spheroid during
invasion (Fig. 3h,i), as it is important to study the motion of the droplet relative to the
spheroid. We found that in non-invading spheroids, both the droplet and the spheroid move
less than the size of a single cell, approximately 10 microns, a result consistent with the
tumor interior being solid-like. In contrast, the center of mass of invading tumors moves
several cell sizes, approximately 30 microns, and so does the droplet too (Fig. 3i, j). The fact
that the tissue moves by several cell sizes suggests a plastic, fluid-like flow inside the tumor
during invasion, with the droplet being dragged by the flow, as the distance between the
droplet and spheroid center of mass remains constant. These results suggest that the interior
of non-invading and invading spheroids is in a different physical state, with the invasion

process progressively fluidizing the tumor interior.

D. Supracellular stresses are low and constant in both invading and non-invading

spheroids

To understand whether the observed changes in mechanical stresses deep inside the
tumor spheroids were due to supracellular stress propagation or changes of stresses at the
cell scale, we decoupled these two contributions, as previously done using droplet stress
sensors [131, 132]. The ellipsoidal deformation mode of the droplet provides information
about the mechanical stress anisotropy at the length scale of the droplet, which ranges
between 40 and 50 pum, larger than the cell size (approximately 10 pm). This measurement

averages out any spatial inhomogeneities in stresses below the size of the droplet, including
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Figure 4. Characteristics of mechanical stresses at the supracellular scale. a,
Sketch depicting the droplet and its ellipsoidal mode (black dashed line), the principal
direction of invasion (yellow dashed line), the angle measured to depict the orientation
of the droplet (green dashed line), and the angle measured to depict how the principal
axis of the droplet orientation correlates with invasion (pink dashed line). b,
Reconstruction of the supracellular mode of the droplet injected in invading (collagen)
and non-invading (agarose) spheroids at Oh, 6h, and 12h. c, Supracellular-scale stress
anisotropies of the droplet injected in the non-invading (blue, n = 10) and invading
(orange, n = 7) spheroids over 12h. d, Radial projection of the droplet in the non-
invading (blue, n = 10) and invading (orange, n = 7) spheroids over 12h. e, Temporal
autocorrelation of supracellular-scale stresses in non-invading (blue, n = 10) and
invading (orange, n = 7) spheroids over 12h. f, Angle between droplet principal axis
and the principal direction of invasion in invading spheroids over 12h.
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cell-sized variations in stress anisotropy, and provides instead a measure of the stresses at
supracellular scales (Fig. 4a).

No differences between the measured values of supracellular stresses in non-invading
and in invading tumor spheroids were found (Fig. 4b). In both conditions, supracellular
stresses were low, ranging from 80 Pa to 120 Pa, and constant in time for the measurement
period of 12h (Fig. 4c). Quantification of the angle between the long axis of droplet
ellipsoidal deformation (principal axis with largest eigenvalue) and both the spheroid radial
direction (from the spheroid center; spherical coordinates) and the global direction of tumor
invasion shows that supracellular stresses are mostly perpendicular to the radial direction
(Fig. 4a,d), as previously reported close to the spheroids surface, and do not orient along the
global direction of tumor invasion (Fig. 4a,f) [127]. No differences were observed between
non-invading and invading spheroids in the pattern of droplet orientation either (Fig. 4d),
suggesting that supracellular stresses do not propagate from the surface to the tumor interior.
Beyond magnitude and direction of supracellular stresses, we analyzed their persistence
from their temporal autocorrelation. After an initial decay in the autocorrelation for about
2h, likely due to the settling of the spheroid after its initial embedding in the surrounding
matrix, the temporal autocorrelation shows a very slow decay over the next 10h (Fig. 4e),
indicating that supracellular stresses are very persistent and display memory of those low
stresses over approximately 10h. Overall, these results show the existence of low, persistent
stresses in tumor spheroids, with no observable differences between non-invading and

invading tumor spheroids.
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E. Cell-scale stresses are different in invading and non-invading tumors

