\)
[ 8
I\

i

7

=

UNIVERSITAT ve

BARCELONA

Study of the role of cell-matrix force transmission
in naive to primed pluripotency transition
in mouse embryonic stem cells

Srivatsava Viswandha Venkata Naga Sai

©0co

Aquesta tesi doctoral esta subjecta a la llicencia Reconeixement- NoComercial —
SenseObraDerivada 4.0. Espanya de Creative Commons.

Esta tesis doctoral esta sujeta a la licencia _Reconocimiento - NoComercial — SinObraDerivada
4.0. Espaia de Creative Commons.

This doctoral thesis is licensed under the Creative Commons Attribution-NonCommercial-
NoDerivs 4.0. Spain License.




Study of the role of
cell-matrix force transmission in
naive to primed pluripotency transition
in mouse embryonic stem cells

NIVERSITATpe

ARCELONA

o C

Memoria per optar al grau de Doctor per la Universitat de Barcelona
Programa de Doctorat en Biomedicina

Realitzada a I'Institut de Bioenginyeria de Catalunya

-
-

Institute for Bioengineering of Catalonia

Presentada per: Dirigida per:

Srivatsava Dr. Pere Dr. Zanetta
Viswandha Venkata Naga Sai Roca-Cusachs Soulere Kechagia



Acknowledgements

Just like the pluripotent epiblast which possess the lineage induction ability but
require the assistance of the molecular and cellular players in its niche, my five-year long
journey during this PhD is one highlighted by support from people here and far.

I would first like to thank Dr. Pere Roca-Cusachs for hosting my doctoral study in his
laboratory. I am forever grateful to you Pere for not being hasty with my progress and
offering the solidarity during the emotional distress, be it in the pandemic period or when the
experiments weren’t working. I am also thankful for your support during my preparation for
postdoc interviews and for helping me in securing one. I still wonder if it was a mere
coincidence that you selected a candidate with no prior cell-culture experience and thrust him
into the work that deals with pluripotency. Intentional or not, you did believe in the potential
of a scientifically ‘naive’ individual and let me work on this project that has opened several
doors and taught me how to approach a research problem. For all these, I forever remain
grateful to you Pere.

My second vote of thanks goes to the other supervisor Dr. Zanetta Kechagia (Jenny).
From butchering your name to Kenny on our very first encounter to ruining plenty of initial
experiments, you were very accommodative of my mistakes Jenny. You were also quick to
realize the flaws in the way I work and offered constructive criticism. In looking out for these
little things you ensured the progress of the project and my maturation as a scientist. You
have always subjected my data presentation and idea conception to a scientific rigour of
higher standards and in doing so ‘primed’ me for success in my every endeavour. Any
number of words will be insufficient to express my gratitude towards your role during this
journey. All I could say is: Evyopiotd yio kdBe pkpd mpdrypo peyddn adeion.

I would also to thanks Dr. Xavier Trepat and Dr. Nuria Montserrat for offering
valuable advice and testing my scientific temper as part of yearly evaluation.

This could have turned out to be a case of road not taken if not for the support of four
individuals during my PhD applications: Varun Tej Raviprolu, Prathyusha Konda, Srinivas
Allanki and Srikiran Chandrasekaran. The confidence you guys have provided me during the
graduate school application be it with SOP edits and mock interview preparation, has helped
me to come this far. By constantly checking on me, you made sure that I was not
compromising on my mental well being while being obsessed with research work.

Varun, manam kalisi ippatiki pushkaram daatindhi. Naa quirks ni ardam chesukoni
enterntain chese nee lanti snehithudu dorakadam aprayatnapu adrustam gaa eppudu
bhaavisthanu. Ee prayanam lo vennu dannu gaa nilichav, dani koraku nenu neeku sada
kruthagnudni. Next time kalise sariki iddaram Doctors aipoyuntam !!!

Pratyusha, thanks for the emotional solidarity you have always offered. Your
perseverance and scientific temper are the two traits [ would like to match. Every time [
doubted myself, you always assured me to swim away from the turbulence of mind to the
safe waters of Stitha pragnatha (Equanimity). The words of wisdom hold it dearly to my
heart as they helped me a ton during several testing times and for that I am immensely
thankful to you.



Srinivas, baa, nenu emani cheppedhi. Asalu M.S ke apply cheyakapovachu ani
anukuntune, naaloni prathibhani gurtinchi motivate chesindhi nuvvu. Canada lo okkadine
struggle avthunte, nee panulu kooda aapukoni every weekend matladuthu naa SOPs ni edit
chesav. Nee lab lone join avdham anukunna but ala avvakapovadam kooda manchidhe
aindhi. Mana friendship withstood the test of times and separation. Prathyusha tho patu
nuvvu offer chesina emotional support nenu eppatiki gurthunchukunta. 1 really hope one day
we get to collaborate and push the limits of our understanding on several of the elusive
topics. Ee stage ki nenu reach avvagaliganu ante danlo nee paathra anirvachaneeyam.

I would also like to thank my two other best friends from my pre-doctoral times
Yaswanth Dontu and Milind Pukale.

Dontu baa, teliso teliyako prathi seminal moment lo you interacted with me.
Matladina prathi sari nenu progressively happy avthunnanu ani point out chesav. Nuvvu
ichina perspective was also very helpful to look at life in an optimistic way. Thanks for that
baa.

Milind, Bro nim'ma varantyadalli yavagalii nannondige matanadalu samaya
tegedukondiddakkagi dhan'yavadagalu. Navu sakastu baud'dhika carcegalannu nadesiddeve
adare kaleda ondu varsadalli nivu nanage nidida bhavandatmaka bembalavannu nanu
gauravisuttene. Visesavagi sankramika samayadalli nivu prati varantyadalli nannondige
matanaduvudannu khacitapadisikondiddivi mattu adakkagi nanu yavagali kytajiianagiddene.

I want to take this opportunity to thank my fellow Indian bro Nimesh Chahare. From
the long walks on Gran via discussing the fine details of certain economic structure to
arranging movie nights in your house, I have always cherished every moment that I have
spent with you Nimesh. I was always impressed by the intellect you possess not just in
science but in the range of social topics. I hope we could collaborate in future and pay
homage, through our work, to a famous quote: “Let’s be realistic. Let’s do the impossible”.

Leone Rossetti, firstly thanks for helping me to get the pronunciation of Versailles
right without a second thought as to why two Indians were discussing a post-world war treaty.
Thanks for teaching me to segment phase contrast images through Weka plugin in Imagel.
Despite of not using it, that experience broke the barriers for me to approach you and every
time I did, the interaction was always helpful be it regarding statistics, scientific
communication, or life in general. You are one of the erudite individuals I have ever come
across and every interaction with you has always offered me tit bits of wisdom. I know I owe
you the recipe for tomato rice, with the thesis done, I will be sending it soon.

Ignasi Granero-Moya, | have always confided in you and every time I spoke to you it,
tranquillity was restored. Also, thanks for reassuring and reminding me of my candidature
when I was doubting myself for postdoc applications. Thanks, in particular for navigating me
during the all-important thesis submission process.

Ion, you have guided me to perform the first immunostaining protocol during my
doctoral work. Your magnanimity of taking it upon yourself to teach a first year PhD student
whom you are not guiding is something I have always had a huge respect for. Also, the first
lunch we had in the cafeteria after the pandemic you reassured me how my project was not
easy and what seemed like a little progress up until then is in fact significant. Thanks for all
this support.



Amy, thanks for offering valuable advice with respect to data analysis especially for
the DN-KASH experiments. Although our research topics are not similar, I have always had
huge admiration for your work ethic and clarity of thought. Also, thanks very much for
helping me with my postdoc application.

Anabel-lise, although the interactions we had are minimal, I have always admired
your perseverance and hard work. The significance of these two virtuous traits can never be
overstated. These are two traits I have tried to inculcate during my journey and thanks for
standing as the example for these traits.

I would like to thank Sefora for help during the initial stages of the project, for
teaching me primo patterning and to the valuable interactions both within and away from the
workspace. Sefora, I am amazed by your tenacity and given our similar research interests,
would be following your work closely. I also wish we could collaborate and set new frontiers
in mechanobiology.

I would like to thank Agata Nyga who was constantly sharing relevant research work
corresponding to my thesis. Agata, you suggested to me apply for preLighter position at The
Node to work on my scientific communication skills and for improving networking. I am
incredibly grateful for all the help and suggestions.

I would like to thank Isabela for offering emotional solidarity, for helping me in
improving primo patterning, and for attending my stand-up comedy show to laugh at my
stupid jokes. Isabela, your work efficiency and troubleshooting skills are two traits [ would
like to inculcate. Outside work, thanks for the amazing happy memories we shared.

I would like to thank Juanfra for offering valuable inputs on treatment with drugs such
as blebbistatin and also for helping me with my application for postdoc.

I would like to thank Ozge for sharing relevant research work pertaining to
pluripotency, for critical insights into mechanobiology of stem cells in general and for
helping me with my postdoc application process.

I would like to thank Elena, for helping me trouble shoot experiments in mic 2 and,
Manu for helping me with the script-based imaging in mic 3 and in the segmentation of edge
and interior regions in live imaging.

I would like to thank the frequent users of mic 3 for turning a blind eye when I
booked over weekend live images sessions in a predatory fashion. Among them additional
thanks to Alice, Clement, Meng, Miquel, and Marija for starting their experiments 30 minutes
to 1 hour late as I was still waiting for my last time point of imaging to finish.

I would like to thank Laura, Victor, Xarxa, Aina, Ona, Miguel, Jorge, Mamatha,
Susana, Melissa, Nacho, Yudish, Marilena, Ariadna, Ernest Latorre, Macia, Raimon, Pau,
Rohit, Guillermo, Natalia and Monica, for helping me conduct this research and offering
valuable insights during the interactions as part of lab meetings.

Finally, I would like to thank my family members: my mother Srikanta Krishnaveni,
my father Viswanadha Kameswara Rao and my dearest sister Viswanadha Srivagdevi. Amma,
Nanna, vagu, meeru ee 5 years lo entha sahanam tho naa attitude ni bharincharu. Mee
understanding lekapothe ee PhD complete cheyadam kastam ayyedi. Ee PhD naa okkadidhe



kaadhu, mana andaridhi. Mee support lekapoyunte ee vijayam anithara saadhyam. Meeru
ichina emotional support naa homesick ni koddo goppo dhooram chesay. Vagu nuvvu
especially nenu arichina kopadina baga ardham cheskunnav. Amma Nanna naa visugu ni
kooda meeru bharincharu. Inka nundi ee paatalatho eppatiki mimmalni kasurukonu. Andhuke
mee paatra lenidhe Viswanadha Srivatsava ki doctor patta andadhu.

I would also like to thank my cousins Kavya Piduri, her husband Naveen Maddali for
lending emotional support during the times of distress and in lifting the spirits prior to PhD
applications. I would also like to thank my other set of cousins Hima Sailaja, Ashok Vardhan,
Sarvani and Lalitha for their constant support.



Resum de la tesi en llengua catalana

"Fer el correcte, en el moment adequat, en la mesura correcta, de la manera correcta i
amb el proposit correcte". No es tracta d'un intent de mala virtut invocant Aristotil. Més aviat
¢s la meva comprensio filosofica del desenvolupament embrionari. Durant els meus anys de
formacio, ser ensenyat per puristes bioldogics em va portar a adoptar un enfocament
reduccionista de buscar un efector bioquimic i entendre la seva transduccio a través de vies
de senyalitzacid. Tot i que m'ha informat molt sobre els detalls de la bioquimica darrere de la
morfogeénesi embrionaria, encara em quedaven preguntes persistents. Com déna lloc un
embrid simétric i esféric a un organisme el desenvolupament i supervivencia del qual
necessita asimetria, ja sigui en la col-locaci6 d'drgans o en la funcid corporal general? Es el
flux d'informaci6 genctica I'inica manera de materialitzar els canvis necessaris per al
desenvolupament embrionari? Hi ha fonts alternatives de senyals de senyalitzaci6 diferents
dels factors solubles? Impulsada per aquesta curiositat, vaig fer revisid bibliografica durant el
master i em vaig introduir en el moén de la mecanobiologia. Em va intrigar com les forces
fisiques regulen el moment, la col-locacid i I'extensio del flux d'informaci6 genetica i
confereixen robustesa al desenvolupament embrionari fent-lo virtus!! Es important destacar
que va canviar la meva percepcio de la matriu extracel-lular (ECM) que fins aleshores
considerava que tenia un paper passiu com un mer suport estructural. La deposici6 ECM que
constitueix un senyal mecanic i la transmissio de forga a ECM impulsant la morfogénesi
tissular va evocar un interés per dilucidar el seu paper funcional en les primeres etapes del
desenvolupament embrionari.

Com que l'epiblast pluripotent estableix les bases per a tots els organs i teixits, volia
entendre com la interaccié amb ECM regula la dissolucié de pluripoténcia i es prepara per a
futures etapes del desenvolupament embrionari. Pere Roca-Cusachs i, sota la cosupervisio de
la doctora Zanetta Kechagia, vaig realitzar el treball de tesi actual, que consisteix a estudiar el
paper de la transmissi6 de forces cél-lula-ECM en la transicio de pluripoteéncia en cel-lules
mare embrionaries de ratoli.

La tesi esta dividida en set capitols. En el primer capitol s'esmenta una introduccié a
la pluripoténcia i la seva dissolucio, i I'statu quo sobre la nostra comprensié de la dissolucio
de la pluripoténcia. Un cop identificades les llacunes clau de coneixement, en el segon capitol
s'enumeren l'objectiu principal de l'estudi i els objectius especifics a través dels quals
s'aconsegueix.

El tercer capitol tracta de les técniques experimentals 1 dels materials emprats en
'obra. En el quart, s'enumeren els resultats que suggereixen per que es requereix la
transmissio de forca a ECM per a la dissolucié de pluripotencia. La discussi6 detallada de
cada intervenci6 experimental i el que signifiquen a la llum del coneixement actual,
juntament amb possibles futures direccions de recerca a seguir, es donen al capitol cinque. En
el sise¢ capitol s'enumeren les conclusions clau de 1'estudi seguit del capitol sete, que és la
bibliografia.

Els resultats d'aquesta tesi estan recollits en un manuscrit del qual s6c primer autor, 1
el manuscrit esta a punt de ser enviat.



Preface

“Doing the right thing, at the right time, to the right extent, in the right manner, and for
the right purpose”. This isn’t a shoddy attempt at virtue signalling by invoking Aristotle. It
rather is my philosophical understanding of embryonic development. During my formative
years, being taught by biological purists led to me adopting a reductionist approach of looking
for a biochemical effector and understanding its transduction through signalling pathways.
While it has informed me greatly on the fine details of the biochemistry behind embryo
morphogenesis, [ was still left with lingering questions. How does a symmetrical and spherical
embryo give rise to an organism whose development and survival needs asymmetry, be it in
organ placement or overall bodily function? Is the genetic information flow the only mode of
materializing the changes needed for embryonic development? Are there alternative sources of
signalling cues other than soluble factors? Driven by this curiosity, I performed literature
review during my masters and got introduced to the world of mechanobiology. I was intrigued
by how physical forces regulate the timing, placement and extent of genetic information flow
and confer robustness to embryonic development making it virtuous!! Importantly, it changed
my perception of extracellular matrix (ECM) which until then I considered to play a passive
role as a mere structural support. ECM deposition constituting a mechanical cue and the force
transmission to ECM driving tissue morphogenesis evoked an interest to elucidate its
functional role in early stages of embryonic development.

As the foundation for all organs and tissues are laid by pluripotent epiblast, I wanted to
understand how interaction with ECM regulates pluripotency dissolution and prepares for
further stages of embryonic development. To achieve this, I joined Dr.Pere Roca-Cusachs’ lab
and under the co-supervision of Dr. Zanetta Kechagia, I performed the current thesis work
which is to study the role of cell-ECM force transmission in pluripotency transition in mouse
embryonic stem cells.

The thesis is divided into seven chapters. In the first chapter, an introduction to
pluripotency and its dissolution, and the status quo on our understanding of pluripotency
dissolution is mentioned. Having identified the key knowledge gaps, in the second chapter, the
main objective of the study and the specific aims through which it is achieved are listed out.

The third chapter deals with the experimental techniques and materials employed in the
work. In the fourth, the results are listed out which suggest why force transmission to ECM is
required for pluripotency dissolution. The detailed discussion of each experimental
intervention and what they mean in light of the current knowledge along with potential future
research directions to pursue are given in chapter five. In the sixth chapter, the key conclusions
of the study are listed followed by chapter seven which is the bibliography.

The results of this thesis are included in a manuscript for which I am a first author, and
the manuscript is about to be submitted.

To borrow the message of Martin A Schwart’s essay “The importance of stupidity in
scientific research”, scientific pursuit is the process of being productive while confronting our
ignorance. The end result is to garner wisdom and to acknowledge one’s absolute stupidity
about research problems of higher difficulty. While performing this thesis work, I have always
abided by this motto. With that being said, I wish you therefore enjoy reading the work by a
“stupid of the highest orda”.
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Chapter 1: Introduction



Section 1: Pluripotency and its dissolution in the mouse

embryonic context



1.1.1 Onset of pluripotency in vivo

Embryonic development is a series of cell fate decisions accompanied by gradual
decline in differentiation potential. In mammals, the first fate specification yields a hollow ball
of cells called blastocyst or blastula. It is composed of polarized outer cell layer surrounding a
fluid filled cavity and non-polar inner cell mass (ICM) [1] marked by the expression of
transcription factor Oct3/4. In the model organism mouse, the outer cells referred to as
trophoblasts, characterized by Cdx2 expression, and facilitate blastocyst adherence to
maternal uterine wall [2,3]. This process known as Implantation establishes an interface for
the maternal supply of nutrients to the embryo. Trophoblasts assemble into Trophectoderm
(TE), the single cell layer transporting epithelium that surrounds ICM [4] (as shown in Fig.1).
This circumferential wall is the precursor for foetal part of placenta, the organ that aids in

nutrient exchange and waste removal.

Morula Blastocyst Late blastocyst Egg cylinder Gastrula

Figure.1: Schematic representation of mouse embryonic development adapted from Bioani M and Scholer HR
et al., 2005 Nat Rev Mol Cell Biol.

Besides its nourishing role, implantation represents a critical juncture in
embryogenesis. Blastocyst, post its implantation, is dynamically reorganized to be compatible
for ensuing developmental programs and morphogenetic events [5] to form all organs and
tissues. To catch up with these future demands, embryo undergoes its second round of fate
specification shortly before implantation, when the ICM segregates to form Gatab positive
Primitive endoderm (PrE) and Nanog positive Epiblast [6,7]. PrE cell derivates become major

constituents of yolk sacs [8]. The epiblast is entrusted with laying the foundation for all soma



and germ cells of an adult organism [9,10]. To be able to do so, the epiblast is endowed with
pluripotency, the ability to generate the three primary germ layers: ectoderm, mesoderm,

and endoderm [11,12].

Since ICM’s developmental potential, prior to epiblast and PrE distinction, is not
confined to the three germ layers [13,14], the exclusive appearance of pluripotency occurs

only with epiblast segregation.

During the two segregation events, the apportion of cell population was considered
to stochastic with a mere correlation to the mutually exclusive expression patterns of
transcription factors: Cdx2 and Oct3/4 for the first specification [14,15] and, Nanog and Gata6
for the second with initial predisposition through sensitivity to Fibroblast growth factor (FGF)
signalling [16,17]. However, recent studies have established the central role of mechanical
signalling in allocating lineages. For the first, positional information ends up being a binary
switch to switch on/off the YAP-TEAD pathway in outside/inside cells to respectively generate
TE and ICM lineages [18]. In the second instance, two mechanical parameters, one cell-
intrinsic and the other from the niche, are at play to robustly partition Epi and PrE
populations. Briefly, the work by Yanagida et al 2022 elucidated the mechanism of phase
separation based on differences in cell membrane fluctuations [19], while Ryan and
colleagues showed increased hydrostatic pressure due to lumen expansion guiding Epi/PrE

lineages’ position and fate [20].
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Figure.2: Schematic representation of epiblast (EPI) and primitive endoderm (PrE) segregation being driven by
a.) membrane tension differences and b.) luminal pressure. Pictures adapted from Yanagida A et al., 2022 Cell
and Ryan AQ et al., 2019 Dev Cell.