To obtain the endogenous mechanical stresses at the cell scale, we analyzed both the
deviations of droplet deformations from the ellipsoidal deformation mode, as well as stress
anisotropy at cellular scales (Fig. 5a,c). Stresses associated with deviations from the
ellipsoidal mode were much larger than ellipsoidal stresses, dominating the total stresses
reported above (Fig. 3e). Indeed, characterization of these stresses showed the same
behavior as the total stresses reported above (Fig. 3e), including the differences in non-
invading and invading tumor spheroids: in contrast to non-invading spheroids, for which
stresses initially decrease and later remain constant, stresses associated to high order droplet
deformation modes (deviation from ellipsoidal mode) increase over time for invading tumor
spheroids (Fig. 5d). However, the temporal autocorrelation of these higher order stresses
decays very fast, within less than 25 min, indicating that these stresses are very short lived
(Fig. 5e). These results show that the measured total anisotropic stresses (Fig. 3e) includes
two distinct contributions, one from low and persistent supracellular stresses and one from
more rapidly changing and much larger higher order stresses. It is the higher order stresses,
rather than supracellular stresses, that differ between non-invading and invading spheroids.
Finally, since the spatial autocorrelation of higher order stresses also reveals spatial stresses
inhomogeneities at the cellular scales (Fig. 5f), as the total stress anisotropy showed too
(Fig. 3g), we analyzed the cell-scale stresses.

To understand if the differences in endogenous stresses between non-invading and
invading tumors were occurring at the cell scale, we analyzed the differences in anisotropic
stresses arising at cellular lengths scales on the droplet surface. To do so, we monitored the

anisotropic stresses between adjacent maxima and minima in surface mean curvature (Fig.

48



C 0 HR 6 HR. 12 HR

Agarose

Collagen

Q
(1]

Pa)

Figure 5. Cellular stresses are different in invading and non-invading spheroids. a,
Sketch depicting how the reconstruction of the original droplet can be separated into
different modes that can compose the original droplet. b, Simplified sketch demonstrating
how the distance between hills-and-valleys is determined. Red dots as regions of high
curvature and blue dots as regions of low curvature. Dashed lines between points are
associated pairs of high and low regions. ¢, Reconstruction of the cellular mode of the
droplet injected in invading (collagen) and non-invading (agarose) spheroids at Oh, 6h,
and 12h. d, Cellular-scale stress anisotropies of the droplet injected in the non-invading
(blue, n = 10) and invading (orange, n = 7) spheroids over 12h. e, Temporal
autocorrelation of supracellular-scale stresses in non-invading (blue, n = 10) and invading
(orange, n = 7) spheroids over 12h. f, Spatial autocorrelation of supracellular-scale
stresses in non-invading (agarose) and invading (collagen) spheroids over 12h. g,
Distance to the nearest opposite extrema in both non-invading (agarose) and invading
(collagen) spheroids over 12h. Inset figure shows the standard deviation of the
distributions over time. h, Distribution of stresses at each time point of non-invading
(agarose) and invading (collagen) spheroids over 12 hours. Inset figure shows the
standard deviation of the distributions over time.
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5b). The geodesic distances between adjacent maxima and minima on the droplet surface are
of approximately 5 um in non-invading and invading spheroids, respectively, as expected for
inhomogeneities occurring at the cell scale (Fig. 5g). These results are in agreement with the
spatial autocorrelation of the total stresses anisotropy, also showing a characteristic length
scale of stress anisotropy at approximate 5 um (Fig. 3g). The distribution of endogenous
cell-scale stresses displays opposing characteristics in invading and non-invading tumor
spheroids (Fig. 5h). In non-invading, agarose-embedded tumors, average cell-scale stresses
decay over time, and their variability, quantified by the standard deviation of their
distribution, becomes considerably smaller over time, decreasing by about 2-fold. This
indicates that cellular stresses in non-invading spheroids become more uniform and constant
over time after approximately 3h in the agarose matrix. In contrast to non-invading
spheroids, average cellular stresses in invading tumor spheroids increase over time and they
become nearly 3-fold more variable. In addition, tracking the maximal cellular stresses by
measuring the percentage of stresses over 1 kPa, we found that while the largest cellular
stresses decrease over time in non-invading spheroids, they increase substantially in
invading tumor spheroids. Altogether, these results show that the differences in endogenous
mechanical stresses between non-invading and invading tumor spheroids originate at the
cellular scale, with cellular stresses increasing both their magnitude and variability over time

during tumor invasion.

F. Discussion

By directly measuring the endogenous mechanical stresses in the interior of non-

invading and invading model tumors (4T1 murine breast cancer cell spheroids), as well as
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quantifying the characteristics of the invasion process, we revealed that cellular stresses are
different in invading tumors compared to their non-invading counterparts.

We found that total stresses increase in magnitude in invading spheroids compared to
their non-invading counterpart and that this increase is due to the contributions from cell-
scale forces. While other studies have measured the stresses inside spheroids that were
encapsulated in a gel, they did not measure the stresses while the spheroid began to invade.
In a study that was closely related although we were not using the same cancer cell type nor
same microenvironment, what was observed was that over several days the total stresses did
not change and averaged around 400 Pa (ranged from 200 Pa to 700 Pa) [126]. What is
interesting about this is that both invading and non-invading spheroids revolve around this
value, but their trends during this time period differ. Initially the non-invading spheroids
start off at a higher stress value than the invading spheroids, but eventually plateau at around
700 Pa while the invading spheroids start at 500 Pa and increase to about 800 Pa. By
decoupling the droplet to look at the contributions of cellular and supracellular forces, we
found that supracellular stresses remained low while the contributions came from the
cellular scale. This can potentially explain why the stresses in invading tumors increase as
tumor undergoes massive phenotypic changes and the stresses increase initially when
embedded as the cells continue to compact, but eventually plateau.

Additional to the increase in total stresses in invading spheroids, an increase in the
variability of cell-scale stresses in invading spheroids was also observed. What we found
was that in non-invading spheroids the variability of the stresses decreased through the
course of the experiment and that invading spheroids had a narrow distribution of stresses

that broadened as invasion continued. One could argue from these data that the spheroid is
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in a more solid-like state when it is not invading and it starts to invade once the variability
increases due to the fluidization of the tissue. It has been seen that variability in stresses is
associated to tissue fluidization and that larger variability can more easily drive cellular
rearrangements in otherwise solid-like tissues [131, 133].

From our data, it could be interpreted that the non-invading spheroids were in a solid-
like state and that the invading spheroids were in a plastic-like state that was starting to
fluidize as seen with its increase in variability of stresses. It is unlikely that the cause of this
fluidization is related to the forces changing on the surface of the spheroid during invasion
since the stresses are at the cell scale, but there could be other factors that warrant the cells
in the immediate vicinity to apply stronger forces without moving the drop. One process that
is upregulated during invasion and could explain this fluidization is the remodeling of the
extracellular matrix. Remodeling of the extracellular matrix is due to the release of
metalloproteases and it has been shown that enzymatic activity and expression increases
with invasiveness [134]. It could be that the expression of metalloproteases that is occurring
on the surface of the spheroid is also being propagated to the interior of the spheroid. The
release of metalloproteases from surrounding cells next to the drop could lead to more
cellular rearrangements and while this is occurring mostly at the surface the cells, it is
slightly happening in the interior of the tumor allowing these variations in stresses to
increase as invasion continues.

We additionally characterized the invasion process that was occurring in the spheroids.
We found that the protrusions in our system grew linearly with time and at a constant speed.
They were also oriented in a specific direction which could have arisen from the geometry

of our dual hydrogel system. The protrusions always oriented in the long direction of the
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cylindrical system and could be due to a mechanical feedback occurring during invasion. In
other systems where spheroids are embedded in degradable extracellular matrix, the cells
seem to invade radially [129]. The reason for this could be that was little to no flow as the
system was rigidifying as they are usually made in wells or petri dishes. It has been shown
in previous research that by adding flow to collagen gels as they solidify, the collagen
orientates in the direction of the flow causing spheroids to invade in specific directions
[130]. In our system, since the spheroid was pulled into a capillary, it could be that the act of
pulling the collagen into the tube reoriented the collagen fibers to induce this directional
invasion.

It should be noted that in our system, we simplified our model so that we can lower the
variables that could contribute to changes in mechanics. Spheroids have been shown to
mimic the physiological properties of tumors, but they are vastly different. Real tumors
contain a variety of cell types and the microenvironment contains more than one type of
extracellular component. All these factors can influence how the tumor invades. Another
aspect that is interesting to think about is why do these spheroids invade within hours versus
in animals it can take months or years to invade. In our case, we stopped invasion by placing
the spheroid in a matrix it cannot degrade, agarose. In animal systems, tumors have the
ability to degrade and reorganize their surroundings, but they do not invade at the same rate.
This study is aimed at furthering our knowledge of how stresses change during invasion,
specifically of an in vitro tumor composed of one cell type in a specific microenvironment.

Overall, our results reveal the differences in endogenous mechanical stresses inside

invading and non-invading tumors. Understanding these mechanical differences may help
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the development of drugs targeting the molecular and cellular processes that control the

observed mechanical changes during invasion.