1.1.2 Pluripotency in vivo - a fleeting entity

Established at second fate decision, pluripotency is sustained for a brief period during
embryogenesis. It exhausts at the initiation of an event termed gastrulation in which blastula
folds on itself to specify germ layers [21,22]. In mouse, this corresponds to a time period of
72 hours (E3.5 to E6.5) with the landmark event for initiation of pluripotency dissolution being
implantation. In the wake of implantation, the embryo undergoes a plethora of
morphogenetic changes guided and aided by secretion of soluble signalling cues and
deposition of extracellular matrix (ECM). The initially symmetrical (and spherical) embryo is
progressively shaped into an elongated cylinder with the establishment of embryonic and
abembryonic poles, with the former region fated to give rise to whole body and the latter

setting a reference point towards which the Epiblast expands.

Focusing solely on the epiblast, what starts as a collection of loosely adherent cells
undergoes a mesenchymal to epithelial transition (MET) around implantation [22] followed

by polarization into a rosette structure (Figure.3).

E3.5 E4.5 late E4.5 E4.75 E5.0 E5.25 E5.5 E5.75

APICAL__L__( I
DOMAIN

aPKC, Par6,

pMLC, E-cad

O
/
&

/

)5

BASAL DOMAIN
BM / B1-integrins

Pl | |PolARTE/EXE | | PE/VE |l BASAL MEMBRANE [l APICAL DOMAIN [l LUMEN / PROAMNIOTIC CAVITY

Figure.3: Schematic representation of the morphological transformation of epiblast from cell mass to lumen
formed polarized epithelia through a rosette intermediate. Tisue marked in yellow is epiblast, apical domain
is marked in red and basement membrane is marked in black. Picture adapted from Bedzhov | and Zernicka-
Goetz M et al., 2014 Cell.



These two morphological changes function as quality control to ensure developmental
progression is keeping up with time, besides guiding changes in transcriptional profiles, which
further translate to gene expression differences. Another critical milestone is the de novo
formation of lumen initiated by the repulsion of apical cell surfaces in the polarized rosette.
This is mediated through the surface expression of anti-adhesive sialomucin protein
podocalyxin [23,24]. It is to be noted that commitment to irreversible loss of pluripotency is

an obligatory first step for the tissue to polarize and set the stage for lumen formation [15].

As mentioned earlier, these morphogenetic events are driven by the secretion of
soluble morphogens whose identity and regulatory role have been well characterized. A
prominent example is the secretion of FGF signalling components as a single burst
concomitant with implantation [25]. However, for the embryo to be malleable for ongoing
morphogenetic events, a notable contribution from the ECM is warranted. Two major events
stand out in this regard. First, the deposition of Laminin-rich ECM, which serves as a polarizing
cue for rosette formation [23,24]. Second, the perforations in Laminin-rich ECM occurring
towards the early stages of gastrulation facilitating the migration of differentiation ready

pluripotent cells and establishment of body axis plan. [26].

Another key milestone during the procession to gastrulation is the maturation of both
Epiblast’s and Extraembryonic-endoderm (ExE) lumen. This is initiated by an osmotic
imbalance of soluble cues resulting in water influx and build-up of hydrostatic pressure [27].
The increasing luminal pressure, perceived as elevated cortical tension [28,29], leads to the
elongation of ExE and epiblast tissues, eventually fusing their lumens. Such tissue
arrangement, coupled with the establishment of morphogen gradients, compartmentalizes
epiblast tissue in terms of predisposition (or priming) to germ layer fate during gastrulation.
The functional consequence of such tissue structure and its impact on pluripotency will be

dealt with in the next sub-section.

Besides these intra-embryonic forces, pluripotent epiblast is subjected to mechanical
cues emanating from surrounding tissues. The pre-implantation embryo which floats in
intraluminal fluid, is subjected to nominal shear stress [30] and, upon implantation,
experiences the periodic contractile forces from decidual tissues [31], eventually leading to

luminal closure to house the embryo. The fact that the three body axes are aligned with the



three symmetry axes of the uterine tissue underscores the instructive role of mechanical

signalling in post-implantation embryonic and pluripotency changes [32].

All the above phenomenon substantiates that mechanical signalling lies at the heart
of shaping post-implantation embryo. Concomitant to shape changes, cellular molecular
signature is constantly reconfigured to permit pluripotency dissolution. As cellular state lays
the foundation for tissue shape whose changes, in turn rewire the transcriptional networks
of constituent cells, form and fate exist in a dialectical relationship in post-implantation
mouse embryos, with the common denominator being mechanical signalling perceived as

forces. Therefore, tissue shape serves as a proxy for pluripotent state.

The deposition of ECM and its later remodelling, the morphogenetic changes of
tissues, the lumen formation and its enlargement, and other critical features of embryo occur

incrementally. Mirroring these changes, pluripotency as well progresses gradually in vivo.

1.1.3 Pluripotency in vivo — a spectrum of substates

Between the two extremities of its regime, epiblast segregation and gastrulation, the
attributes of pluripotent cells are markedly different. These include molecular signatures,
metabolic profiles, morphological features and adhesive properties besides developmental
potential [33-37]. If pluripotency were a binary property, the acquisition of these changes
happens via a single step state transition, which is both overwhelming and prone to error
propagation. Instead of this fallible one-step process, as evidenced by shape changes,
epiblasts adopt a sequential approach. It accumulates the changes by traversing through
several intermediate stages, all pluripotent, each with subtle difference of every feature [38-
40]. Hence, in vivo, pluripotency is consistent with multiple molecular designs and spans a
continuum whose functional relevance will be discussed later. The term pluripotency substate

represents a variant of pluripotency with its unique molecular configuration.



1.1.4 Nomenclature of in vivo pluripotency

Pluripotency at its two extremities can be differentiated by the developmental scope
of individual epiblast cells. This is the basis of assigning pluripotency labels to the two ends of
the spectrum. These naming tags are best understood when the change in differentiation
ability is studied with the post-implantation morphological transformations (shown in

Figure.4) of the epiblast.
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Figure.4: Morphogenetic transitions prime lineage induction in mouse embryo. Schematic representation of
morphogenetic changes in embryonic tissues around gastrulation in mouse embryo (a) and accompanying
morphogen gradients (b). The distal and anterior visceral endoderm (DVE and AVE) secrete morphogen
inhibitors Cerl (for NODAL), Leftyl (for BMP) along with Wnt agonist Dkkl. DVE and AVE movement
establishes morphogen gradients later translated to body plan axis along anterior — posterior (A-P) and
Proximal-Distal (Pr-D) body axes. Pictured adapted from Sozen B, Cornwall-Scoones J, Zernicka-Goetz M et al.,
2021 Dev Biol.

In addition to the morphological changes and its drivers explained earlier, upon
implantation, the enlargement of embryo size is accounted for by the increase in epiblast cell
count through rapid proliferation [24]. Simultaneously, to shape the blastocyst, PrE and TE
assemble the basement membrane and, secrete signalling factors contributing to luminal
pressure build-up due to osmotic imbalances. Cumulatively, these upscaling and sculpting
efforts, stimulate cell polarization [24,26,41] and instruct epiblast to eventually become
pseudo-stratified columnar epithelium [42]. Around the same time, biomolecular gradients
orchestrate the formation of spatialized lineage-specific gene expression (Figure.5) [43,44].
As alluded in the earlier paragraphs, the functional consequence of such tissue organization
is that epiblast cells at late post-implantation stage are arranged into fate-restricted regions

with each region expressing specific differentiation associated markers [45]. Simply stated,

Streak



even before gastrulation occurs, cells are primed to certain lineages according to their

location [38]. Such pluripotent ability is hence named Primed state pluripotency [46].

Despite being expressed in primed state, the lineage specific markers are not
permitted to execute their fate specification role until late gastrulation. So, primed state cells
are only poised to differentiate but not actively differentiating. Once supplemented with
specifying cues, cells can differentiate. Thus, pluripotent ability at primed state is ready for

putting to use or executable.

In contrast, the amorphous epiblast cells of pre-implantation blastocyst are free from
signalling gradients due to their tight packing. This leads to homogeneous gene expression
ruling out inter-cell variability. Moreover, each epiblast cell is equipped with transcriptional
circuitry and epigenetic marks, which render the lineage specifying genes inactive. Therefore,
when pluripotency is newly established, the full developmental potential is preserved by
preventing premature differentiation [47]. As a result of such regulation cells are unable to
respond to differentiation cues. This apparent unpreparedness prevents cells from realizing
their capabilities. To signify such developmentally competent but functionally immature
status, pre-implantation epiblast cells are labelled as Naive state pluripotent [36]. Unlike in

their primed counterparts, naive state cells’ differentiation capacity is unrestricted.

Their cell cycle dynamics strongly reflect the naive state’s aversion and the primed
state’s propensity to differentiate. The G1 phase of the cycle is the period when cells decide
whether to continue proliferating or arrest cell division to proceed with differentiation [48].
The longer the G1 phase, the higher the probability of differentiation. This G1 phase is shorter
for the naive epiblast cells, and they advance rapidly into further stages of cell cycle [49]. Such
truncated G1 phase impedes spontaneous differentiation in naive cells. Whereas the G1 gap
is extended for primed state cells, making them eligible to apply for differentiation. These cell
cycle differences, however, only juxtapose naive and primed states offering no further
insights into the origins of their divergent traits and pluripotency continuum. Therefore, to
fully grasp the biology of pluripotency, it is of relevance to understand the benchmark for

categorizing pluripotent substates.



1.1.5 The molecular framework of classifying pluripotency substates

The foundations of pluripotency and its various facets are laid as gene regulatory
networks (GRNs) [12,50], which are predominantly driven by transcription factors. The
disparities between pluripotent substates are no different as they manifest the differences in
the expression and usage of transcription factors. Hence, the gold standard for sorting
pluripotency substates is built on transcriptional profiling and the aforementioned variations

in lineage predisposition, pluripotency maturity and cell cycle duration only serve as adjuncts.

The transcription factors probed to verify substate identity are arranged into the
following four categories: (i) General pluripotency factors, (ii) Naive state specifiers, (iii)
lineage primers and (iv) Early post-implantation markers. The general pluripotency factors are
indispensable for pluripotency maintenance be it in any substate. The set is comprised of two
players, Oct4 and Sox2. Until gastrulation, their function is to safeguard pluripotency and
repress differentiation. Oct4 and Sox2 serve as rival lineage specifiers during gastrulation:
Neuroectoderm induction by Sox2 and Meso-/Endoderm by Oct4 [51]. However, Oct4 and
Sox2 mutually promote the other transcription factor expression [52]. Because of this
transcriptionally promoting but functionally repressive interaction Oct4 and Sox2
stoichiometry is finely tuned and any perturbance leads to irreversible loss of pluripotency.
Since, their presence is obligatory for maintaining pluripotency irrespective of substate
identity, Oct4 and Sox2 cannot distinguish naive and primed states. Instead, the cells are

earmarked based on the expression of the other three categories of transcription factors.

The transcription factor set that delineates naive state are called naive specifiers. In
that list, the hallmark ones are Nanog, Rex1 (Zfp42), Esrrb, KIf-2/4/5 [45]. Except for Nanog,
the rest of the naive specifiers have binary expression patterns. That is to say, they are highly
expressed in naive state and absent from primed state, making them qualitative classifiers.
However, the rate of decline differs for each protein [68]. On the other hand, Nanog
expression is strong and homogenous in the naive state and fluctuates in the post-
implantation embryo [53-55]. Its expression levels inversely correlate with the odds of

spontaneous differentiation making Nanog a differentiation rheostat [56].

The pronounced G1 phase duration when synchronized with the troughs of Nanog’s

oscillations, increases the likelihood of differentiation in the primed state. In other words, its
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weak expression pattern in the primed state impairs Nanog from preventing spontaneous
differentiation as effectively as it is done in naive state. Compared to Oct4 and Sox2, the
differentiation inhibition of Nanog is neither uniform nor continuous. Rather it is a function
of its concentration. This expression coupled differentiation withholding skill is what excludes
Nanog from general pluripotency factor set despite it being present throughout pluripotency.
Finally, Nanog is naive state-specific because the extent of its differentiation suppression is

greatest when pluripotency is newly launched.

On the other hand, primed state cells are characterized by regionalized expression of
lineage specifiers Foxa2, Brachyruy (T) and Cer [36,39]. The expression of these three factors
is initiated only during the late post-implantation stage. Between implantation and
gastrulation onset, epiblast passes through a stage devoid of lineage specifiers with low/no
expression of naive specifiers. At this stage cells, are mainly identified by the expression of
Fgf5, Otx2 and Oct6 (Pou3f1) [36,39]. These are key early post-implantation markers whose

constantly increasing expression attests to the intermediate shades of pluripotency.

In addition to these transcription factor expression profiles, naive and primed states
are distinguished by several other factors, including but not limited to epigenetic markers,
metabolism, signalling pathway(s) dependence and chromosomal organization. These are

detailed in Table.1

Due to their differentiation repression, Oct4, Sox2 and Nanog, form the core of
pluripotency GRN [12,50]. Together they are referred to as OSN triad [134]. Upon
implantation, the network is constantly reshuffled with the inclusion of lineage specifiers and
post-implantation factor, and the downregulation of naive markers. The molecular logic
behind how such dynamic reorganization capacitates epiblast to shed pluripotency and

assume differentiation capability is briefly explained in the next sub-section.

11



Tablel: Salient differences in the characteristics of Naive and Primed pluripotent states.

Property Naive state

Pluripotency Is of each individual cell

Global DNA High [34,35]
hypomethylation
Metabolism Oxidative phosphorylation,
Glycolysis [57]
Germ line induction High [11]
potential
Developmental Unrestricted [36]
potential
Contribution to Yes [11]
chimeras
X-chromosome No [58-60]
inactivation
Pluripotency factors = Oct4, Sox2, Nanog, Esrrb, Rex1, KIf-
expressed family proteins, Tbx3. Tfcp21l

Tissue organization

Cadherin orientation Circumferential [27]

Oct4 enhancer usage Proximal [63]

Laminin-111 and at cell-cell
contacts [23,24,64]

Matrix protein
expression

Oct4 primary biniding
partner [65]
Sox2 function Pluripotency maintenance

OSN triad role Pluripotency preservation

Oct4-Sox2 interaction Mutually promoting

(transcriptional and functional

wise) [12,50]

Surface marker SSEA1 [66]
expression
Mitochondrial activity High [38]

More mesenchymal like [61,62]

Sox2 (pluripotency gatekeeper)

Primed state

Collectivised
Low [34,35]
Glycolysis [57]
No [11]

Predisposed as per spatial
localization in embryo
[36,39]

No [11]

Yes (for females) [58-60]

Oct4, Sox2, Foxa2, Fgf5
Brachyruy (T) and Cer
Strictly epithelial [61,62]

Basolateral [27]
Distal [63]

Laminin-111, Collagen and
Fibronectin, at the basal
surface [26,68]
Sox17 (endoderm
specifier) [65]
Neuroectoderm
specification [51]
Lineage induction

Functionally antagonizing
(51]

CD24 [67]

Low [38]
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1.1.6 Pluripotency dissolution: Tilting the balance towards differentiation

As discussed above, when it is first established, pluripotency is protected by shielding
cells from differentiation. The transcriptional circuit at work is further potentiated by
cooperative cross-regulation and self-reinforcing mechanisms [69-71]. On top of this,
pluripotency repressors that commit cells to differentiation, are silenced by non-
transcriptional mechanisms [40]. All this tips the scales unanimously in favour of pluripotency
preservation over lineage induction, thereby conferring robustness to naive state. At this
stage, the active players of the transcriptional network constitute naive state specifiers and

general pluripotency factors.

Once embryo implants, epiblast cells are subjected to inductive cues which instruct
the rapid downregulation of naive markers [72]. This leads to the dismantling of naive state
transcriptional network. Concomitantly there is a reciprocal gain in the expression of a new
suite of transcription factors, the early post-implantation markers [53,72-74]. They function
to predispose epiblast cells for transitioning to primed state [75,76]. Additionally, the
silencing of pluripotency repressors is lifted, which unlocks multi-lineage differentiation
capability. Immediately prior to gastrulation, the core pluripotency factors are relinquished
from guarding pluripotency, which promotes the expression of the canonical lineage
specifiers, Foxa2, Brachyury (T), and Cer. Once freed from pluripotency surveillance, Oct4 and
Sox2, which were previously mutually cooperating are repurposed as rival lineage instructors
[51]. This way, as epiblast gradually attains a primed state, pluripotency becomes increasingly
frail and, the tendency to differentiate strengthens. In other words, epiblast maturation is a

process where cells tread a fine line between conserving and utilizing pluripotency.

Another offshoot effect of naive to primed state transition is the change in the mode
of pluripotent identity. In the primed state, due to the lineage predisposition, a single cell is
incapable of engendering all three germ layers. Instead, it becomes the ability of entire
epiblast population. Whereas, the absence of lineage priming means each naive state cell is
equally proficient in giving rise to all tissues and organs. Thus, considering the strength of the
trait, in the naive state, pluripotency is strong and is the asset of every single cell while at
primed state it is collectively owned. So, whether the focus of attention is on single cell, or a

collection is determined by the substate of pluripotency being studied.

13



1.1.7 Functional relevance of pluripotency continuum

As mentioned earlier, pluripotency is constantly reconfigured to serve two key
purposes. First, the pluripotent substate transitions coordinate morphogenesis such that the
eventual organism complies with the rules of body-plan axis [23]. Simply put, these
intermediate steps ensure that all the organs are appropriately placed with their formation

timed to perfection.

Second and most importantly, the myriad of substates let the cells efficiently walk the
tightrope between pluripotency maintenance and differentiation onset. This is thought to
enable the steady accumulation of changes required to establish differentiation competence
in epiblast cells [38]. In simpler terms, such sequential transition ensures that multi-lineage
differentiation potential is unwrapped bit by bit to be made completely ready to use only by
the time of gastrulation. The gamut of intermediates between naive and primed states are
broadly classified as “Formative pluripotency” as they serve to develop pluripotency.
Formative pluripotency is profiled by the expression of the three early post-implantation

markers, Oct6 (Pou3f1), Otx2, and Fgf5.

Another plausibility for such orderly progression is the facility of better evaluating
pluripotency status to check whether it matches the demands of ongoing morphogenetic and
developmental programs [77]. For example, lumen formation, the necessary intermediate
step for pluripotency priming and epiblast epithelialization, begins with naive state exit, the
first step in pluripotency dissolution. Cell symmetry breaking on which lumenogenesis is built,
necessitates the complete loss of naive transcriptional activity and if any precocious cell
polarization occurs, it is only initiated reversibly and not stabilized [23] (Figure.5). In this way,
uninterrupted pairing of pluripotent substate identity with cell morphology offers a tighter

regulatory control over correcting any incoherence that arises during ontogeny.

Additionally, when further embryo developmental is deemed risky, for example, in
harsh climate, blastocyst implantation is deferred. But the embryo remains alive and despite
the temporary suspension, its development can resume later. This phenomenon of delayed
implantation is referred to as diapause and is primarily seen in rodents, among placental
animals, to prevent termination of pregnancy [78]. The lag in embryogenesis is subverted due

to naive epiblast’s metastability, the essential quality for pluripotency to transit fluidly.
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Figure.5: Naive state exit is required for lumenogenesis. Picture scheme representing the impaired lumen
formation for pluripotent epiblast compromised in naive state exit. Picture adapted from Shahbazi MN et al.,
2018 Nature.

Hence, pluripotency progression as a continuum determines embryo’s viability, its
developmental rate and ontogeny success. Studying it offers unprecedented means to
understand early organism development and related disorders. Moreover, a detailed analysis
of pluripotency maturation would elucidate the predisposition to individual germ layers. This
knowledge can be exploited to control differentiation trajectories in vitro to improve the
success of the application of pluripotent cells in regenerative therapies. Therefore,
investigating pluripotency progression is a valued addition to the progress of pluripotency

research be it fundamental or applied.

As it sets the precedent for investigating pluripotency dissolution, realizing how

substate identity is regulated is of utmost importance.
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1.1.8 Microenvironment regulates Epiblast cell’s substate identity

The alterations in gene regulatory network underlying pluripotent substate transition
are not cell inherent. Instead they are the calibrated efforts of milieu, also referred to as
niche. To orchestrate pluripotency substate transition, the microenvironment guides each
epiblast cell with biochemical and mechanical instructions, which emerge from the respective
derivatives of TE and PrE, and from the neighbouring epiblast cell(s). Once sensed, these cues
are relayed as a cascade of molecular and biophysical events that go on to trigger multiple
signalling pathways. Said signal transduction mechanism terminates by meddling with the
effective concentration and/or sub-cellular localization of transcription factors. The eventual
transcriptional signature is the net outcome of all the signalling inputs received by the cell.
Thus, the pluripotent identity of an epiblast cell is governed by the prevailing conditions in its
niche. Such extrinsic regulation is more evident when pluripotency is surveyed in vitro and

the need for pluripotency cultures is realized when the hurdles of in vivo study are considered.

1.1.9 Bottlenecks for investigating pluripotency in vivo

Pluripotency progression should be ideally studied in the embryonic context.
However, the fleeting existence of pluripotency in embryos makes it difficult to track and
perform comprehensive studies. Other limitations include the restricted access to pre- and
post-implantation embryos, the sub-optimal development of embryo ex vivo, and the lack of
tools to probe the desired changes. Thus, studying pluripotency in its authentic environment
is hindered by its transient nature, technical inconveniences, research costs, limited starting

material and undesired effects of experimental intervention.

These limitations were averted by the in vitro adaptation of pluripotency, which will
be discussed extensively in the next section covering aspects ranging from the sources of
pluripotent tissue to the media recipes employed and how near perfectly the in vitro system
mimics changes associated with naive state exit and further pluripotency dissolution. Before

moving on to those details, a short summary of this section is presented below.
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Section summary:

e Pluripotency originates in mouse embryo with epiblast tissue specification.

e Pluripotency when established has unrestricted developmental potential but
differentiation incompetence, hence termed Naive pluripotency.

e Pluripotent epiblast prior to gastrulation is arranged as regions of predisposed lineage
bias, hence this state is referred to as Primed pluripotency.

e Naive to primed transition occurs as a continuum and all the intermediate states are
collectively referred to as Formative pluripotency.

e Changes in transcriptional signature lays the foundation for pluripotency state transition.

e Naive to primed transition is accompanied by dynamic morphogenetic changes driven by
molecular and mechanical cues.

e Pluripotent epiblast fate and form exist in a dialectical relationship mediated by force.

e Pluripotency is short lived in vivo and therefore warrants an in vitro alternative.
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Section 2: In vitro maintenance of murine pluripotency
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1.2.1 Sources of pluripotent cell lines

The research field overcame the constraints of studying pluripotency in the embryonic
context by employing cell lines. The key reasons that support their candidature and make
them viable proposition are threefold. First, the pluripotent phase of murine embryonic
development is well characterized, molecularly and morphologically. Second, mouse epiblast
cells are relatively easy to derive. And finally, defined growth media offered the means to
immortalize pluripotent stem cells with a fixed substate identity. The resultant cell lines when
cultured in optimized conditions possess uncompromised developmental transition and a

differentiation potential similar to the respective in vivo states [79,80].

Besides epiblast tissue, alternative sources, of pluripotent cell lines, both natural and
engineered, exist. Their similarities with epiblast-derived lines and on what basis they are

side-lined are worth discussing.

Pluripotent cells of non-epiblast origin can also be harvested and expanded into
cultures. These include the Embryonic germ cells (EGCs) derived from germline primordium
and Embryonic carcinoma cells (ECCs) derived from germline tumors. In either case, the
endogenous expression of core pluripotency factors lends them their functional similarities
to the epiblast- derived cells. As evidenced by how pluripotency boils down to transcriptional
contents in nuclear space, besides the above-mentioned tissue-/tumor-based derivations,
pluripotent cells can be engineered by forging the transcriptional signature of the embryos
into somatic cells. The earliest attempt, in mammals, to materialize this theoretical concept
is the somatic nuclear transfer, wherein an isolated nucleus from somatic cell is placed in
denucleated oocyte [81]. Owing to this technique, these cells are named nuclear transfer
embryonic stem cells (NT-ESCs). Nearly 4 decades later, such transcriptional reprogramming
was achieved with molecular precision by Yamanaka and colleagues yielding a version of
pluripotency termed induced pluripotency. Those cells are therefore termed induced
pluripotent stem cells (iPSCs) [82]. The standout advantage of iPSC generation is bypassing

the need for oocytes or embryos.

These alternate resources, however, are at a disadvantage due to their source of origin
and/or generation technique. These include but not limited to, not retaining the pre-X

inactivation state, restricted commitment to specific fate, higher mitotic rate giving rise to
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low cytogenic stability, greater degree of nuclear irregularity, high tumorigenic potential,
obscure epigenetic signatures, low pluripotent cell throughput (for iPSCs and NT-ESCs) and
incomplete understanding of the molecular basis of their pluripotency [83, 84], GSCs [85, 86].
More importantly, although the core pluripotency factors are simultaneously expressed, their
levels in comparison with epiblast derived cell lines are relatively low, and hence long-term
and stable pluripotency maintenance is a significant challenge. Owing to all the above
reasons, mouse epiblast explants represent reliable adaptations to adequately study

pluripotent progression.

1.2.2 Pluripotency nomenclature in vitro

Pluripotent cell types are annotated based on their tissue source and with a lowercase
prefix denoting the species, ‘m’ for mouse. Cultures of pre-implantation blastocyst are called
Embryonic stem cells (ESCs) [45,46]. Cell lines derived from late post-implantation epiblast
with embryo on the verge of gastrulation are named Epiblast stem cells (EpiSCs) [22,26].
Plenty of standardized mESC (mouse ESC) and mEpiSC lines exist currently. As mentioned
before, a multitude of intermediate pluripotent states exist between implantation and
gastrulation. Cell lines with these in-between characteristics fall under the broad umbrella of

Epiblast like cells (EpilLCs) [39].

As their pluripotency is in a partway transition, generating stable cultures of mEpiLCs
has remained elusive. Also, the existing protocols give rise to a highly heterogeneous starting
population [74] raising questions about the veracity of the model. The latest effort by Berge
and colleagues solved these issues. They unravelled the molecular mechanism driving the
sequential transition of mouse embryonic pluripotency. Using this knowledge, the media
composition was tweaked to halt mESC maturation which enabled the capture and
perpetuation of a highly homogeneous intermediate state with discrete transcription profile
and peculiar morphology [77]. Special attention should be given to how ESCs, the extracts of
naive pre-implantation epiblast, produced formative cultures. This hints that the pluripotent

substate identity of cell lines is not commissioned by the developmental stage of the embryo.
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1.2.3 Growth media dictates in vitro pluripotent substate

The pre-implantation, pre-gastrulation, and early post-implantation phases
respectively stand for naive, primed, and formative pluripotency in vivo. Yet, the substate
identity in vitro is not determined by the developmental time at which epiblast is harvested.
Rather it is dictated by culture conditions as evidenced by mESCs inculcating formative
characteristics when grown in modified media [77]. This notion is confirmed by studies
reporting chemically induced naive (ESC-like) state reversion in EpiSCs and vice-versa, and

acquisition naive/primed identity for EpiLCs cultured in respective growth medium [87-92].

The causative role of growth media in substate identity determination is attributed to
its composition. The media is crafted, besides growth factors, with those cytokines,
hormones, and pharmacological compounds identified from screening approaches as agents
endorsing the transcriptional network of a chosen substate. In this manner, the influence of
the developmental origins the epiblast source is overridden. Furthermore, enriched media
stimulates unlimited self-renewal. Together, the gene regulatory network boosting and
indefinite self-renewal allow the selected substate identity to be stably propagated over

several cell generations.

With this information, the key question to be addressed next is, “Among ESC and EpiSC
cultures, which is preferable?”. The cell type employed is primarily decided by the purpose of
investigation, which in our case is to understand pluripotency priming starting with naive
state. Even though EpiSCs can be imparted with naive characteristics, why ESCs trump them

to be the cellular raw material for studying pluripotency progression is explained below.

1.2.4 Growth media makes ESCs the ideal source for in vitro naive pluripotency

The perfect starting point for investigating pluripotent maturation is the naive state.
The corresponding pre-implantation epiblast characteristics can either come straight out-of-
the box, like in ESCs, or as add-on features when EpiSCs regress to naive state with
biochemical induction. Despite their naive identities being practically the same, using ESC
lines over EpiSCs is advantageous. This is mainly because chemically baptizing EpiSCs to a
naive state is time consuming with low returns [93] and attenuated pluripotency [87]. Due to

the poor yield, EpiSCs must be first expanded before being exposed to naive state culture
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conditions. Such protocol insists using two different media compositions, one for naive
induction and propagation, and another for primed cell-line culturing, which is not cost-
effective. On the contrary, initiating pluripotency maturation in ESCs is accomplished by

withdrawing the naive state supporting ingredients in their growth media.

Over the years, multiple growth medium formulations have been worked out for
culturing ESCs. They vary in the strength of promoting naive transcriptional networks. Also,
the mode of cultivating cells impacts the efficiency of preserving naive identity in the long
run. So, to identify the appropriate cell-culture technique for our study, it is relevant to review

in detail the existing blends of nutrient media and the means of stably propagating ESCs.

1.2.5 Culturing conditions for naive state perpetuation

Originally, mESCs were cultured as adherent colonies on mitotically inactivated feeder
layers in a medium conditioned with foetal bovine serum (FBS) [94]. Conventionally used
feeders are produced from primary mouse embryonic fibroblasts (MEFs), although other
immortalised lines or cell sources of human or mouse origin exist. MEFs anchor mESCs and
nurture them by releasing paracrine factors that allow pluripotent cell expansion in undefined
media [95]. The differentiation suppression and self-renewal activation effects of feeders

were found to be due to the secretion of cytokine LIF.

However, the use of feeders poses certain limitations. Barring LIF, the biochemical
cues emanating from MEFs are ill-defined, with the bulk suspected of undermining
pluripotency. Also, feeder cells can be maintained only for limited passages [94], which
demands the frequent preparation of new batch of feeders. The consequence of batch-to-
batch variation, differential LIF secretion, which, in conjunction with rest of the destabilizing

signals, might wither pluripotency. This can be mitigated by the provision of recombinant LIF.

mESCs attach to the extra cellular matrix (ECM) assembled by feeders [96]. Moreover,
functionally substituting MEFs with LIF-replenished media alleviates pluripotency decline.
These helped in realizing that feeders are dispensable and paved the way for feeder-free
maintenance of mESC cultures in minimal media added with FBS and LIF, colloquially referred
to as Serum-LIF (Ser+LIF). The pros and cons of traditionally employed techniques and the

brief description of protocol to propagate mESCs in ‘Ser+LIF’ are compiled in Table.2
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Culture Cell s
. . Strengths Limitations
technique propagation
Limited diffusion of O, and growth factors lead to necrotic core [99]
. . Interior cells are highly susceptible to differentiation.
Low hands-on time for culture maintenance [96] o .
. . . , . Low sample throughput due to long division time [100]
Free-floating Established platform, but for trilineage differentiation. . . . .
. . . . Starting sample for experiments are highly heterogeneous. Mixture
Suspension spherical Scale up is convenient. . ) .
. . ) L . of differentiated and pluripotent cells [101]
aggregates Cell clumping into Embryoid bodies (EB) mimics 3D in ey oy .
vivo growth [98] Clonal infidelity as clusters with different clonal origins fuse [102]
g Efficient use of media and growth factors need stirring [103]
Requires cell-strainer to start the culture as single-cell suspension
Metabolic wastes pile up to toxic levels [105]
Short shelf-life of matrices [106]
. . . . . . Lot-to-lot variation in physical, mechanical, and bio-chemical
. Replicates physiological dimensionality.
In decellularized . . features of natural scaffolds [107]
. Growth factors that need to be supplemented in media . .
organ/tissue . Lack of control over cell seeding density [108]
are harboured in natural scaffolds [104] ) - i .
scaffolds N . ESC might be skewed to differentiate towards the organ from which
Natural ECM scaffolds are bioactive: interact with cells .
natural scaffolds are derived.
Difficult to control the degree of decellularization and, to retain the
surface composition and structure of ECM [109,110]
Adherent

On synthetic
polymers
(Biodegradable)

Simple fabrication procedure

Mechanical and biochemical properties can be fine-
tuned [111]

Polymer matrices are typically hydrophobic and resist
non-specific cell-attachment [106]

Scale up potential

Require protein tethering as polymers offer no cell-attachment motif
Stable and specific protein conjugation with even distribution on
synthetic polymers involve complex chemistry [112]

Lack of consensus on the starting material and design of synthetic
scaffolds

Cells detach after short time in culture on most polymers [112]

On feeders

More number of potential experimental samples due
to quicker proliferation [101]

Feeders secrete nutrients to support ESC self-renewal
[95]

Cross-transfer of pathogens from feeders [101]

Feeders contaminate experimental stem cell sample [96]

ESC attachment declines with feeder passage number [113]

High frequency of passaging to prevent unwanted differentiation
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Culture Cell s
. . Strengths Limitations
technique propagation
Feeder cells’ maintenance is expensive and tedious
Feeders synthesize ECM to promote cell adhesion [96] Batch-to-batch variation of feeders [115]
On feeders Feeders detoxify media by sequestering oxygen Feeders’ secretion is chemically undefined [96]
radicals and metabolic wastes [114] Mitotic blocking procedures are costly [116] and incur high cell
death [113]
Simplicity of cell passaging protocol
Laminin coating procedure is standardized, and the in-
house stock preparation is time- and cost-saving.
ESCs retain in vivo structure and organization [117]
Cultures are free from allogenic and xenogenic cell
types, and zoonotic pathogens
Laminin, one of the ECM components of epiblast Cells must be split every 2-3 days to preserve pluripotency [79]
Adherent basement membrane. . . . . .
N Control over plating density and colony size [79] Passaging |s.Iabour intensive and time consuming
On Laminin Not all cell-lines adapt to coated surfaces [101]

coated tissue
culture plastic

Suitable for long-term maintenance of culture without
compromising pluripotency

High viability and cloning efficiency with single cell
seeding

Little colony detachment as ESC interaction with
Laminin is specific: mediated by B1 integrin [24]

High frequency of obtaining potential experimental
samples [101]

Optimized seeding density for regular passaging [79]
Refractive colony growth in defined media minimizes
colony merge and preserves clonal fidelity

Genetic aberrations accumulate over prolonged culture

Multiple pluripotency substates co-exist in the same colony [118]
Non-physiological stiffness of tissue culture plastic as possible
mechanical input to accentuate inter-colony heterogeneity
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As seen, the mESC culture protocol on Laminin-coated dishes stacks up better against the rest
of the methods. Importantly, except for the regular laborious cell-splitting, the other
shortcomings of this procedure can be undone. An unwritten rule in the research community
is that a safe passage number to preserve genomic integrity is less than 50. As a safety
measure the maximum threshold for this work is set to 40. The rest of the constraints are
linked to the undefined nature of culture media whose pluripotency compromising effects
are primarily traced to LIF with contribution from FBS. It is imperative to comprehend how
these two components instigate cells to forgo pluripotency as it puts in perspective how

defined media secures and homogenizes naive identity.

1.2.6 Serum — A double-edged sword

FBS is used as an additive to ESC culture media as it has a high content of embryonic
growth factors that stimulate cell replication. However, it is not a trustworthy pluripotency
defender as it also includes differentiation inducers [119]. Notably, the relative proportion of
these two constituents varies between different lots. This means certain stocks of serum
might not be conducive to fostering the undifferentiated growth of ESCs. Though this can be
circumvented by batch testing, the inconsistency in serum’s molecular make-up supposedly
leads to confounding experimental results. Furthermore, using FBS risks the introduction of

adventitious agents as it is a biological product originating from different species.

While replacements such as knockout serum and ESC-grade FBS exist, they are expensive
and importantly, since they are commercial products, their composition remains unknown.
Factoring in these concerns, N2B27 is the best-suited alternative. The salient features

authorizing its use as growth media base are as follows:

(i) N2B27 is empirically formulated to provide optimum cell viability [120].

(ii) Recipe for in-house N2B27 preparation and guidelines for assessing batch quality along
with troubleshooting tips are publicly available [79].

(iii) N2B27 lacks lineage specifying cues and only permits naive to primed transition [79].

(iv) The kinetics of naive state exit in N2B27 at population level is reported. This helps to

inform if any mechanical or chemical perturbation alters the rate of pluripotency priming.

25



(v) The expression patterns of the key naive and early post-implantation factors, Nanog and
Otx2 respectively, during pluripotency progression in N2B27 mirrors the dynamics in

embryo [74].

Clearing the media from differentiation signals by substituting N2B27 for serum is only half
the job. For sustained maintenance of pluripotency, epiblast explants must be granted with
unlimited self-renewal. This is achieved by including LIF, albeit at the cost of transcription
factor heterogeneity, which translates to the co-existence of multiple cell substates [45,121].
To selectively conserve naive identity, two small molecule inhibitors PD0325901 or PD, and
CHIR99021 or Chiron, are incorporated. This concoction, N2B27 with two ‘I’nhibitors, is
referred to as ‘2’ media and culturing ESCs in it with the provision of LIF homogenizes the
otherwise wavering expression of naive factors, seen in Ser+LIF [122-126]. The need for
supressing the molecular targets of PD and Chiron to obtain uniformity in substate identity

becomes clear when studied with the non-purist effects of LIF signalling.

1.2.7 Paradoxical yet pivotal role of LIF for naive pluripotency

Upon binding to its cognate receptor, LIF deploys three main signalling arms of
pluripotency regulation. They are: JAK/STAT3, PI3/AKT, and MEK/ERK pathways [121,127].
The first two pathways are pluripotency affirming as they promote the individual expression
of Oct4, Sox2, and Nanog (OSN triad). Additionally, they upregulate KIf4 and Esrrb
[121,127,128], which favours the establishment of naive identity. Alongside this
transcriptional activation, PI3/AKT pathway silences Gsk3p to prevent the degradation of c-

Myc and B-catenin [127,128].

The elevated levels of Nanog and c-Myc result in enhanced ESC self-renewal [121,130].
Also, cells might be locked down in the naive state as Nanog induced self-renewal is
functionally antagonizing Otx2 [130], the early post-implantation factor crucial to begin
primed state transition [131]. To further strengthen naive transcriptional network, the OSN
triad and Klf4 engage in a mutually cooperative interaction [132]. Besides, Klf4 drives E-
cadherin expression to facilitate cell-cell adhesion, which is essential for recruiting, stabilizing,
and activating LIF receptor [121, 133]. As this re-initiates LIF signal transduction, the interplay

between cadherin and LIF receptor encompasses a positive feedback loop. Finally, B-catenin
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features in the list of molecular components advocating naive identity, in both the forms (1)
Transcriptionally active nuclear fraction and (2) Cadherin bound cytoplasmic form. While in
the nuclear space it binds to Tcf3 thereby inhibiting the repressive action of the same on OSN
triad [134], the cytoplasmic fraction strengthens E-cadherin membrane stability and

sequesters the core pluripotency factors, Oct4 and Nanog [135].