G. Methods

Cell culture and spheroid culture.

Murine metastatic breast cancer cell line 4T1 was obtained from American Type Culture
Collection. The cells were cultured under standard conditions (5% CO2, 37 C) in RPMI
1640 culture media (ThermoFisher, Cat #11875093) supplemented with 10% fetal bovine
serum (Corning; Cat #35-011-CV) and 1% penicillin/streptomycin (VWR,; Cat#16777-164).
Cells were passaged every 2-3 days in a T-25 flask at a ratio of 1:10 using a 0.25% trypsin-
EDTA solution (VWR; Cat #95053-260). The 4T1 cell line was additionally transfected
with cytoplasmic GFP using a lentivirus [Essen Bioscience; Cat #4481] to allow for 3D
reconstruction of the spheroid. A stable line was created by sorting using the Sony MA900
Fluorescence Cell Sorter and growing from a single cell. To make the spheroid, we utilized
the hanging drop technique [135]. Petri dishes (FisherScientific; Cat #431761) with a height
of 15 mm were used for this method. We placed 30 5 pL droplets containing 100 cells on the
inside of the lid. We then added 5 mL of media to the bottom portion of the dish to avoid
evaporation of the droplets. We placed the lid back on the dish and placed it into the
incubator for 3 days before harvesting them for experiments.

Injection of oil into spheroids.

Fresh injection pads were made using zebrafish microinjection molds (Adaptive Science
Tools; Cat #PT-1) in sterile petri dishes before use. The media that was used for cell culture
was also used to make the molds. About 5 mL of media was mixed with 2% agarose

(Invitrogen; Cat # 16500100), heated, and poured into a petri dish. After it cooled, but not
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solidified, the zebrafish microinjection mold was placed on top. Once solidified, the mold
was removed and the pad was supplemented with media to cover the wells made. Spheroids
were placed into individual wells using a pipette. The oil to be injected was Novec 7700
with 2%wt Krytox-PEG(600) (RAN Biotechnologies; Cat #008-FluoroSurfactant-1G) and
0.025mM FCy5 (a custom-made dye which was made as previously described) [136].
Needles were made from glass capillaries (World Precision Instrument; Cat # TW100F-4)
pulled using the following parameters: Heat — 474; Pull — 200; Vel — 70; Delay — 40;
Pressure — 200. Oil was backloaded into pulled needles using micropipette tips and mounted
to an injection setup. We utilize a pico-liter injection station (Warner Instruments; Model
PLI-100A Pico-Injector). Before injection, the tip was broken using tweezers and injection
parameters were adjusted to allow the formation of a droplet of around 40-50 pm in
diameter. Once the spheroid was injected, it was left to culture for an additional day before
embedding it in either 1% low melting point agarose (LMPA) or 2.7 mg/ml type 1 collagen.
The collagen was made as in previous studies [137, 138].

Mounting of spheroids.

Due to insertion of the oil droplet, the spheroid cannot be embed in as previous studies
as the oil droplet causes the spheroid to sink before the substrate of choice solidifies. To this
end, we developed a dual hydrogel system to overcome this issue. First, we prepared 1%
LMPA and held it at 40°C until it was ready to be used; this will be used for the outer
cylinder. Next, the inner cylinder solution is made (either 1% LMPA held at 40°C or 2.7
mg/ml type | collagen held on ice). Next, obtain 100 pL of desired inner solution and insert
an injected spheroid. The spheroid with the desired solution was pulled into a size 1

capillary (GmbH; Cat #701910) using its respective plunger. Using an upright microscope,
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the sample can be rotated as the gel solidifies to ensure that it is in the middle of the
capillary. Because of the small amount of reagent needed, the substrate will solidify within 5
minutes. To make the outer cylinder, place 100 uL. 1% LMPA on a sterile petri dish and
extrude the encapsulated spheroid into the solution. Using a size 2 glass capillary (GmbH;
Cat #701910) and its respective plunger, we pull the encapsulated spheroid along with the
surrounding 1% LMPA and wait for the outer layer to solidify. Now that the spheroid is
fully encapsulated, the dual hydrogel system can be placed on a 35mm glass bottom dish
(MatTek; Cat #P35G-1.5-20-C) and filled it with media to perfuse the system. To ensure the
sample did not move during imaging, a slice anchor (Warner Instruments; Cat #64-0266)
was placed on top of the system.

Imaging of tumor spheroids.