On the other hand, MEK/ERK pathway prepares ESCs for differentiation [136]. Since,
naive state must be relinquished for differentiation program to take over, this pathway breaks
down the transcriptional circuit by targeting KIf4 [132]. To explain briefly, following its
phosphorylation, ERK translocates to nucleus and interacts with KIf4 to transfer its phospho-
moiety. Consequently, KIf4 is removed from the transcription initiation complex, which is
composed of RNA polymerase Il and the OSN triad. In this unbound state, KIf4 is labelled by
the phospho-tag for exportin-1 (XPO1) mediated nuclear exit. Once relocated to the
cytoplasm, poly-ubiquitination directs KIf4 for proteasomal degradation [132]. Blocking KIf4
phosphorylation or disabling XPO1 is shown to suspend pluripotency maturation which
justifies that KIf4 nuclear exclusion initiates naive state exit. This mechanism of ceding naive

pluripotency holds true for cultured ESCs and in intact mouse embryos.

Klf4 integrates thereby strengthening the pluripotency triumvirate of Oct4, Sox2, and
Nanog. Its eviction causes Nanog downregulation [132], which deteriorates the strength of
the OSN trio over time. The drop in Nanog level also lifts the restraint on Otx2. The increase
in Otx2 expression not only displaces Oct4 from the enhancers of naive genes but also lends
access to the enhancers of primed state and differentiation genes [88]. In this way, MEK/ERK
pathway abets pluripotency priming. As an ancillary, the canonical inhibition of GSK3p is only
partial as functionally redundant homologs that are PI3/AKT-proof exist [137]. This
compromises c-Myc mediated self-renewal and B-catenin’s censorship of Tc¢f3, the OSN triad

repressor, which further complements MEK/ERK pathway for suspending naive state.

As such, LIF concurrently provokes pluripotency disapproving and naive state asserting
events. The dominant one between these two contrasting signals is decided by stoichiometry.
When the ratio favours of MEK/ERK pathway and/or GSK3p, pluripotency priming kicks off by
instructing ESCs to reduce the levels of naive state specifiers. This, when coupled with the
cell-to-cell varying transcriptional noise, gives rise to the mosaic protein expression pattern

typical of Ser+LIF cultures.

27



1.2.8 Culture conditions are optimized by two ‘i’s

All the above-mentioned defects of LIF are negated by the addition of PD, which blocks
ERK phosphorylation [138] and Chiron, which silences GSK3a/B [139]. By abolishing the
pluripotency deterring influence of GSK3 and MEK/ERK pathway, the two inhibitors make sure
that only the naive state certifying inputs of LIF are fed into the gene regulatory network. This
sends the naive transcriptional circuit into a hyperdrive. Simultaneously, PD and Chiron also
do their part in equilibrating naive factor levels across cells by reducing gene expression noise.
All in all, mESCs in 2i+LIF media have consolidated naive identity and perpetuate with near-

perfect uniformity in their transcriptome that resembles pre-implantation epiblast [10].

Apart from modulating the biochemical signalling of LIF, the presence of PD and
Chiron takes care of the key limitation of tissue culture plastic. As ERK and GSK3[ are sensitive
to mechanical stimulation [140,141], the high non-physiological stiffness of the culture dishes
is a prominent differentiation signal. If left unchecked, it leads to the same old problem of
distinct pluripotent identities in the culture. The addition of two inhibitors successfully tackles
this issue as the downstream activation of ERK and GSK3p, necessary for rigidity sensing, is
vetoed. In essence the mESCs are insulated from the mechanical inputs when cultured in 2i
media. Thus, addition of these two small molecule inhibitors to the defined N2B27 base media
with additional supplementation of cytokine LIF make the growth conditions conducive for
maintaining mESCs in naive state with a high degree of transcriptional homogeneity. The LIF

induced pathways and stabilizing effect of 2i compared to Serum are summarized in Figure.6
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Figure.6: 2i media counteracts pluripotency destabilizing signalling of LIF. a. Schematic depiction of LIF induced
intracellular signalling pathways in mESCs adapted from Ohtsuka S, Nakai Futatsugi Y and Niwa H et al., 2015
JAKSTAT and b. Schematic representation of pluripotency stabilization in 2i by counteracting the
differentiation promoting actions of Serum-LIF, adapted from Hackett JA and Surani MA et al., 2014 Cell Stem
Cell

28



Besides the two inhibitors, Insulin is another key component of the defined N2B27
media to neutralize the pluripotency destabilizing signals. At the concentrations used for cell
culture, LIF and Chiron (as an indirect Wnt agonist) are reported to promote primitive
endoderm specification [142, 143]. Insulin counteracts such lineage induction by fine-tuning

self-renewal pathways of TGFp, PI3/AKT and MAPK [143].

Such duality of LIF and Chiron; to simultaneously promote both pluripotency
stabilization and lineage induction is the characteristic trait of the major naive pluripotency
regulators discussed above. For example, Nuclear B-catenin, besides Tcf3 repression, is shown
to induce mesodermal genes through LEF and its co-effectors [144], Insulin aids in neural
differentiation [79, 145]. The final media composition is carefully crafted with precise
concentrations for each component such that the net outcome is the boost of naive signature.
While alternative cost-effective media compositions with the supplementation of additional
small molecule inhibitors and/or morphogens were formulated, the propensity of
spontaneous differentiation in those is comparatively higher [146-149], besides a host of
other shortcomings. All these are summarized with a comparative analysis of the alternative

standardized media formulations presented in Table 3.

Hence, any media composition does not necessarily insulate cells from differentiation
signals but rather, at best, subdues them. Among the concoctions available, the defined
N2B27 media with a low concentration of Insulin, along with the supplementation of PD and
Chiron, and cytokine LIF is the one that outweighs the induction cues to safeguard the naive

identity long-term [150,151].

While culturing in N2B27 media, among PD, Chiron and LIF, the provision of any two,
particularly the two-inhibitor combination, is reported to be minimally sufficient to
homogeneously maintain a naive state [79]. However, LIF confers additional stability by
promoting the expression of the naive state specifier KIf4 and E-cadherin. While Klf4’s
transcriptional role and positive feedback regulation of naive program by E-cadherin have
been summarized earlier, increased E-cadherin offers a characteristic morphological
advantage. The increased E-cadherin expression translates to high surface tension, and as a
consequence when seeded as single cells in media with LIF, mESCs grow as refractive 3D
colonies, with minimal merging, thereby presenting high clonal fidelity. Moreover, any
deviation from this morphology serves as an indicator for suboptimal batches of media.
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Media name Pluripotency promoting signals Pluripotency destabilizing cues Evaluation
BMP4 treatment revert:C, ceI.I p?PUIatlon el Requires serum to negate the differentiation
developmental stage with significant TrE
. . . effects of BMP4 [149].
BMP4 reverts primed population to population [147,156] . . .
. . , . Recombinant versions of BMP4 are available but
naive state [152] Increased propensity of primordial germ cell fate . . .
. . X are expensive hence media not cost-effective.
BMP operates through MEK-ERK primed pluripotent population [148, 149] )
, . . . N . BMP4 doesn’t counterbalance but rather
BMP4+LIF pathway to drive Kruppel like factor Reversion of primed cells to naive state is . . e
. L . . augments the differentiation capabilities of LIF.
(KIf) family transcription factors [153]. through primordial germ cell fate [152]. . . .
. . . . . . . . Starting population is a mixture of ESCs
BMP activates B-catenin based Wnt increasing tumorigenic potential due to retaining . -
. , predisposed to distinct germ layer fates.
pathway [154,155]. only male imprint [86] . o )
. . . Not ideal for non-permissive strains of mESCs.
BMP4 based Wnt signalling poises mesoderm Pluripot it kineti t ch terized
i sp@eTasifon (157 uripotency exit kinetics not characterized.
PD |nh|b|ts.ME.K/ER.K path\{va.y Self-renewal action of MEK/ERK pathway is lost. Starting population is a mixture of ESCs
counteracting its differentiation . L . .
offects Promotion of cardiac lineage through predisposed to distinct germ layer fates.
L L . upregulation of phosphorylated SMAD [160] Not ideal for non-permissive strains of mESCs.
PD+VitaminC Ascorbic acid prevents reactive oxygen . . . . .

. . . B-catenin based repression of Tcf3 is Expression of transcription factors upon
(Ascorbic species mediated senescence and . . . . .
acid — AA) death [158] compromised. initiating naive state exit are not characterized.

L Ascorbic acid attenuates p53 pathway leading to Self-renewal capacity is compromised leading to
Ascorbic acid upregulates the . . .
. ) clonal heterogeneity [161]. suboptimal expansion and long-term
expression of core pluripotency factors ) ; .
. . . Base medium contains serum. maintenance of the culture.
through epigenetic mechanisms [159]
Src inhibition reduces inclination to ectoderm . . . -
. Compromised differentiation capability towards
and endoderm, priming cells to mesoderm fate . .
. 2 of the 3 founder lineages, affecting the
Alternative [163,164] ) .
. . o . fundamental trait of pluripotency.
2i (Src Bypasses the requirement of MEK/ERK Src inhibition downregulates YAP possibly .
o . S . L . - i No added advantage over replacing MEK/ERK
inhibition + signalling inhibtion without compromising the differentiation capability of Ly e eres
.. inhibition with inhibition of down stream target
Gsk3pB compromising self-renewal [162] mESCs.
S . . Src.
inhibition) Retains most of the features of naive state but

not all plausibly owing to downregulation of Myc
[165,166]

Transcriptional changes occurring post naive
state exit induction are not characterized.
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Addition of small molecule inhibitors
for BRAF, SRC and ROCK.
ROCK inhibition permits human ESCs

Activin initiates the transcriptional program of
intermediate stages (formative) pluripotency.
Increased risk of genomic instability [93,169]

Media composition tailored to be species
specific (5i for human and 6i for porcine cell
lines). Hasn't been tested for mouse lines.

5i+ LIF + splitting and seeding as single cells. Increased propensity to cross differentiate into Serum requirement for long term usage and
Activin or 6i Therefore, might enable clonal trophoblast cells [170, 171] improved shelf life.
media expansion of mESCs from non- Short media shelf life, a major hindrance to long Increased tumorigenic potential.
permissive strains [167]. term culturing without incurring batch variations Starting population adulterated by cells
Efficient reversion of iPSCs of porcine [172] reverted to either earlier differentiation stage or
origin to naive like state [168] have extra embryonic tissue fate.
PD inhibits MEK/ERK pathway
Z(;ft;r;it:ractlng Ji5 elinfSirEn ek Self-renewal action of MEK/ERK pathway is lost.
Chironiinhibits Gsk3p. LIF and Fhir(?n promote endoderrr.1 specification. Permits expansion of non—permissive strains.
‘ LIF activates JAK/STAT, PI3K/Akt and B-catenin prlmes to mesode‘rrr‘ual lineages. Homogeneous.startlng .populat|on.. ‘
N2B27+2i + Low shelf-life, to be used within 1 week of Well characterized pluripotency dissolution
MEK/ERK pathway. . L
(LIF) preparation. kinetics.

PI3K/AKT pathway stabilizes c-Myc and
B-catenin.

Differentiation induction is minimal due
to low doses of the molecular cues and
is countered by other components.

Increased DNA damage observed in cultures with
high passage numbers.
Requires frequent passage.

Self-renewal capacity is maintained.
Media composition is based on murine biology.
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Given the molecular framework with which the 2i media operates, it is understood
that the withdrawal of two inhibitors is biochemically permissive to naive state exit. With
additional removal of LIF, the pluripotency dissolution kinetics were reported to occur 12
hours earlier [79]. Since insulin is the only other exogenous signalling cue capable of lineage
specification, at the concentration used, ESCs are committed to the neural ectoderm [79]. As
mentioned earlier, the molecular changes associated with naive state exit and ensuing fate

specification are well characterized in N2B27 and are briefly summarized in next sub-section.

1.2.9 Culturing in N2B27 recapitulates transcriptional changes of naive state

exit

Loss of ground state identity is signified by the downregulation of naive state specifiers;
Nanog, Klf4 and Esrrb [53, 132, 172, 173] with characteristic kinetics. A concomitant increase
in the expression of post-implantation markers is observed and of them Otx2 is indispensable
in terms of irreversibly committing the cells to pluripotency dissolution and further lineage
specification to neural fate [75,174]. These expression patterns observed in cultured intact
embryos, were also replicated in vitro ESC population subjected to naive state exit by
culturing in N2B27 (withdrawal of 2i and LIF). The pluripotency exit protocol was performed
for both single cells seeding and mESCs grown as colonies for 48 hours (to reflect the typical
ICM population count prior to embryo implantation). Although the rate at which a given
transcription factor is upregulated/downregulated varies between single cells and colonies,

the series of events are broadly conserved and are listed below.

1. KIf4is exhausted the earliest, by 16 hours in single cells and 24 hours in colonies, without
further expression [45,79]

2. Nanog is transiently downregulated with heterogeneous expression patterns in colonies
24 hours post 2i withdrawal, with later surge around 72 hours; a developmental time
coinciding with gastrulation. [87, 175, 176].

3. Esrrb, being a transcriptional target of Nanog is monotonically depleted to undetectable

levels by 24 hours in both single cells and colonies. [45]
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4. A basal expression of Otx2 is elevated close to 8-fold during the 16-24hr period in single
cells and between 24-48 hour in colonies, followed by a slight decline to 4-fold expression

[45, 73, 179].

It must be pointed out that in case of colonies, except for Nanog, the above-mentioned
expression patterns were acquired from experimental techniques such as western blotting
and RT-PCR, which offer whole population averages without informing the spatial variation /

intra-colony heterogeneity.

The transcriptional annotation at discrete time points mentioned above could only
confirm the irreversible progression towards pluripotency exit. However, if one were to study
the effect on any perturbation on the spatio-temporal dynamics of pluripotency exit in single
cells or colonies, there is a need for a cell line which recapitulates the gradual pluripotency

dissolution.
1.2.10 Rex1::GFPd2, a designer cell line to track pluripotency continuum

To faithfully reflect the seamless progression of pluripotency, it is imperative that the
mESC line should perpetuate with absolute naive identity without compromising the
attainment of later states’ identity and tri-lineage differentiation potential. If one were to
engineer a cell line, the second constraint rules out the altering or deletion of any of the
formative (Otx2, Oct6, Fgf5) and primed factors (T, Cer, and Foxa2). By selecting a naive state
specifier, while the progression is not sacrificed, the challenge is to maintain the ground state
identity long term. To arrive at the ideal candidate, it is important to revisit the pre-

implantation markers to try and identify their regulatory role and requirement status.

The bonafide naive state specifiers are Nanog, Rex1 (Zfp42), Esrrb, KIf-2/4/5. Since the
generation of cell line, compatible with real time monitoring, requires the replacement of
protein coding sequence with a luminescent or fluorescent reporter, it is necessary to be
informed on the dispensability of each of the four proteins. mESCs are reported to not
simultaneously withstand the deletion of either Esrrb or KIf-2/4/5 and maintain ground state
identity [132, 178]. Nanog is essential for both the establishment of naive state and for the

transition to intermediate stages [179]. Hence, these three factors cannot be meddled with.
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The only other factor Rex1 (Zfp42) is shown to be downregulated upon implantation
[10, 177-179]. Moreover, homozygous deletion of Rex1 coding sequence is reported to have
no phenotypic consequence either for the mESC lines or intact embryos [180, 181].
Importantly Rex1 upstream promoter indicates the level of transcriptional activity by the core
pluripotency factors as it is the putative binding sequence of OSN triad. Taking advantage of
these properties, a mESC cell line where one of the alleles of Rex1 coding sequences was
replaced with destabilized GFP (GFPd2) was engineered [182]. The GFPd2 was obtained by
fusing the degradation domain of mouse ornithine decarboxylase to the c-terminus region of
enhanced GFP (EGFP) conferring the protein a half-life of 2 hours [183]. A schematic

representation of the cell line is given below.

Withdrawal of 2i

Pluripotency continuum

- Rex1-GFP signal

Naive state Primed state

Figure.7: Schematic representation of fluorescent signal intensity marking the distinct states of pluripotency
for Rex1::GFPd2 mESCs

To place it in the context of naive state genetic program, when cultured in 2i (+/-LIF), every
2 hours the existing pool of EGFP is directed to proteasomal degradation and is replenished
by the ones produced in the current cycle of transcriptional activity on Rex1 promoter. Thus,
high and homogeneous GFP signal indicates the maintenance of naive state identity in the
culture. Upon removal of the two inhibitors, with the transcriptional activity progressively
reducing and eventually shutting down on Rex1 promoter, a gradual decline of fluorescence
intensity ensues. Since, the last batch of EGFP produced is degraded 2 hours post its
transcription, the earliest time point at which the fluorescence intensity of the cell line

resembles that of background should be 2 hours after the exit from naive state.
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Another important detail to be considered and look forward to when Rex1 is taken into
conversation is the transcriptional logic between the formative factor Otx2 and the naive
marker Nanog. In mESCs, a basal level of Otx2 expression exists to drive self-renewal [75].
Importantly, Otx2 expression confers the metastability to naive state to respond to external
cues rather than being insulated and locked in ground state pluripotency. It executes these
functions by antagonizing Nanog [184]. As Otx2 inhibition of Nanog compromises the OSN
triad transcriptional activity, one of the consequences of its knockout is an expected
upregulation of Rex1 expression and so is the case as reported [184]. Therefore, the inverse

holds true, i.e. Rex1 downregulated with Otx2 expression.

The transcriptional annotation of the discrete time points upon naive pluripotency exit is
the one aspect missing from the comprehensive molecular characterization of Rex1::GFPd2
cell line. Besides this information gap, this cell line has been extensively used and considered
to be a reliable model in the community to study the effect of signalling cues of any nature,
be it molecular, chemical, or mechanical, on the kinetics or dynamics of the progression from
naive state pluripotency. Below are the key characteristic traits of this cell line when cultured
in 2i media and later subjected to N2B27 media for pluripotency dissolution. These details,
albeit at the population level, are necessary to evaluate the culture and serve as references

to be compared with the results of any perturbation.

(1) Culturing in 2i for 48 hours yields a GFP+ve population with tight unimodal expression.

(2) Change of media to N2B27 leads to bimodal expression around 24 hours with close to half
the population being GFP-ve.

(3) The entirety of population is expected to exit naive state with GFP-ve status post 40 hours
of culturing in N2B27.

(4) Day 3 post media change is marked by the emergence of Sox1+ve cells and Day 6 by the

expression of class 3 beta tubulin marker Tuj1.

The transcriptional logic summarized in earlier and, the fine details of media recipe and
culturing conditions dealt here are borne out of the studies focusing on the genetic and
epigenetic regulation of pluripotency progression. However, when considered in context of
embryonic development, as suggested earlier, the transition from naive pluripotency is
intimately linked with post-implantation morphogenesis which in turn is driven by mechanical

signals of varied nature. Among the mechanical cues at play in the post-implantation embryo,
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the prominent ones and their regulation of the form and fate dialectic were briefly outlined
in previous sections. Additionally, the body of work dealing with the mechano-regulation of
pluripotency progression in vitro and the key knowledge gaps that exist within the field, is yet
to be viewed. All of these will therefore be dealt with in the next section, and before moving

on, as is customary, the takeaways of this section are listed below.
Section summary:

e Pluripotency can be maintained in vitro by harvesting epiblast explants.

e mESC is the shorthand notation of murine pluripotent cells.

e Naive identity is not commissioned by tissue of origin but by growth media.

e mESC maintenance as adherent cultures on laminin coated plates is advantageous.

e mESC cultures are heterogeneous when grown in Serum+LIF.

e Defined 2i media overcomes Serum+LIF issues and propagates homogeneous naive state.
e Removal of two inhibitors, recapitulates molecular changes associated with naive exit.

e Adesigner cell line, Rex1-GFP, allows the real time tracking of pluripotency continuum.
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Section 3: Mechanical regulation of murine pluripotency
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From blastocyst floating in the intraluminal fluid to the egg cylinder housed in the
decidual tissue, pluripotent epiblast is no stranger to mechanical signals. Even for in vitro
cultures every fine detail ranging from the cytoskeletal organization within an individual cell
to the propagation of mESC colonies as compact 3D colonies is at the dispense of mechanical
signalling. A detailed review of the literature is presented in this section about such
mechanical regulation of pluripotency establishment and progression, in single cells and in
colonies, in vitro and in vivo. By being acquainted with the status quo, the goal is to identify

the key knowledge gaps that require immediate attention.

An important technical definition before proceeding to the next topic. The cellular
responses upon subjecting to mechanical cues are collectively referred to as mechano-
responses and manifest at any of the subcellular regions/ components ranging from the

plasma membrane to actin cytoskeleton and nucleus.

1.3.1 Mechanics at the forefront of in vivo pluripotency establishment

As mentioned briefly in the first section, the first segregation event is driven by the
mechanosensitive HIPPO-YAP pathway, where it’s on/off status is determined by positional
information. Outside cells switch off HIPPO pathway leading to YAP nuclear localization and
are eventually directed to Trophectoderm fate while inside cells with HIPPO on, are assigned

to ICM lineage.

Fate specification in the second segregation event was attributed to the build-up of
luminal pressure. Two recent studies employing optical tweezer measurements highlighted
how the predisposition of ICM cells to either fate is determined by the membrane mechanical
properties [19, 185]. The cells poised for PrE fate were reported to exhibit higher membrane
elasticity / in-plane (apparent) tension. Through a computational model the robust
segregation of two fates was recapitulated in both the studies. Delving into molecular details
the first work showed that the PrE fated cells presented spatial heterogeneity in the ERM
(Ezrin-Radixin-Moesin) protein levels increasing surface and shape fluctuations [19].

Moreover, these results were validated in cultured embryos.
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While the above two are examples of in vivo setting, several studies point out the
deterministic role of mechanics in (re)establishing and maintaining pluripotency in vitro. The
relevant ones are present in the next sub-section, dealing with single cells first and later
proceeding to colonies. The works presented include the ones performed with Serum+LIF and

the ones in 2i media and hence, wherever necessary, the media details are provided.

1.3.2 Cell-intrinsic determinants of in vitro pluripotency state

Single mESCs maintained in the naive state exhibit weak adhesion with the underlying
substrate and present high contact angle. This is found to be mediated by their peculiar actin
organization. Unlike in spread cells, be it primed mEpiSCs or other differentiated cell type,
which present prominent actin stress fibres oriented radially towards nucleus [186-188],
naive mESCs were found to have short and inward curving actin filaments organized as

interconnected mesh lacking any directionality [188] as shown in Figure below.
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Figure.8: Representative 3D STORM images resolving actin organization for mESCs gorwin in Serum+LIF (A) or
2i media (B) with the lower panels showing orthogonal projections of boxed regions. Scaled bars in upper
panels 10 um and in lower panels 500 nm. Picture adapted from Barooji YF et al., 2021 Cells
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Such cytoskeletal network arrangement is the result of strong actin cortex tethering
to plasma membrane mediated by the linker protein, Ezrin [189]. This was shown to confer
high in plane membrane tension in the same work, as measured by static tether-pulling assays
using AFM. The functional consequence of this high membrane tension is the attenuated

membrane signalling activity as was reported in De Belly et al [190].

While both the above-mentioned works have identified membrane tension decrease
to be an obligatory first step for naive state exit to begin, De Belly et al. 2021 laid out the
roadmap of the molecular signalling that follows. Briefly summarizing the events to take
place, with the withdrawal of two inhibitors, B-catenin degradation by GSK33 downregulates
RhoA activity/phosphorylation which lowers the levels of phosphorylated Ezrin,
compromising its membrane tethering function. The resultant decrease in membrane tension
permits the internalization of FGF ligands, which activate MEK/ERK signalling, leading to a
reduction in the expression of naive pluripotency factors and, as a result, consolidating
pluripotency priming. Upon restoring membrane tension through the expression of
constitutively active (phosphorylated) RhoA or Ezrin, mESCs maintained naive identity despite

not being provided the two inhibitors (culturing only in N2B27 media) for 48 hours.

These findings highlight the mechanical gatekeeping role of cell membrane tension to
preserve naive state in individual cells. They have adequately informed us on the molecular
intricacies of the earliest signalling events directing pluripotency dissolution. However, in vivo,
naive pluripotency exit occurs in a collective setting which has also been attempted in vitro.
While mESCs express the adhesion molecule E-cadherin (E-cad) in both the single cell and
colony contexts, only in the latter are E-cads ligated to neighbouring cells. E-cad is a
prominent mechanosensitive protein reported to participate in the initiation and regulation
of force transduction in other cell types. Due to this added feature of E-cad coupling and with
it being implicated in mechanical signalling, naive mESC colonies exhibit emergent properties
in the aspects of both organizational and mechano-responses. The molecular signalling
network and transcriptional logic, however, remains conserved between the single cells and
colonies. Hence, the knowledge from single-cells studies should, therefore, be used as
reference points rather than being extrapolated. With this prudence the following sub-
sections gleans the works pertaining to colonies, invoking single-cell data whenever

necessary.
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Vindicating that force mediates the form-fate interdependency, the work by Du J and
colleagues [191] highlighted the transcriptional implication of mESCs growing as 3D colonies.
Their characteristic dome morphology is the result of cytoskeleton organized as a
supracellular actin cortex (SAC) spanning the outer cell layer. Through such organization, 3D
SAC, with the concerted action of myosin motors, generates compressive forces that drive
the expression of naive state specifier Nanog and general pluripotency factor Oct4. When the
force exertion was compromised through azido-blebbistatin treatment to selectively inhibit
myosin in outer cells, the expression levels of both Nanog and Oct4 were downregulated.
When mESC colonies morphology was patterned into refractive colonies by agarose
encapsulation, the effect blebbistatin treatment was lowered. Higher the agarose
concentration, more the compactness of the colony and lesser the blebbistatin effect. These

results are summarized in Figure.9 below.

mESC colony
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= Compression force

Figure.9: Schematic representation of 3D SAC mediated compressive force driving expression of Oct4 and
Nanog. Picture adapted from Du J et al., 2019 Cell Systems

Here lies the first emergent property for mESCs growing in colonies with actin
filaments organizing into a network that spans multiple cells while maintaining high cortical
actin expression and tethering. Moreover, both single cells and colonies exhibit refractive

morphology, only in latter was it found to be dependent on the contractile activity of myosin.
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Interestingly, Nanog expression is not maternally inherited but is shown to appear
only during blastocyst compaction [192]. Therefore, the physiological luminal pressure can be
thought to be replaced in vitro by compressive forces of 3D-SAC. Such supracellular
cytoskeletal arrangement is not unique to murine cell lines, as a contractile actin fence was
also reported in human iPSCs and is shown to exert compaction forces and enforce colony

morphology in a myosin dependent manner [193].

The second contributing factor for the distinctive 3D organization of mESC colonies
can be attributed to the strong cell-cell adhesion, as it is reported to induce tissue dewetting
in other epithelial systems [194]. In this direction, the study by Ohtsuka and colleagues [195]
suggests the gatekeeping of naive pluripotency by E-cadherin. In this work, mEpiSCs, a stage
corresponding to primed state, were induced with cadherin expression. This granted them
the developmental potential of naive state as cadherin high mEpiSCs successfully integrated

into pre-implantation embryos and contributed to chimeras.

Reversion of mEpiSCs to naive state without altering membrane tension might appear
to be in direct contradiction to the works referred to earlier [189,190]. Since, E-cadherin

localizes to membranes, viewing its role in this sub-cellular context will clear the air.

A key detail of E-cadherin expression in mESC naive state is it being punctuated by B-
catenin [135]. This physical association ensures B-catenin to be membrane sequestered,
enabling it to activate RhoA with the downstream effect of Ezrin phosphorylation and high
membrane cortex attachment. Therefore, the high membrane tension observed for each
single cell might not be compromised and in fact be regained when existing as colonies. This
could be one plausible explanation for mEpiSC reversion to naive state in Ohtsuka S et al 2012

[195].

Hence, the compact dome morphology might be bestowed on the mESC colonies by
the cooperative action of Ezrin mediated membrane cortex attachment of each cell, 3D-SAC
and E-cadherin acting through B-catenin. Therefore, the actin cytoskeletal organization and
E-cad — B-catenin complex are additional regulatory elements to be concentrated when

dealing with naive pluripotency dissolution in mESC colonies.

The studies mentioned so far focused exclusively on cell-intrinsic regulators of naive

state maintenance and its relinquishment, briefly dealing with the effect on extrinsic signal
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reception. However, as has been pointed out, pluripotent epiblast is subjected to a wide range
of mechanical cues during the peri-implantation period. These originate from both within the
embryo and from the surrounding decidual tissue. The latter category of signals has been
identified and the deterministic outcomes of the prominent ones on embryo development
were mentioned in the first section. To briefly reiterate, the endometrium is receptive to
implantation through smooth muscle generated contractile forces [31, 196], following which
it houses embryo through luminal closure [32], eventually guiding the three axes of body plan

to be aligned with the three symmetry axes of the uterus [30].

The intra-embryonic mechanical cues during embryonic development can be broadly
divided into two categories (i) Osmosis driven hydrostatic forces (ii) Fluid flow based
hydrodynamic forces and (iii) Insoluble molecules deposited as extra cellular matrix (ECM).
The contributions of the first set of cues were described earlier citing the examples of lumen
expansion driven segregation of EPI and PrE lineages, and luminal pressure build up
coordinating post-implantation epiblast morphogenesis. The second genre of forces are more
relevant during post-gastrulation stages of development [197] and even when they exist are
only experienced nominally, as in when the embryo floats in the intraluminal fluid [30]. The
third category deserves greater attention as the body of work encompassing both the in vivo
and in vitro studies is slim with the understanding of matrix contributions to pluripotency
regulation still being in the nascent stages. To better comprehend the literature review in this
direction, revisiting the events of matrix deposition during early embryonic development

would be of help.

1.3.3 The composition of extracellular matrix in early mouse embryo

The extra cellular matrix (ECM) is a structurally and compositionally complex network
of glycosylated and non-glycosylated proteins, and polysaccharides [198]. Among the two
major forms in which ECM exists [199], basement membrane (BM) is the most relevant to
early embryonic development in mouse owing to its constituents. This flat laminar ECM
organized into interconnected sheets is predominantly composed of Collagen IV and Laminin,
the two proteins expressed in the embryo around implantation stages [200]. Between them,

Collagen IV is apparently dispensable for early morphogenetic events as embryos were
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reported to develop without any defect way past the gastrulation stages [201 - 203]. Whereas
depletion of Laminin subunits compromised pre-gastrulation viability and displayed defects
in the organization of TrE, EPI and PrE lineages. [204, 205]. Moreover, Laminin, specifically
Laminin-111 (laminin chains alphal, betal, and gammal), is involved in all the landmark
developmental events ranging from its assistance in EPI specification [64] to EPI polarization
post-implantation to initiate lumenogenesis [23,24] and finally in facilitating the migration of
differentiation ready pluripotent cells [26]. In fact, in one of these studies, the necessity of
adhesion to laminin as the cue for driving pluripotency exit was underscored when cells grown
on laminin-free matrices such as agarose, maintained naive state even in N2B27. Hence,
when investigating the regulation of ECM on naive pluripotency maintenance and/or

dissolution, it is suggested to fabricate matrices with Laminin-111.

With this information, the seminal works aimed at delineating the matrix regulation

of pluripotency along with their critical analysis are presented in the subsequent paragraphs.

1.3.4 Extrinsic regulation of in vitro pluripotency

The earliest work on the mechanical regulation of pluripotency in colonies was by Murray
et al [229] where they investigated the effects of cell-matrix adhesion and cell spreading. The
study was performed employing Ser+LIF media. Briefly, when mESCs spreading was restricted
either by culturing on weakly adherent substrates or by the cytoskeletal manipulation
through ROCK inhibitor (Y27632) treatment, higher expression of Nanog was maintained.
Weak adhesion and low cell spreading was shown to functionally replace LIF for long term
maintenance of mESC pluripotency in serum media. It must be pointed out that the adhesion
strength was determined by the concentration of fetal bovine serum (FBS) adsorbed onto the
culture dishes (2.5% for weak and 10% for strong). In addition to Laminin, FBS is comprised of
Fibronectin, the ECM protein primarily restricted to TrE tissue and encountered by the
pluripotent epiblast post implantation [207, 208]. Moreover, the experiments were
performed with the colonies cultured on tissue culture plastic dishes, whose stiffness
(Gigapascal range) is orders of magnitude higher than both the endometrium (between 0.1

to 0.7 MPa) [209, 210] and intact embryos (~0.2kPa to 0.6kPa) [211,212].
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Substrate stiffness is an important mechanical parameter sensed by cells and has been
shown in several studies to regulate differentiation fate and self-renewal in other stem cell
systems [213,214]. The need for employing substrates of physiologically relevant stiffness, in

case of ESCs, is made clear in the summary of two studies presented below.

In the work by Chowdhury and colleagues [215], soft substrates were shown to maintain,
long-term, the undifferentiated status of mESCs when cultured in serum media alone. Nanog
expression expected to be extinguished within 48 hours of LIF removal was maintained at high
levels for 5 days and was comparable to LIF-provided cultures. The downregulation of cell-
matrix interactions was found to be the causative factor. The second corresponds to the work
by Labouesse and colleagues [112] where they reported high efficiency of reversion to naive
state on soft polyacrylamide gels compared to stiffer gels and tissue culture plastic for both
mouse and human pluripotent cells. Incidentally, in both the studies the elastic modulus of
the soft substrates was below 1kPa, falling in the range of pre-implantation embryo’s and ESC
stiffness [211, 212]. While these studies have furthered our understanding of stiffness
mediated pluripotency regulation, they employed a different approach in terms of the choice
of matrix protein. Chowdhury et al used Collagen IV which was found to be dispensable during
pluripotent stages of embryonic development [201-203]. In Labouesse et al, cells adhered to
the hydrogel through fibronectin, which is shown to be necessary for mESC self-renewal [167].
Therefore, fibronectin might also be contributing to reverting the primed state to naive
pluripotency and is not purely based on matrix stiffness. Moreover, mechano-responses have
been reported to be specific to protein identity [216]. Therefore, the effect of laminin coating

in combination with substrate stiffness needs to be investigated in mESC system.

The usage of polyacrylamide gels as a platform is worthy of short discussion. Various
materials are employed in the hydrogel form to investigate the effects of ECM stiffness and
subsequent cellular responses. Few examples include Collagen, Matrigel, Polyethylene glycol
(PEG) and polyacrylamide (PAA) gels [217-220]. Among them PAA gels stand out due to their
tunable stiffness, biocompatibility, resistance to cellular enzyme-based degradation, long-

term stability and standardized protein functionalization techniques [220-226].
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Cells gauge matrix mechanical properties through surface receptors that mediate
adhesion. Among the ones at disposal, integrins’ capability as mechano-sensors and -

transducers is appreciated for the following reasons [227,228]:

1. Integrins host several adaptor proteins through which they physically engage with
cytoskeletal elements such as Actin and Intermediate filaments. Through this
association they are capable of transmitting forces to nuclear space and bring about
epigenetic changes of gene regulation such as chromatin organization, transcription
factor localization etc.

2. Since the adaptor proteins once activated initiate downstream molecular cascades,
integrins function as biochemical signalling hubs which terminates in the nucleus with
changes in transcriptional activity.

3. The confirmational state and thereby the functional activity of integrins and the
adaptor proteins are influenced by the force experienced by these proteins. This
translates to the modulation of downstream signalling both the activation status and

intensity of signalling.

As it is evident that integrin centred mechanical signalling culminates with transcriptional
signature changes, the molecular foundation of pluripotency state maintenance and
transition, being acquainted with the knowledge on their function in mESC pluripotency is
warranted. That, sensing laminin as the polarization and naive state exit initiation cue is

through integrin-based adhesion, adds weight to the above reasoning.

1.3.5 Molecular organization of integrin adhesions in mESCs

Integrin-based adhesions are organized into Nascent adhesion (NA), Focal complexes
(FC) and Focal adhesion (FA). The nomenclature is based on length, lifetime, and the adaptor
protein composition, and only FA score high on all three counts lending them the capability
to drive signalling cascades. Such competent FAs are identified by the presence of four key

adaptor proteins: Focal adhesion kinase (FAK), Paxillin, Vinculin and Zyxin.

FAK is a non-receptor tyrosine kinase and one of the earliest to engage with integrins,

with Paxillin being the other. The exact sequence of events is yet to be clarified in mESCs, but
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both Paxillin and FAK promote the membrane localization of the other. Through their
scaffolding function coupled with enzymatic activity, FAK and Paxillin, recruit other adaptor
proteins and set in motion biochemical signalling cascades. One example is the Rho-GTPase
signalling-based actin monomer assembly into filamentous actin (F-actin), initiated by the
active/phosphorylated form of Paxillin (pPaxillin). Besides, pPaxillin sequesters vinculin,
which transmits forces by binding to actin. Upon force propagation, Zyxin mobilizes to actin
filaments through its interaction with the actin polymerization factor VASP thereby

reinforcing actin bundle thickness and further consolidates actin linkage to focal adhesions.

Besides the molecular composition, another key attribute of focal adhesion regulates
its mechano-sensing and mechano-transduction function, and it is the spatial organization of
the aforementioned four proteins. Competent focal adhesions are organized into the
following three distinct layers (1) Integrin signalling layer in which FAK and Paxillin reside (2)
Force transduction layer marked by Vinculin and (3) Actin regulatory layer identified by Zyxin.
The vertical spacing should also allow for a minimum 50nm separation between the integrin
signalling layer and proximal end of actin binding. This is measured by the distance between
VASP and FAK proteins. This is to provide room for the necessary conformational changes and
substrate binding of various proteins upon force application. Any disorganization would,
therefore, compromise the efficient force transmission and subsequent signal transduction

by FA.

A noteworthy offshoot effect of both FAK’s and pPaxillin signalling is the initiation of
ERK cascade. Although, such regulation was shown in other cell systems, the pathway being
implicated in mESC pluripotency makes it relevant for FAK and pPaxillin to be looked into in
the mESC context. Following suit with Vinculin and Zyxin has its merits as both the proteins
associate with actin, the cytoskeletal element whose structural arrangement is shown to play

critical role in mESC pluripotency.
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1.3.6 Attenuated focal adhesion function in naive mESCs

Minimal cell spreading, as seen in naive mESCs, is ascribed to weak substrate
interaction. Besides high membrane tension, another causative factor for this phenomenon
could be the reduced focal adhesion strength and signalling, as has been attested by two

studies mESCs.

The work by Taleahmad et al [229] compared integrin signalling in 2i-grown
homogeneous naive population and Serum+LIF-grown mixed cultures. Through shotgun
proteomic approach, they reported lower FAK phosphorylation and subsequent signalling in
2i conditions compared to Serum+LIF conditions. To prove that these changes were adhesion

driven and not a consequence of culturing media, when integrins were artificially stimulated
through Mn?*, increased focal adhesion signalling were observed eventually translating to

reduced naive transcription factor expression for cells maintained in 2i conditions.

These attenuated focal adhesion mechano-responses were found to be due to the
alterations in protein conformation and the structural organization of 3 layers, as shown in
work of Xia et al [230]. In this study performed with Serum+LIF media, through super
resolution microscopy, it was found that the macromolecular arrays of mature focal
adhesions are conserved in mESCs. However, the three hierarchical layers are compressed
with separation between actin and integrin signalling plane reduced to ~30nm, significantly
less than the 50nm threshold required for force transmission. Additionally, vinculin was
observed to be aligned anti parallelly to actin filaments. This compressed nanodomain
organization coupled with orientation changes of vinculin, presented in Figure.10, renders

focal adhesions in active in terms of force relay and signalling initiation.