Spheroids were imaged one hour after insertion in the dual hydrogel system. A laser
scanning confocal microscope (LSM 710 Zeiss Inc.) equipped with a 25x water immersion
lens (Zeiss; LD LCI Plan-Apochromat 25x/0.8 Imm Corr DIC M27) was used to obtain
images of the spheroid and their embedded droplet. The incubation chamber on the confocal
microscope maintained the temperature at 37°C and 5% CO2 during the course of the
experiment. 3D imaging was acquired at 30-minute intervals for a total period of 12h at full
confocality (1AU; 1.2 um z-steps) to capture the droplet and spheroid for both the invading
and non-invading cases.

Segmentation of the spheroid surface and tracking of invading protrusions.

As a first step, the image data which consists of two-color channels (fluorescently
labelled droplet and spheroid), were first rescaled to isotropic voxel sizes. The rescaled

spheroid and droplet image data were then processed with a median smoothing and
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binarized with the mean- and Otsu-threshold methods, respectively [139]. The resulting
label images were merged with a binary or operation. Morphological post-processing (i.e.,
binary closing and removal of small objects) was applied to obtain a single, labelled object
for each timepoint. The marching cubes algorithm was then applied to obtain a surface
representation of the spheroid in every timepoint. Lastly, the generated surface mesh was
smoothed with a smoothing filter and a decimation method in order to create a manageable
number of vertices. We used the clesperanto, scikit-image and vedo Python libraries for the
described workflow steps [140, 141, 142].

For this, we measured the approximate local curvature on the spheroid’s surface by
fitting a sphere to all neighboring vertices of a given surface within a defined radius. The
local curvature can then be estimated as the squared inverse of the determined radius. A
manually chosen threshold then allows to identify a selection of points that are located on
and around the protrusion heads. We aggregated these groups points into single points for
each protrusion head by means of the DBSCAN clustering algorithm as implemented in the
Python library scikit-learn based on the delineated point’s coordinates [143]. The inverse
growth trajectories could then be established by determining each protrusion head’s
respective closest point in the surface mesh in the previous timestep (Fig. 2b). We then
aggregate the determined points into a graph network structure with the networkx Python
package, which allows us to derive quantitative characteristics regarding branching behavior
with respect to time [144]. Fig. 2c and 2d show an overview of the derived quantities and an
example of aggregated growth trajectories overlaid with a maximum-z projection of the

spheroid’s final observed timeframe, respectively.
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Quantification of mechanical stresses using oil microdroplets.

Stresses were quantified from deformations of the oil droplets inserted into the
spheroids. To obtain the deformations, the droplets were imaged in 3D using confocal
microscopy and reconstructed using the previously developed STRESS software [132]. The
interfacial tension of the droplet in cell culture media was measured using a pendant drop
tensiometer (Biolin Scientific; Attension), as previously described [125]. The interfacial
tension value we obtained for the oil droplets in agarose-embedded spheroids was 5.35 £
0.35 mN/m and for oil droplets in collagen-embedded spheroids was 5.06 £ 0.16 mN/m.
With the interfacial tension and voxel size of the images known, the software can be utilized
to measure the stresses of droplets at each time point. Using spherical harmonics, the droplet
can further be analyzed by separating the ellipsoid mode to look at supracellular stresses and

the deviations from this mode to look at cellular scale stresses.
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IV. Conclusion

In this thesis, two different approaches were used to further our understanding of
mechanics during two different biological processes: (1) mating projection growth; and (2)
invasion (the initial stage of metastatic growth). While we have gained a better
understanding of these two processes, there are still many questions left unanswered.

Unicellular System: Mating Projection Growth in S. cerevisiae

In order to investigate the theoretical model made in Chapter 2, we deleted several
components of the CWI pathway to test specific predictions about tip stability and shape, but
this model did not provide any information about positional information of molecular
machinery, specifically the machinery required for the event right before tip morphogenesis,
polarization. As a potential future direction, we were interested in decoupling tip growth
from polarization. Cell polarity is crucial for a variety of cellular processes in eukaryotes. In
S. cerevisiae, it is required not only for proper budding, but also mating projection growth.
Two major components required to coordinate these changes are Rhol and Cdc42. Each of
these components controls a variety of downstream processes, but they both converge onto
Bnil, a formin shown to regulate the actin cytoskeleton. As the CWI pathway is responsible
for sensing the mechanical changes in the wall, our hypothesis is that Cdc42 is primarily
responsible for the polarization aspect of tip growth. It is known that Cdc42 and Rhol have
overlapping binding sites with Bnil. In order to investigate this further, we would like to
cause specific point mutations to disrupt the binding interaction between Rhol-Bnil, the
interaction that is coupled to interpreting the mechanical state of the cell wall. The purpose
of this study would be to investigate how mechanical feedback impinges on cell polarization

and to further our understanding of polarization during mating projection growth.
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Multicellular System: Initial Stages of Metastatic Growth in 4T1 Spheroids