It must be pointed out that in the earlier study, the typical vinculin arrangement was
observed only for cells maintained on Laminin substrates. When cultured on Fibronectin or
Gelatin (denatured collagen), only the compression of three layers was observed. This further
emphasizes that the choice of ECM protein is critical as it determines the basal levels of
integrin activation thereby affecting the comparisons, when drawn between naive and

differentiated states.
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Figure.10: Schematic representation of various layers of integrin adhesions and the structurally compromised
organization for mESCs. Picture adapted from Xia S et al., 2019 Acs Biomater Engg

There is a dearth of studies focusing on Paxillin expression levels and signalling activity
in mESCs. Its requirement is however attested by the work of Wade R et al [231], which
showed increased cell spreading and FAK activity in mESCs with forced expression of Paxillin.

In the same study, knockout of Paxillin was shown to delay mESc spreading.

Finally, recent work from Zhang and colleagues [232] elucidated the molecular cause
of reduced actin bundle reinforcement in naive mESCs. Zyxin, the actin polymerization
promoter, was found to be expressed in low levels in mESCs and, once subjected to
differentiation, show a concomitant increase. Another molecular insight uncovered in this
study is the negative regulation of Oct4 by Zyxin, highlighting the central role of focal

adhesion-based mechanical signalling in pluripotency dissolution.

A well-characterized mechano-response involving integrin adhesions is the exertion of
forces, termed traction forces, by the cells onto the underlying matrix. This is the coordinated
result of actin fibre reinforcement and the contractile action of myosin motors driving actin
rearward flow [233], occurring on integrin adhesion sites as anchorage points. They serve as
a measure of cell-matrix interaction and with increasing traction forces, focal adhesions were

shown to become more prominent in other cell systems.
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Since the focal adhesions in mESCs are functionally incompetent, it is expected to
reflect an exertion of low traction forces, as has been reported in Chowdhury et al. 2010 and
Zhang S et al. 2023, studies referred to in an earlier [215, 232]. The maintenance of
pluripotency is accompanied by low traction forces whereas pluripotency dissolution
conditions displayed increased tractions. Once again it has to be pointed out that the traction
force measurements in these studies were measured for single cells and correspond to
discrete time points. Also, there is no report on the temporal profiles of traction forces in

mESC pluripotency dissolution.

Apart from the actin-myosin contractile action, an alternative mode of mechanically
stimulating integrins is through stretching the substrate to which cells adhere. Two studies
employed this technique with mESCs. The first by Horiuchi R and colleagues [234] reported
an attenuation in the decrease of Nanog when subjected to uniaxial cyclic stretching in LIF
depleted conditions. In the second work by Verstreken C.M et al [235], although an initial
increase of naive pluripotency markers Nanog, KIf4 and Esrrb was observed, at 6 hours post
stretching with 2i removal, the changes were not statistically significant and the differences
disappeared by 12 hours. Only when subjected to differentiation in serum media, an overall
increase in pPaxillin and pERK levels with changes in nuclear aspect ratio, a morphological
marker for nucleus under tensile stress, was reported. The authors hence concluded that,
mMESCs become mechanoresponsive only after naive state exit. The commonality in both the
studies is the higher Nanog expression upon stretching, while it was sustained in the first
study, in the second it was acute. The inconsistencies in the results can be attributed to the
following reasons (i) Use of different strain rates (10% in the first vs 35% in the second study),
(ii) Different time periods for which stretching was performed (2 days in the first vs maximum

of 12 hours for the second) and (iii) the use of different media.

Two key limitations exist for those works. The first is the use of PDMS as a substrate
whose stiffness is in the megapascal range. Secondly, the experiments were conducted only
after allowing the cells to spread. The transient phase between mESC attachment as rounded
cells and initiation of cell spreading might be of regulatory importance to mechanical
signalling and could not be addressed. Moreover, the differentiation protocol was performed
in serum media, which adds further complexity to matrix mechano-sensing besides supplying

a heterogeneous starting population.
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Despite these shortcomings, the two studies have pointed in the next direction to
focus on. The discussion has so far pertained to the region around the cell-matrix interface,
be it the matrix, focal adhesions, E-cadherin, B-catenin and the cell cortex. As it has been
reiterated several times, pluripotency state identity and transition are commissioned by the
changes in transcriptional activity, which occurs in the nucleus. Therefore, for the mechanical
signalling to influence transcriptional signature, the nuclear space has to be integrated into
the force relay. The increase in nuclear aspect ratio upon stretching reported in Verstreken
C.M et al [235] confirms the incorporation of nucleus into mechano-transduction events in

mESCs.

On that account, outlining the characteristic traits of nucleus and the changes
associated with force transmission is necessary to better evaluate our current understanding
of mechanical regulation of naive pluripotency and its dissolution. This is tackled in the next

section following the digest of this section.
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Section summary

e Installing, conserving, and terminating pluripotency are instructed by mechanical cues.
e Naive mESCs have high membrane tension due to strong membrane-cortex tethering.
e Naive mESCs have inward curving short actin filaments.

e Cell spreading driven by decrease in membrane tension is obligatory for naive state exit.
e Upon differentiation, mESCs present reinforced actin fibres.

e Naive mESC colonies grow as compact domes due to 3D-SAC and cadherin expression.
e Compressive forces borne out of dome shape promote Oct4, Nanog expression.

e Naive state exit is initiated in vivo by integrin-based laminin mechano-sensing.

e Substrate stiffness determines pluripotency status in vitro.

e PAA gels are best suited to subject mESCs to physiologically relevant stiffnesses.

e Focal adhesion mechano-chemical functions are attenuated in naive mESCs.

e mESC nucleus is integrated into the mechanical signalling relay.
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Section 4: Mechanobiology of mESC nucleus
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Nucleus, the organelle that houses the genome, is the terminus for all transcriptional
activity. Given that the protein demographic changes in this subcellular region is on what state
transition hinges upon, the importance of reviewing nucleus, specifically in the context of
mechanical signalling in pluripotency cannot be overstated. Before moving that direction, a
cautionary note. As mentioned earlier, a multitude of changes ranging from transcriptional
rewiring, epigenetic landscape remodelling and chromatin organization occur in the nuclear
space during pluripotency exit. Rather than being lost in that microcosm heeding to these
details, the subsequent discussion considers nucleus as a single entity and first deals with the
characteristic differences of naive and primed nuclei. Later the focus is shifted onto the
tractable changes, occurring between distinct states of pluripotency, in nuclear morphology
and in the constituents of peri-nuclear space. A mere mention of the factors driving those
changes is done. Like in earlier sections, as and when necessary, knowledge from other

systems is solicited for comparison.

A striking feature of naive mESCs is the high nuclear occupancy [94], which is
attributed to the genomic confirmation. mESCs require both the pluripotency and
differentiation genes to be at transcriptional disposal, the former for naive maintenance and
the latter to execute differentiation program upon induction. To facilitate this, the naive
genome is markedly hypomethylated [236]. Among the annotations present, rather than
employing constitutive repression markers such as histone trimethylation at lysine 9, mESCs
chromatin is deposited with facultative repressors like trimethylation at lysine 27 [237]. These
modifications make naive state chromatin more open [238, 239] thus requiring larger space
to be accommodated. The peculiar actin organization further exaggerates the relative nuclear
to cytoplasmic volume, as the cytoskeletal element is concentrated in and around the cell

cortex.

In the primed state, due to the large-scale shutdown of pluripotency genes and due
to their predisposition to a specific lineage, a significantly smaller portion of the genome exists
in open chromatin confirmation. This is confirmed by the reports stating increased promoter
hypermethylation and rearrangement of enhancer chromatin in EpiSCs [240, 241]. This,
coupled with the reorganization of the actin cytoskeleton into radially oriented bundles,

manifests as a lower nuclear to cytoplasmic volumetric ratio.

54



Such actin fibre alignment serves another key function in mechano-transduction. Their
physical linkage to the nucleus mediates force transmission and brings about morphological
changes both global and localized. The increase in nuclear aspect ratio upon stretching,
discussed in the earlier sub-sectuibs is an example of large-scale nuclear shape change. The
localized changes are observed in cells in the formative state, and it is the reduced corrugation
with the nuclear membrane becoming taut [242]. This is in contrast to the higher wrinkling

frequency observed in naive and primed nuclei in the same work.

Interestingly the nuclear perimeter remains conserved between naive and
transitioning nuclei but increased in primed counterparts. In the same work, the transition
nuclei were shown to exhibit an interesting material property termed auxeticity. Unlike elastic
materials, which increase cross sectional area upon compression, auxetic materials show an
area reduction along with stiffening [243]. The auxetic nature of transition nuclei was shown

to be driven in part by chromatin decondensation that accompanies naive state exit [242].

The nuclear wrinkles in general correspond to regions bound to heterochromatin
[244]. This arrangement ensures that euchromatin is localized either to the nuclear interior
or close to nuclear pores, the channel through which transcription factors reach the nuclear
region, thereby making euchromatin readily available for genetic information flow. This offers
another explanation for the taut nuclear structure in transition cells and, nuclear ridges in
naive and primed cells. As transitioning cells need to have the coding regions of both
formative genes and lineage specific genes open, there is less heterochromatin and thus less
wrinkles. Once the cells proceed to primed state, due to their predisposition to one of three
lineages, the regions corresponding to other two fates are condensed, in addition to the

formative genes. This explains the increase in corrugations in primed state.

The nuclear boundary is a double-layered lipid membrane, and the binding of
heterochromatin occurs on the interior side (Figure.11). It is mediated by a family of proteins
named Lamins which also function to provide structural integrity thereby determining nuclear
size, shape, and stiffness [245]. It has two subtypes, Lamin-A/C and Lamin-B [246].
Additionally, Lamins interact with the transmembrane SUN domain proteins, which are
components of the linker of nucleo- and cytoskeleton (LINC) complexes [247]. The
cytoplasmic component of LINC complex is the KASH domain proteins and binds to the
cytoskeletal elements such as filamentous actin (F-actin) [248].
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SR-rich rod domain

Chromatin

Figure.11: Schematic representation of the molecular organization around the peri-nuclear space. Picture
adapted from Li EW, McKee-Muir OC and Gilbert PG et al., Chapter 4 — Myogenesis in Development and
Disease, 2018 Curr Top Dev Biol.

LINC complex association with F-actin ensures the forces generated at integrin
adhesion sites are transmitted to nuclear periphery. By anchoring LINC complexes to the
nucleus, Lamins ensure the forces are translated to conformational changes in the genome,

driving gene expression changes.

By forming a regulatory axis for mechano-transduction, LINC complexes and Lamins
are adept at bringing about transcriptional changes, the molecular foundations for
pluripotency dissolution. This merits the review of their role in mESCs. However, studies in
this direction have been far and few, yielding conflicting results. Therefore, the following
susections could be considered a compendium of works about Lamins and LINC complex in

mESCs.

In the work of Khatau SB et al [249], Lamin depletion was shown to delay the
differentiation onset in mESCs. It was found that the timing of differentiation commitment is
signified by the formation of perinuclear actin cap on the apical side of the cell. Although not
shown in mouse model, the positioning and stabilization of perinuclear actin cap was found
to be dependent on LINC complex organization. In another study, Lamins were reported to
determine the lineage outcome of mESC differentiation, with cells dedicated to visceral
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endoderm upon Lamin depletion and fated to neuronal lineages in wildtype background
[250]. This study also posited the dispensability of Lamins for pluripotency maintenance as
Lamin haplo-insufficient cells didn’t present significant differences in the expression levels of
core pluripotency factors and Rexl. For both these works, the starting population was
obtained from Serum+LIF cultures and the differentiation protocol was based on 3D embryoid

body formation.

However, in the study Kim Y et al [251], lamins were deemed dispensable for murine
pluripotency as the self-renewal and differentiation potential was found to be not
compromised in a mESC cell line depleted of all lamin subtypes. More recent work from Wang
and colleagues [252] reported the contrary as lamin A/C depletion was found to alter the
chromatin organization and, as a result, the expression heterogeneity in Oct4 expression
along with the colonies growing with flat morphology. Furthermore, lamin A/C deficiency was
observed to prime mESCs for cardiac mesoderm fate. Both these studies were performed on

fibroblast feeders and in Serum+LIF media.

The usage of suboptimal media and differentiation protocol are major limitations of
the four studies mentioned above. This along with the factual inconsistencies make the role

of lamins in mESC pluripotency, yet to be clearly established.

Only two studies have been performed on the role of LINC complex with murine
pluripotency and both focused on the regulation of differentiation. The first one by Smith ER
and colleagues [253] played with the levels of the KASH domain protein Nesprin-1 and
reported an increase in the propensity of mESC differentiation. Moreover, electron
microscopy measurements suggested the undifferentiated mESC nucleus to be wider. The
earlier mentioned nuclear wrinkling was attributed to low expression of Nesprin-1 as its
increased expression in the differentiated cells yielded less frequency of irregularities.
Additional observation includes the lack of apparent change in nuclear pore density. In the
other study, David BG et al [254], mESC line with dominant negative KASH (DN-KASH),
impaired in actin binding, was generated. Because of the abrogation of actin cytoskeletal
anchorage to nuclear membrane, high expression levels of the pluripotency factors were
maintained even in differentiated conditions. Other notable result, observed only for the cells

differentiated on glass surfaces, is the formation of prominent actin stress fibres with their
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ends highlighted by the focal adhesion protein Talin for cells. Like in earlier studies, these

works were performed with Serum+LIF media.

Another significant consequence of force application to nucleus, as shown in the
seminal works by Pere Roca-Cusachs’ group, is the widening of nuclear pores, which affects
the shuttling kinetics of transcription factors and, thereby, their subcellular localization [255,
256]. Due to this property, they are referred to as mechanosensitive proteins and one of the
classical examples is YAP. That DN-KASH impairs YAP nuclear sequestration further

underscores the mechano-regulation of YAP intracellular transport [256].

The relevance of YAP to murine pluripotency is already recognized in earlier discussion
as it is the effector protein to translate positional cues and segregate ICM, the founder
population for pluripotent epiblast. Importantly, YAP’s role, albeit in other cell systems, in
regulating proliferation, organ size and differentiation is well documented [257, 258]. These
three factors influencing pluripotency progression in vivo present a valid argument to be
informed on the function of YAP in mESCs. Like in the case of Lamins and LINC complex, the
body of work on YAP in murine pluripotency primarily dealt with the effect on differentiation

and the key ones are discussed next.

In Chung et al, YAP was reported to be an obligatory factor for permitting mESC
differentiation but is dispensable for self-renewal [259]. Neither YAP’s transcriptional co-
activator TEAD nor its homologue Taz were found to compensate the loss of differentiation
incurred with YAP depletion. Their role is similarly dispensable like YAP when it comes to self-
renewal. Importantly, differentiation induction is accompanied by nuclear sequestration of
YAP. Antithetical to this work, Tamm C et al [260] showed the absolute necessity of YAP to
drive proliferation in serum media as LIF based self-renewal is observed to operate through
YAP-TEAD pathway. Completing the contradiction, YAP-TEAD were reported to be
downregulated upon differentiation induction. Both these studies are performed with serum
media and employed shRNA-based YAP downregulation. One explanation to accommodate

these discrepancies is that the studies used cell lines derived from different strains.

The recent work by Meyer and colleagues [261] cleared the confusion on the role of
YAP in murine pluripotency. Employing optogenetic control of YAP subcellular localization,

this study reports that the decision making between self-renewal and differentiation is
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determined by both YAP concentration and pulsing frequency. The three important
conclusions of this investigation are: (i) In naive state, YAP induces Oct4 and Nanog expression
and displays steady state nuclear expression with low frequency of pulsing. (ii) Upon
differentiation induction, the pulsing frequency of YAP increases and both Oct4, Nanog are
repressed but with different IC50 levels. (iii) Finally, in the intermediate regime where Nanog
is repressed but Oct4 is maintained, differentiation lineage is specified by YAP dose with low
levels inducing mesoderm. Another technically impressive result is the real time
demonstration of transcriptional burst at Oct4 promoter, during differentiation, in response
to YAP knockout. This work presented the case for YAP to be incorporated into the
pluripotency transcriptional logic and is merited by the choice of media used: 2i+LIF. It has
however only focused on single cells and insights into mESC colonies is lacking. Moreover, the
comparison of naive state YAP dynamics with differentiated state does not necessarily inform

if and to what extent changes occur during naive to primed state transition.

A certain degree of cell death is a normal occurrence when mESCs are subjected to
differentiation. This is owed to the Myc based competitive elimination of early differentiating
cells and serves to synchronize pluripotency exit both in vitro and in vivo [262]. YAP's
involvement in regulating such programmed cell death was revealed by Leblanc L et al [263].
In this work, YAP through its activation of anti-apoptotic genes was found to augment the
survival of differentiating cells further corroborating YAP’s requirement in ensuring successful

differentiation.

With this background knowledge, we are thoroughly informed on the current
understanding of mechanical regulation of murine pluripotency. More importantly, the
knowledge gaps that need attention have been alluded to. Of them, identifying the critical
ones which form the basis of the current research will be performed in the next section.

Before moving onto those, a concise synopsis of this section lies below.
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Section summary

e Nuclear morphology serves as a yardstick for intracellular force relay.

e Force transmission to nucleus changes chromatin organization.

e Nucleus integration into mechano-transduction is mediated by Lamin and LINC complex.
e The influence of Lamins on murine pluripotency is yet to be clearly established.

e Compromised LINC complex function, attenuates force relay and preserves pluripotency.
e Force application drives nuclear sequestration of YAP.

e YAP dynamics and not just absolute levels dictate if mESCs divide or differentiate.

e Upon differentiation induction, YAP downregulates Oct4 and Nanog.

e YAP improves the survival fitness of differentiating mESCs.
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Chapter 2: Objectives of the study
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Pluripotency progression beginning with naive state exit is a dynamic process
characterized by sequential molecular, morphological, and mechanical changes, driven in vivo
by integrin-based laminin sensing. More importantly, although naive identity is the property
of each pre-implantation epiblast cell, naive state exit occurs in a collective and synchronized
fashion to match both morphological and developmental demands. The inability to study this
short-lived phenomenon within the embryonic context was overcame through the
establishment of pluripotent cell lines, fabrication of defined culture media and
standardization of protocols. With this fillip, in the last decade, our understanding on the
mechanical regulation of pluripotency, in both single cells and colonies, has taken giant
strides. Despite the burgeoning growth, the field is yet to address the inadequacies and in
some case the inconsistencies of the existing knowledge. In the last two sections of chapter.1,
every discussion on a seminal study is followed by a footnote pointing out such knowledge
gaps. Among those, a compilation of the significant ones that lay the premise for this thesis

work is provided below, followed by the outlining of the current study’s precise objectives.

e Earlier studies either cultured cells on plastic/glass surfaces or on hydrogels functionalized
with collagen or fibronectin. A PAA gel substrate offering laminin as the sole matrix
adhesion molecule and its compatibility to perform long term experiments was not tested.

e Distinct pluripotent states are annotated by specific transcription factor expression. The
temporal changes in their levels are based on population-level statistics, data obtained
from averaging several colonies. Whether individual colonies recapitulate those variations
is unknown.

e Among the mechano-responses listed earlier, the ones involving cell-matrix interaction
such as traction forces were only measured at distinct time points. Their evolution with
pluripotency progression, and whether they execute a regulatory function on
pluripotency dissolution is not known.

e There is no report on how the pluripotency dissolution dynamics is affected when
mechano-transduction along the integrin-actin-nucleus axis is interfered with.

e Morphometric measurements serve as a proxy for the extent of force relayed to nucleus,
which in turn influences transcription factor localization. However, the relationship
between nuclear shapes, transcription factor localization and expression, and

pluripotency dissolution is not established.
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e Mechanically, mESCs require membrane tension decrease, promoted by GSK3B’s
inhibition of B-catenin, to initiate naive state exit. Transcriptionally, the event to begin
naive identity loss, in single cells, is the ERK mediated degradation of KIf4 transcription
factor. Which among the two events is obligatory for pluripotency dissolution, that too in
colonies, thereby pointing out the dominant regulator for long-term pluripotency

maintenance, is yet to be elucidated.