When we originally set forth to doing the work in Chapter 3, we were aiming to fill a
gap in our understanding of how mechanical stresses in tumors change as they begin to
invade. Previous work had already investigated how much force is being applied to the
environment by the use of spheroids and also how much force individual cancer cells can
apply by using cells of varying malignancy, but none have quantified how the forces change
in an invading tumor. To address this, we utilized fluorescent bioinert microdroplets and
injected them into spheroids. By placing the spheroids into collagen type | matrices, we
were able to induce invasion and observe how the forces change during the process. Upon
measurement, we saw that the forces on the droplet increased over the span of the invasion
while the forces of the droplet stayed constant in the non-invading case. This was an
interesting result as it demonstrates how the forces within the tumor can potentially correlate
with the stresses being applied on its surrounding.

While we found that the forces on the droplet were increasing as invasion was
happening, the mechanism remains unknown. As potential future directions, we were
interested in understanding why the droplets would experience differences in stresses
whether it was invading or not. One method to assess why the stresses would differ in the
invading case versus the non-invading case is by looking at the nuclear movement of the
cells during both cases. Our idea is to understand if the environment directly around the
droplet is changing, we have a hypothesis that the cells are not moving or migrating in the
non-invading case as much as the cells of the invading case during the span of the
experiment. If the cells are not moving, then the force would stay constant and would

explain why the droplet does not read any changes. From our observations, it was also noted
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that the droplet stayed in the same relative area regardless if the spheroid was invading or
not, the differences in stresses could be from the movement of the surrounding cells, but its
locked location could be from being encapsulated extracellular matrix. While interesting to
also investigation and more difficult experimentally, it would be novel to see how the
stresses in the spheroid correlate with the stresses being applied to the surrounding. For now,
doing these types of experiments would elaborate on our result.

Understanding how mechanics change as growth occurs in different biological settings
requires an immense collaboration of disciplines and techniques. Our studies demonstrate
that whether we are looking at individual cells or a multitude of cells, there is always more
we can understand. The conclusions of the processes we studied in this these cases goes to
show that the mechanics of a system are never as they seem and can bring about new

concepts we did even know existed.
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Appendix

Table A:
Parameter Description Value
P Turgor pressure of budding yeast 0.6 £ 0.2 MPa [145]
Pw Density of 1,3-B glucans in cell wall -
Uo Apical viscosity of cell wall -
m,, Mass of 1,3-B glucans monomer -
Do Density of Fks1/2 enzymes in vesicle -
k, Extrusion rate of 1,3-p glucans monomers -
Ax Exocytosis length-scale 0.6 0.1 um [47]
0.45+0.1 um [95]
Ap Endocytosis length-scale 1.05 + 0.18 pum [95]
kS Apical rate of exocytosis 0.045 s [98]
kS Apical rate of endocytosis 0.02 +0.02 s [95]
0.027 s [98]
kogs Inactivation rate of Fks1/2 -
Table B:
Strain Genotype Source
RJD863 MATa can-1-100 leu2-3-112 his3-11-15 trp1-1 ura3-1 ade2-1 barl::hisG Ray Deshaies
CGY003 | RIDS63 wscld::KANR This study
CGY004 | RIDS863 mid24::KANR This study
CGY005 | RIDS863 wsclA::HISS mid2A::KANR This study
CGY011 | RJD863 sec3A::SEC3-GFP-HIS5 This study
CGY012 | RID863 sec3A::SEC3-GFP-HISS mid2A::KANR This study
CGYO013 | RIDS63 sec34::SEC3-GFP-HISS wsclA::LEU2X This study
CGYO015 | RID863 sec3A::SEC3-GFP-HISS spa2A::LEU2X This study
CGY016 | RID863 sec3A::SEC3-GFP-HISS spa2A::LEU2X mid2A.::KANR This study
CGYO017 | RID863 sec34::SEC3-GFP-HISS spa2A::LEU2X wsclA::URA3K This study
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