To answer these questions, the aim of this thesis is to study the role of cell-matrix force

transmission in naive to primed pluripotency transition in mouse embryonic stem cells.

To this end, this study employed the well characterized Rex1::GFPd2 cell line in which
pluripotency dissolution is synonymous with gradual loss of fluorescence signal. Given this

main objective, the specific aims of this study are as follows.
Aims of the study:

1. To fabricate a laminin coated PAA gel substrate that is compatible with simultaneously
measuring mechano-responses while performing long-term differentiation protocol.

2. To validate the system through transcriptional expression profiles of bonafide markers
and test if the patterns recapitulate those reported in both in vitro and in vivo studies.

3. To measure and thereby track the evolution of cell-matrix interaction during the course
of pluripotency dissolution/Rex1-GFP fluorescence decay. The mechano-responses of
interest are categorized into those measured at discrete time points such as focal
adhesion, actin organization, and those monitored continuously as in traction forces.

4. To interfere with mechano-transduction and observe the effect on the temporal
progression of Rex1-GFP signal.

5. To perform morphometric analysis of nucleus at discrete time points and test the
correlation between nuclear shape and the expression levels of various pluripotency
factors and the well-known mechano-transducer YAP.

6. To identify which among the mechanical and molecular triggers of naive state exit
function as the gatekeeper for long-term pluripotency maintenance.

7. To evaluate if mechano-responses are capable of forecasting pluripotency status in vitro.
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Chapter 3: Methods and Materials
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3.1 Media preparation

N2B27 defined basal medium contained 1:1 Neurobasal and DMEM/F-12 medium
(Sigma-Aldrich D6421), Neurobasal medium (Life technologies 21103-049), 2.2 mM L-
Glutamine (Thermo Fisher — 25030081), 0.5x B27 (Invitrogen — 17504044), 50 mM p-
Mercaptoethanol (Thermo Fisher - 31350010), 12.5 ng.mL™ Insulin zinc (Sigma-Aldrich
19278), 0.1% Sodium bicarbonate (volume/volume) (Thermo Fisher —25080094) and 0.5% N2
(volume/volume). N2 was prepared in-house with the composition given below.

200x N2 was made using 8.791 mg.mL* Apotransferrin (Sigma-Aldrich T1147), 1.688
mg.mL? Putrescine (Sigma-Aldrich P5780-5G), 3 uM Sodium Selenite (Sigma-Aldrich
$5261), and 2.08 pg.mL Progesterone (Sigma-Aldrich P8783-1G). All the above components
were dissolved in DMEM/F-12 (Sigma-Aldrich D6421). Fresh batch of N2 was prepared every
6 months and was batch tested as mentioned in Mulas et al., 2019 Development [79].

Chiron (Sigma-Aldrich SML1046) and PD0325901 (Sigma-Aldrich PZ0162) are the
two small molecule inhibitors purchased as lyophilized powders and stored at -20°C as 10mM
aliquots in 100% DMSO (Sigma-Aldrich, cat. no. D8418). Both the inhibitors were added to
N2B27 base media to have a final concentration of 3 uM for Chiron and 1 uM for PD0325901.
Throughout this thesis, the N2B27 media with 2 inhibitors (N2B27+21i) is referred to as ‘2i’.
This media mixture was stored at 4°C and was used within one week.

For the retroviral transfection protocol, cells were cultured in Serum media
supplemented with LIF (Millipore, cat.no. ESF1106) at 1000 units/ml. The composition of
Serum media is as follows: Glasgow Eagle's Minimal Essential Medium (Sigma Aldrich,
cat.no. G5154) 10% Foetal bovine serum (), L-glutamine, 1% v/v non-essential amino acids
(Sigma Aldrich, cat.no. M7145), 1% v/v sodium pyruvate (ThermoFisher cat.no. 21103049)
and 10 mM B-mercaptoethanol (Gibco, cat.no. 31350-010)
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3.2 Cell culture

Rex1-GFP mESCs were cultured in accordance with Mulas et al., 2019 Development.

The passaging protocol was performed once every two days and is as follows.

Cells were treated with accutase for 5 minutes at room temperature followed by
neutralization using 8 times its volume with BSA fraction V (1.5% v/v in DMEM/F-12). Cell

density was estimated using Neubauer chamber and is given by the formula,
Cell density = average cell count X 10*cells/ml

Based on the obtained cell density, the volume required for seeding cells at 15,000
cells.cm was procured and the cell suspension was centrifuged for 3.5 minutes at 0.4 rcf at
room temperature. The supernatant was vacuum aspirated, and the pellet was resuspended in
2i media with thorough mixing, later proceeding to plate on Nunc plates coated with Laminin-
111 at 10pg/ml (in 1X-sterile PBS) for a minimum of 2 hours at 37° C. For the passage before

the use of cells for experiment, cells were cultured only in 2i without LIF.
3.3 Cells cryopreservation

Before cryopreservation, cells were grown for 2 days in 2i media supplemented with
LIF. The cell passaging protocol was performed as described with the following change. Upon
vacuum aspirating the accutase neutralizing serum media, the pellet was resuspended in 2i
media with 10% FBS (volume/volume) to obtain a cell density of 10° cells/ml. This cell
suspension was mixed with DMSO (10% volume/volume in the final solution) and aliquoted
into cryotubes which were frozen overnight at -80° C in an isopropanol bath (Mr. Frosty). On

the next day, the cryotubes were placed in liquid nitrogen for long term storage.
3.4 Cell transfection

Retroviral particles for the generation of DN-KASH and Delta-PP lines were generated
in HEK293T cells expressing retroviral packaging plasmids (gift from N. Montserrat) and
transfected using Lipofectamine™ 3000 Transfection Reagent (Invitrogen). Two days post the
transfection, the viral titer was collected from HEK293T cultures and was used to infect
overnight the Rex1-GFP mESCs cultured in Serum+LIF for a day. After the overnight

infection, the media with viral titer was replaced the next day to Serum+LIF and the mESC

66



cultures were grown to 80% confluency. The cultures were later expanded for cryopreservation

and selection.
3.5 Selection of transfected cell lines

To select for the cells with stable integration of viral DNA into the genome, the culture
was subjected to treatment of 400 pg/ml of Geneticin (Fischer scientific, cat.no. 10204773)
after a day of growth in 2i+LIF. The Geneticin treatment was performed for 6 days with cells
passaged once every 3 days. Throughout the selection protocol, cultures were maintained in
2i+LIF media without any cells being discarded while passaging. On the 7th day, the cultures

were used for cryopreservation and selection for doxycycline-based induction.

To select the cells with high inducible expression of DN-KASH or DelPP with the
mCherry fluorescent tag, cultures were grown for two days in 2i+LIF media with a treatment
of 1ug/ml doxycycline (Sigma Aldrich, cat.no. D9891) for last 16 hours (overnight treatment).
Following the cell passage protocol, a cell suspension was obtained and was subjected to
fluorescence assisted cells sorting (FACS) selecting for cells with high Rex1-GFP and DN-
KASH/DelPP-mCherry fluorescence levels. The FACS sorted cells were expanded by

culturing in Serum+LIF for 3 days and were later cryopreserved.

3.6 Preparation of polyacrylamide gels for sulfo-SANPAH or NHS-Irgacure

functionalization

Polyacrylamide gels were prepared as described previously [Perez-Gonzalez C et al.,
2019 Nat Phys]. Cover glasses of No.l1 thickness (Superior Marienfeld) were used as top
coverslips and were treated with 20% v/v Surfasil (Fischer Scientific, cat.no. 11541094) in
Chloroform for 2 hours at room temperature followed by quick wash with 100% methanol and
air-drying. Glass bottom MatTek dishes (No.0) were activated with a solution of acetic acid
(Sigma Aldrich, cat.no. A6283), 3-(Trimethoxysilyl) propyl methacrylate (Sigma Aldrich,
cat.no. M6154), and 96% ethanol (1:1:14 in volume ratio) for 20 min at room temperature. The
dishes were then quickly washed twice with 96% ethanol and air-dried. Different
concentrations of acrylamide and bis-acrylamide were mixed to produce gels of different
rigidity-and mixed with fluorescent carboxylated 200 nm beads (Invitrogen), Ammonium
persulfate APS (Sigma-Aldrich A3678), and tetramethylethylenedi-amine (Sigma-Aldrich

T9281). The composition of hydrogel mix corresponding to different stiffness is given in
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Table.4. The solution was placed on the silanized glass surface and covered with surfasil treated
coverslip, letting the gel to polymerize for 50 minutes. The coverslip was then removed, and

gels were washed twice with 1X-PBS and stored in 1X-PBS until functionalization.

For immunofluorescence samples, non-fluorescent carboxylated latex beads were used
during gel preparation at a volumetric composition of 0.0125%. The remaining volume was
replaced with 1x-PBS.

Stiffness  Acrylamide Bis- Beads APS TEMED
acrylamide
1.5 kPa 5 %(w/v) 0.04 %(w/v)  0.04 %(viv)  0.05 %(v/v) 0.05 %(v/v)
5 kPa 7.46 %(w/v)  0.044 %(w/v)  0.04 %(v/v)  0.05 %(Vv/v) 0.05 %(v/v)
15kPa  7.5%(w/v)  0.16 %(w/v)  0.04 %(v/v)  0.05 %(v/v) 0.05 %(v/v)

Table.4 Polyacrylamide gel composition for sulfo-SANPAH based protein functionalization. A 500 pl solution
in 1x-PBS with the specified proportions of the different components was prepared. The reagents used were
Acrylamide (BioRad cat.no. 1610140), Bis-acrylamide (BioRad, cat. No. 1610142), 0.2um carboxylate modified
polystyrene beads, Ammonium persulfate (APS, Sigma, cat.no. A3678, stock prepared at 10% in ultrapure
water) and Tetramethylethylenediamine (TEMED, Sigma cat. no. T9281).

3.7 sulfo-SANPAH based polyacrylamide gel functionalization

Polymerized gels were coated with Sulfo-SANPAH (Invitrogen, cat. no. 22589) by
applying 2mg/ml solution in ultrapure water and irradiated for 7.5 minutes with ultraviolet light
(365 nm) (Blak Ray XX-15L UV bench lamp). Following the UV exposure, gels were washed
twice with 10mM HEPES (Gibco, cat. no. H0887) and one wash with 1X-PBS in sterile
conditions under cell culture hood. Finally, gels were incubated overnight at 4° C with
100pg/ml Laminin-2020 (Sigma-Aldrich, cat.n0.114956-81-9) in 1X-PBS.

3.8 NHS-Irgacure based polyacrylamide gel functionalization

A mixture of 50 mM HEPES, 0.002 % (w/v) Bis-acrylamide, 0.05 % (w/v) Irgacure
(Advanced Biomatrix, cat.no. 5200) and 0.2 mg/ml N-hydroxysuccinimide acrylate (Sigma
Aldrich, cat.no. A8060) was prepared in ultrapure water. After vacuum aspiration of PBS, this
solution is applied to the surface of polymerized gels and irradiated for 5 minutes with
ultraviolet light (365 nm) (Blak Ray XX-15L UV bench lamp). Following the UV exposure,
gels were washed once for 5 minutes with 0.25 M HEPES at pH 6.0 (Gibco, cat. no. H0887)
and followed by one wash for 5 minutes with 1X-PBS in sterile conditions under cell culture
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hood. Finally, gels were incubated overnight at 4° C with 100ug/ml Laminin-2020 (Sigma-
Aldrich, cat.n0.114956-81-9) in 1X-PBS.

3.9 StemBond hydrogel preparation and functionalization

Polyacrylamide gels were prepared as described previously [Labouesse, C., Tan, B.X.,
Agley, C.C. et al., 2021 Nat Comm]. Cover glasses of No.1 thickness (Superior Marienfeld)
were used as top coverslips and were treated with 20% v/v Surfasil (Fischer Scientific, cat.no.
11541094) in Chloroform for 2 hours at room temperature followed by quick wash with 100%
methanol and air-drying. Glass bottom MatTek dishes (No.0) were activated with a solution of
acetic acid (Sigma Aldrich, cat.no. A6283), 3-(Trimethoxysilyl) propyl methacrylate (Sigma
Aldrich, cat.no. M6154), and 96% ethanol (1:1:14 in volume ratio) for 20 min at room
temperature. The dishes were then quickly washed twice with 96% ethanol and air-dried.
Different concentrations of acrylamide, bis-acrylamide and 2-(prop-2-enoylamino) hexanoic
acid) (6-AHA) were mixed to produce gels of different rigidity-and mixed with fluorescent
carboxylated 200 nm beads (Invitrogen), Ammonium persulfate APS (Sigma-Aldrich A3678),
and tetramethylethylenedi-amine (Sigma-Aldrich T9281). The composition of hydrogel mix
corresponding to different stiffness is given in Table.5. The solution was placed on the silanized
glass surface and covered with surfasil treated coverslip, letting the gel to polymerize for 15
minutes at room temperature. The coverslip was then removed, and gels were washed twice
with 100% methanol (Honeywell Research Chemicals, cat.no. 32213) and stored in 1X-PBS

until functionalization.

Stiffness Acrylamide Bis-acrylamide 6-AHA APS TEMED
0.1
0.75 kPa 2.55 %(w/v) 0.11 %(w/v) 0.048 M 0.5 %(w/v)
%(wW/v)
0.1
160 kPa | 15.99 %(w/v) 0.6 %(w/v) 0.048 M 0.5 %(w/v)
%(wWiv)

Table.5 Polyacrylamide gel composition in volume/volume proportions. A 500 pl solution in ultrapure water
with the specified proportions of the different components was prepared. The reagents used were
Acrylamide (BioRad cat.no. 1610140), Bis-acrylamide (BioRad, cat. No. 1610142), 2-(prop-2-enoylamino)
hexanoic acid) 6-AHA (Tokoy Chemical, cat.no. A1896), Ammonium persulfate (APS, Sigma, cat.no. A3678,
stock prepared at 10% in ultrapure water) and Tetramethylethylenediamine (TEMED, Sigma cat. no. T9281).

Polymerized hydrogels were quickly washed twice quickly with 1X-PBS followed by
activation for 30-minutes with MES buffer (pH 6.1) containing 0.2 M EDAC-HCI (1-Ethyl-3-
(3'-dimethylaminopropyl)  carbodiimide, HCI) and 0.5M  NHS-acrylate  (N-
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hydroxysuccinimide acrylate) (Sigma Aldrich, cat.no. A8060). Post activation, the gels are
rinsed twice quickly with ice-cold 60% methanol (v/v in 1X-PBS) followed by a quick wash
with 50 mM HEPES (pH 8.5). Finally, gels were incubated overnight at 4° C with 100ug/ml
Laminin-2020 (Sigma-Aldrich, cat.n0.114956-81-9) in 50 mM HEPES (pH 8.5).

After protein coating, gels were blocked with freshly prepared 0.5 M ethanolamine
(Sigma Aldrich, cat.no. 411000) in 50 mM HEPES (pH 8.5) under sterile conditions followed
by two quick washes with 50 mM HEPES (pH 8.5) and one wash with 1X-PBS. Gels are stored
in 1X-PBS until use.

3.10 PDMS preparation

Dowsil CY52-276 part-A and —B were vigourously mixed, at 4°C, in required weight
ratios (1:1 for 3kPa and 9:10 for 12kPa). The mixture was degassed in vacuum chamber for at
least 20 minutes while being maintained in ice. 100-120 pl of this degassed mixture was applied
on 35mm glass bottom mattek dishes (No.0) and spun for 90 seconds with an acceleration of
100 and maximum rotational speed of 400 rpm. The spin coated PDMS substrates were cured
overnight at 65°C.

3.11 Bead incorporation and functionalization of PDMS

Cured PDMS was treated for 3 minutes at room temperature with 5% v/v APTES (3-

aminopropyltriethosiloxane) diluted in absolute ethanol. This surface etched PDMS was rinsed
3 times with absolute ethanol with 1-2 minute wait between each wash followed by a one-time
rinse with ultrapure water. Then, the PDMS surface was incubated for 10 minutes at room
temperature with 0.2um carboxylate modified fluorescent polystyrene beads diluted in Borate
buffer. To prevent aggregation, beads were sonicated prior to dilution and filtered through
0.45um sterile filter. Finally, the PDMS substrates were washed 3 times (quickly) with
ultrapure water and stored in the same at 4°C until used.
Beads incorporated PDMS plates were UV sterilized in cell culture hood followed by a quick
wash with 1X-PBS solution. After vacuum aspirating PBS buffer, PDMS substrates were
coated with 10 pg/ml of Laminin-2020 (Sigma-Aldrich, cat.n0.114956-81-9), in 1X-PBS, for
at least 1 hour at 37°C.

70



3.12 Experimental sample preparation

The protein-coated gels were sterilized with 15 min UV treatment at room temperature
and equilibrated with 2i media at 37°C for 30 minutes. mESCs were seeded as single cells at
12 x 10° cells.cmand grown for 2 days.

For timelapse microscopy, immediately before the start of acquisition, the samples were
quickly washed with N2B27 media and changed to required media as per experimental
condition in volumes that could be sustained for 48hr-60hr of imaging. All these steps were

performed under sterile conditions in cell culture hood.

For immunofluorescence samples, the samples were quickly washed with N2B27
media and changed to required media as per experimental condition and was replenished every

day. All these steps were performed under sterile conditions in cell culture hood.

For experiments pertaining to naive state exit on glass substrates, glass bottom mattek
dishes (No.0) were used and coated with 10pug/ml Laminin-111 (Sigma-Aldrich L2020) in 1X-
PBS for 2 hours at 37°C. Upon protein coating, the surfaces were sterilized with 15 min UV
treatment at room temperature following which mESCs were seeded as single cells at 12 x 10°
cells.cm™and grown for 2 days.

For experiments involving DN-KASH and DelPP cell lines, treatment condition for
each genotype was provided with 1ug/ml of doxycycline in N2B27 media from the start of
experiment. For control conditions, equivalent proportion of sterile ultrapure water was added

to the media.
3.13 Immunofluorescence

Cells were fixed with 4% formaldehyde for 10 minutes at room temperature followed
by 3 washes with 1X PBS. Cells were then permeabilized with 0.1% Triton-X (in PBS) for 20
minutes followed by a 10-minute wash with 2% w/v BSA (in PBS). Blocking was performed
with 2% w/v BSA + 2% v/v FBS in 1X-PBS for 30 minutes at room temperature. Cells were
then incubated overnight at 4°C with the primary antibody. Secondary antibodies and
Phalloidin-atto 488 (Sigma-Aldrich, Cat# 49409, when used) were added for 2 hours at
dilutions 1:300 and 1:1000, respectively. Hoechst was used to label nuclei at 1:5000

concentration for 20 minutes at room temperature in blocking buffer. Finally, cells were

71



washed with blocking buffer 4 times (1-quick and three 10 minute) and stored in 1X/PBS. All

the samples were imaged the following day.

The primary antibodies used, and their respective dilutions are: Rabbit Phospho-
Paxillin 1:100 (Tyr118) (Cell Signaling, Cat# 69363), mouse anti-YAP1 (63.7) 1:100 (Santa
Cruz, Cat# sc-101199), rat Nanog 1:200 (Thermo Fischer eBioMLC-51, Cat# 14-5761-80),
goat KLF4 1:400 (R&D, Cat# AF3158), goat Otx2 1:300 (R&D, Cat# AF1979), rabbit Sox1
1:200 (Cell Signaling, Cat#4194), mouse E-cadherin 1:200 (Invitrogen, Cat#131700)

The secondary antibodies used are: goat anti-mouse Alexa Fluor — 488 (Cat# A-11029),
—555 (Cat# A-21424), —647(Cat# A-21236), goat anti-rabbit Alexa Fluor —555 (Cat# A-
21429), donkey anti Rabbit —488 (Cat# A-21206), —647 (Cat# A-31573), donkey anti-rat
Alexa Fluor —488 (Cat# A-11006), —555 (Cat# A-21434), —647(Cat# A-21247), donkey anti-
goat Alexa-Fluor —488(Cat# A-11055), -555(Cat# A-32816),—647(Cat# A-21447), and donkey
anti-mouse Alexa-Flour —488(Cat# A-21202), —647(Cat# A-31571) all at 1:300 concentration
(ThermoFisher).

3.14 Image acquisition

Immunofluorescence images were taken in a Nikon TiE inverted microscope with a
spinning disk confocal unit (CSU-WD, Yokogawa) and a Zyla sSCMOS camera (Andor), using
60x objective (plan apo; NA, 1.2; water immersion) at a resolution of 2,048 x 2,048 pixels
(pixel size = 0.1083 pum). The laser power was maintained at 30% with an exposure time of
400 ms for Hoechst and Phalloidin channels, and 500 ms for proteins stained with antibodies.
A z-step of 0.5 um for the focal adhesion stainings and 1 um for the rest of the samples was

used for the acquisitions.

Time-lapse epifluorescence images pertaining to blebbistatin treatment and DN-KASH
vs DelPP experiments, were taken on an automated inverted microscope (Nikon Eclipse Ti)
using MetaMorph/NIS Elements imaging software and 40x objective (S-plan fluor, Ph2; NA,
0.75) at a resolution of 2,048 x 2,048 pixels (pixel size = 0.16125 um). An exposure time of
50 ms for phase contrast imaging and 500 ms for the fluorescent channels was used with the
sample illuminated for once every 2 hours. The microscope was equipped with a temperature
box maintaining 37°C in the microscope (Life Imaging Services) and a chamber maintaining

COz and humidity (Life Imaging services) was used.
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Rest of the time-lapse confocal images were taken in a Nikon TiE inverted microscope
with a spinning disk confocal unit (CSU-WD, Yokogawa) and a Zyla SCMQOS camera (Andor),
using 40x objective (S-plan fluor, Ph2; NA, 0.75) at a resolution of 2,048 x 2,048 pixels (pixel
size = 0.1083 um). An exposure time of 50 ms for phase contrast imaging and 200 ms for the
fluorescent channels was used with the sample illuminated for once every 2 hours. For live
imaging the laser power for fluorescent channels was kept at 15%. The microscope was
equipped with a temperature box maintaining 37°C in the microscope (Life Imaging Services)
and a chamber maintaining CO2 and humidity (Life Imaging services) was used. The open-
source Micromanager was used to carry out multidimensional acquisitions with a custom-made
script allowing beads channel to be imaged with a z-step of 0.5 um and, the phase-contrast and

GFP channel to be imaged with a z-step of 2 pum.

To reduce the phototoxicity and improve signal to noise ratio during time lapse imaging
acquisition, media without phenol red was utilized. For traction force measurements, the
relaxed state of PAA gel was obtained after detaching colonies by incubating with 10x-trypsin
for 30 minutes. The z-step, laser power and exposure time were the same used while imaging

the samples with colonies.

3.15 Traction force measurements

Maximum projections of the confocal stacks of fluorescent beads for both the deformed
(by the cells) and relaxed (trypsinized) state were obtained through ImageJ. From those, the
displacements of the beads were computed with homemade iterative 2D PIV software with an
overlap of 0.75 and a window size of 32 X 32 pixels. Tractions were then computed from the
deformations of the gel by solving the elastostatic equation in the Fourier space.

For the blebbistatin experiments, since the acquisition was performed in
epifluorescence microscopy, no image preprocessing was performed before using them as
inputs for the matlab code. The rest of the parameters remained the same for displacement

calculation and traction force inference.

To measure the traction forces exerted by the colonies, through the phase-contrast
images, the colony boundary for each time point is outlined. By using the colony boundaries
as inputs for the custom-made MATLAB code, the areal mean of the stresses within the colony

region was calculated.

73



3.16 Colony area measurements and normalization

The colony boundaries were outlined manually on phase-contrast image, in ImageJ
using the freehand selection tool and the corresponding area was calculated. For a given colony,

normalization is performed with the area at the start of experiment using the formula below.

. (Colony area),
(Normalized area); = —— x 100
(Colony area)gp,

3.17 Rex1-GFP signal measurements and normalization

For a given colony, the boundary at each time point were outlined manually, using
phase-contrast image, in ImageJ using the freehand selection tool. The integrated density of
fluorescence signal within this Region of Interest (ROI) was divided by the colony area to
obtain the areal mean of signal intensity which will be from now on referred to as mean
intensity. The ROI was expanded by 20 pixels and through the XOR function between the
original ROI and the expanded one, a background RIM is obtained. The mean intensity in this
background rim is obtained as mentioned above. Using these two quantities the (background)

corrected mean intensity is obtained based on the formula given below.
Corrected mean intensity = Mean intensity of ROI — Mean intensity of background rim

An example for measuring mean intensity through this pipeline is given below
(Figure.12). When the above formula yields a negative value, the corrected mean intensity is

ZEero.

File Edit Font Results
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2 Rex1-GFP-channel png:Background rim  639.304 109.788 70168.929 2677884
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Figure.12: Pipeline for Rex1-GFP signal measurement: a. Representative phase-contrast and fluorescent images
of mESCs overlaid with colony outline (top panel), enlarged colony outline (middle panel) and background rim
(bottom panel), b. Measurement of Rex1-GFP signal measurement in ImageJ, c. Measurement of Rex1-GFP signal
by subtracting mean intensity in background rim from mean intensity within colony outline. Scale bar is 20 um.
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Once the mean intensities are calculated for each time point, they are normalized as per
the formula below.
(Corrected mean intensity),

(Normalized fluorescence), = - - - x 100
(ngheSt mean lntenSlty)Start—End of experiment

3.18 Decay constant measurements

An exponential fit using the normalized intensities was performed between the highest
value and the normalized mean intensities corresponding to subsequent time points. The

formula is given below. The exponential fit was performed in MATLAB.
(Normalized mean intensity), = 100 e

The final time point until which the exponential fit was performed is determined based on

following criteria.

1. If the mean intensity declines to zero within the time frame of imaging, the instance after
which the mean intensity becomes zero for the first time is considered to be naive state exit.
2. If the mean intensity doesn’t become zero, the exponential fitting is performed until the

time point which the colony signal is monitored.

3.19 Measurement of pPaxillin length

The fluorescence channel corresponding to pPaxillin immunostaining was contrast
adjusted and a median filter with 0.5-pixel radius was applied to improve the signal to noise
ratio while preserving edge features. Later, the image was binarized and the individual focal
adhesion ROIs were obtained using the following sequence of commands:
Edit>Selection>Create-Selection>Add to ROl Manager>Split. The Feret length for each ROI
was measured through the in-built ImageJ function and taken as the length for that particular
focal adhesion. For the final data plotting, the average of all focal adhesion Feret lengths of a

given colony is calculated and taken as a single data point.
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3.20 Blebbistatin treatment

The para-nitro derivative of blebbistatin was chosen to perform myosin inhibition
experiments owing to its non-phototoxic and non-cytotoxic effects. The drug was purchased as
lyophilized powder (Motorpharma, cat.no. 1621326-32-6) and dissolved in 100% DMSO
(Sigma-Aldrich, cat. no. D8418) to prepare a stock solution of 10mM concentration that is
stored at -20° C.

For experiments involving blebbistatin treatment, para-nitro blebbistatin was added to
N2B27 media to arrive at final concentrations of 1, 2 and 10uM. As a control, DMSO was
added to media at the same volumetric proportions used for 10uM para-nitro blebbistatin. Both
the DMSO-control and para-nitro blebbistatin containing media were briefly warmed at 37° C
to ensure homogenization before adding to the experimental samples. As mentioned in earlier
section of experimental sample preparation, addition of final media is always preceded by a
quick wash with N2B27 under sterile conditions. For time lapse microscopy, sufficient media
to be sustained for 48hr-60hr of imaging was provided. For immunofluorescence experiments,
media was replenished every day.

3.21 Single inhibitor treatment

For single inhibitor treatments, the samples were provided with one of the following
four media concoctions: (1) N2B27 + 2i (or simply 2i), (2) N2B27 + 3 uM for Chiron (N2B27
+ Chir), (3) N2B27 + 1 uM for PD0325901 (N2B27+PD) and (4) N2B27. The media of choice
was added to the samples after a quick wash with N2B27 under sterile conditions. For time
lapse microscopy, sufficient media to be sustained for 48hr-60hr of imaging was provided. For

immunofluorescence experiments, media was replenished every day.
3.22 Transcription factor nuclear signal measurement and data normalization

Hoechst channel was used to manually delimit the nuclear region and calculate the
mean intensity of fluorescence signal. A region within the vicinity of the colony, devoid of
cells and colonies, was used to calculate the mean intensity of background. The corrected mean
intensity for each nucleus was obtained using earlier formula. The signal corresponding to a
colony was obtained by averaging the corrected mean intensities of all the nuclei. The pooled

colony data for 2i-Ohr (control) in each independent experiment was averaged and was used to
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normalize the corrected mean intensity of each colony as per formula below. Only basal plane

nuclei are considered for this analysis.

Normalized value = Corrected mean intensity /

average (control colonies'corrected mean intensities)

3.23 Nuclear aspect ratio measurements and data normalization

Hoechst channel was used to manually delimit the nuclear region and an ellipse was fit to the
ROI using the ImagelJ in built function. The ratio of major axis to minor axis was calculated
and considered as the aspect ratio of the given nucleus. The signal corresponding to a colony
was obtained by averaging the aspect ratios of all the nuclei. Only basal plane nuclei are
considered for this analysis.

3.24 Resolving Edge and Interior regions for time lapse imaging measurements

Using the colony outlines drawn on the phase contrast images, a concentric region
eroded through eucledian distance map to 80% of the original ROI radius was obtained. The
region contained within it is labelled interior and the region in the remaining 20% of the rim is
termed edge. The areal mean of traction stresses within these Interior and Edge regions was
calculated as described above by solving the elastostatic equations and using fourier space to
transform bead displacements into forces.

For Rex1-GFP fluorescence measurements, the colony outline for each time point was
dilated through eucledian distance map to additional 10% radius. Then, mean intensity of
fluorescence signal within the rim between this expanded ROI and the initial colony ROl was
measure and taken as background. Using this background intensity, the corrected mean
intensity of Interior and Edge regions at given time point t was calculated based on following

formulae.
(Corrected mean intensity)gqger = (Mean intensity of Edge ROI), — (Background intensity ),

(Corrected mean intensity)perior + = (Mean intensity of Interior ROI), — (Background intensity) ,
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The corrected mean intensities of each region for each time point were normalized to
the corrected mean intensity of overall colony at time point Ohr (the start of the experiment) as

per below formula.

. . . _ (Corrected mean intensity) ,
(Normalized intensity) , = (Corrected mean intensity of colony) o

The earlier described method for exponential fitting was followed to obtain the decay
constants for each region.

3.25 Resolving Edge and Interior regions for measurements in

immunofluorescence imaging

A cell with at least one side free of cell-cell adhesion is designated as edge cell and the
conglomerate of all these edge cells is taken as the edge region. The rest of colony is considered
the interior region. The corrected mean intensities of all edge cells are averaged and taken as
edge signal of the particular colony. Similar approach is followed to obtain the interior signal
of the colony. The edge and the interior signals for a given colony are normalized by the
average of corrected mean intensities of all colonies pertaining to 2i-Ohr (control). The formula
is given below. Only basal plane nuclei are considered for this analysis. An example of edge
and interior region separation in an immunofluorescence image through this pipeline is given

in Figure.13 below.

Normalized value =

Corrected mean intensity /

average (control colonies'corrected mean intensities)

Figure.13: Pipeline for resolving edge and interior regions in immunofluorescence images: a. Representative
images of actin staining with red arrowhead pointing to an edge cell and yellow arrowhead indicating interior
cell, b. Representative images of nuclear staining overlaid with ROI for edge nuclei (red) and interior nuclei
(yellow), c. Nuclei of edge region overlaid with respective ROIs (top) and nuclei of interior region overlaid with
respective ROIs (bottom). Scale bar is 10 um.
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3.26 Measurement of YAP nuclear to cytoplasmic ratio

Using the Hoechst signal, the nuclear boundaries were delimited. For each nuclear ROI,
an expansion by 5 pixels through eucledian distance map was performed. The mean intensity
of fluorescence signal within the rim between this expanded ROI and the initial nuclear ROI
was measured and taken as cytoplasmic signal. Later, the initial nuclear ROl was eroded by
pixels through eucledian distance map by 5 pixels and the mean intensity of fluorescence signal
within the rim between this eroded ROI and initial nuclear ROl was measured and taken as
nuclear signal. The nuclear to cytoplasmic ratio (N/C ratio) is obtained for a given nucleus
based on the following formula. An example for measuring N/C ratio of a nucleus through this
pipeline is given in the Figure.14 below. The N/C ratios of all the nuclei in a colony are
averaged and considered as colony signal, turned into single data point for plotting.

N/ ratio = (Nuclear signal — background)
c ratio = (Cytoplasmic signal — background)

a Hoechst b Hoechst C YAP

Figure.14: Pipeline for measuring Nuclear to Cytoplasmic ratio of YAP: a. Representative nucleus overlaid with
outline ROI. The same nucleus overlaid with the ROI corresponding to nuclear rim (top panel b and c) and

cytoplasmic rim (bottom panel b and c). Scale bar is 5 um.

The same guidelines mentioned in pervious section were followed to resolve edge and
interior nuclei of a colony. The average of N/C ratios of all the edge nuclei in a given colony
are considered edge signal. Similar approach is followed for obtaining interior signal.



3.27 Statistical analysis

Statistical analysis was performed using GraphPad Prism software (GraphPad, version
9). Statistical significance was determined by the specific tests indicated in the corresponding
Figure legends. Non-parametric tests were performed when both original and log-10
transformed datasets were not normally distributed where appropriate. All experiments
presented in the manuscript were repeated in at least 3 independent experiments.
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Chapter 4: Results
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4.1 sulfo-SANPAH gels are amenable for mESC differentiation protocol

The first step of the investigation aimed at identifying the platform best suited to study cell-
ECM interaction during naive pluripotency exit in mESCs. For this, the following hydrogel
setups were fabricated: PAA gels with Sulfo-SANPAH functionalization, PAA gels with NHS-
Irgacure functionalization, StemBond hydrogels (PAA gels with acrylamidohexanoic acid as
protein linker), and PDMS. These 4 were subjected to standard differentiation protocol in
N2B27 for 3 days with cells initially maintained in 2i for 2 days. The hydrogel steups were

evaluated on the following four criteria.

1. Stable mESC attachment to the matrix over a long-term (a minimum of 5 days)

2. Maintenance of characteristic 3D dome morphology of mMESCs when cultured in 2i media.
3. Provision of wide range of substrate stiffness.
4

Reliability in traction force measurements.

Among the four hydrogels variations, sulfo-SANPAH PAA gels fared better in above four
aspects and was therefore selected as a platform for further experiments. The specific reasoning

for discarding each of the other three matrices are summarized below.
4.1.1 NHS-Irgacure hydrogels

Protein attachment to PAA gels through NHS-Irgacure protocol occurs through a two-step
process. First, upon illumination with ultraviolet (UV) light, Irgacure decomposes into free
radicals that promote the covalent binding of NHS to the polymerized gel. Later, the ECM

protein of choice is coupled to NHS through ester-amine reaction.

mESCs seeded on PAA gels functionalized with NHS-Irgacure protocol could not maintain
stable attachment. The poor adherence was signified by colonies remained rounded throughout
the experiment. Also, cells were observed to detach 24 hours after seeding in 2i media and the
proportion increased when the samples were subjected to N2B27 differentiation protocol
(Figure.15). Thus, the set-up compromises on throughput. Moreover, increased cell death
occured in all phases of sample maintenance, be it during the 2-day culture in 2i media or while
subjecting the colonies to differentiation with two inhibitor withdrawal. As the cell attachment
to the matrix isn’t strong, the plausible cause of increased cell death might be anoikis. The low
throughput in terms of cell attachment was further exacerbated by phototoxicity when the cells

were subjected to timelapse microscopy.
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Figure.15: Representative phase contrast images of mESC colonies grown on NHS-Irgacure PAA gels. Yellow
arrowheads indicate detaching colonies. Red arrowhead indicates dying colonies. Scale bar is 20um.

4.1.2 StemBond hydrogels

Protein coating to StemBond hydrogels occurs in a two-step process. First, the carboxyl
group of the acrylic acid linker molecule are activated by the carbodiimide compound EDC.
This facilitates the binding of NHS forming an NHS ester which later couples to the protein

through ester-amine reaction

On StemBond hydrogels, mMESCs maintained stable matrix attachment. However, on the
stiff substrates, colonies presented spread morphology even when maintained in 2i media
(Figure). Importantly, the in-house MATLAB code for traction force quantification requires
the fluorescent beads to be localized only on the top layer of the hydrogel. It is achieved by
using 1X-PBS as the solvent for hydrogel mixture. However, when the StemBond hydrogel
composition was adjusted accordingly by replacing ultrapure water with 1X-PBS, the bead
localization to the top layer wasn’t optimal. The beads localized at all depths of the gel leading
to high fluorescence signal impeding faithful measurement of displacements and from thereon

traction calculation (Figure.16).

Phase—contrarst FIuorescentbeads

Figure.16: Representative phase-contract image of mESC colonies grown on StemBond hydrogels showing
spread morphology. Representaive image of bead channel showing suboptimal bead distribution. Scale bar is

20pm.
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The suboptimal distribution of fluorescent beads affects the quantification of mechano-
responses and further downstream mechano-transduction. Other drawbacks of StemBond

hydrogels include the limited range of substrate stiffnesses modulation.

4.1.3 PDMS

Like in StemBond hydrogels, mESCs on PDMS maintained long-term attachment to
the matrix. However, the cell spreading couldn’t be avoided even when cultured in 2i media
and was similar to that observed on tissue culture plastic (Figure.17). This observation has also
been reported in other studies [Labouesse C et al 2021 Nat Comm]. The effect of PDMS wasn’t
restricted to morphology as in the same study mESCs grown on PDMS in naive conditions
were shown to have high expression of post-implantation/formative markers such as Fgf5. As
part of the preliminary experiments when labelling for the post-implantation marker Otx2 was
performed, colonies grown on PDMS in 2i for 2 days were observed to express high levels of
Otx2 with no further change in the expression levels when subjected to differentiation in
N2B27 (Figure). Moreover, in the same set of preliminary experiments, when traction force
microscopy imaging was performed a flare up of traction force bursts were observed even in
the region devoid of cells (Figure). Such high background noise makes mechano-response
quantification measurement unreliable. Other reason for discarding PDMS is the lack of

multiple stiffness options.

C
0.3369
0.3473
4_.
. 0.0648
) i
N g 3
8z
o @ ® .
I FCB 2+ z
T £ e i
z35 '?" v
g | W et -

T T T
2i  24hr 48hr 72hr

S UE e

Figure.17: a. Representative phase contrast images of mESC colonies grown on PDMS showing spread colonies
(top panel) and overlaid with traction PIVs showing high background tractions in regions without cells, b.
Representative immunofluorescence images of mESC colonies grown on PDMS and stained for Otx2 and c.
Corresponding quantification of normalized fluorescence intensity of Otx2 as a function of time. Data from 2
independent experiments (n = 18/20/30/10 for 2i/N2B27-24hr/N2B27-48hr/N2B27-72hr colonies). Scale bar
is 20 pm.
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4.1.4 sulfo-SANPAH PAA gels are ideally suited to study cell-matrix interaction of mESCs

Protein binding to PAA gels through sulfo-SANPAH protocol occurs in a two-step
process. First the photoactivation of nitrophenyl azide in sulfo-SANPAH leads to its covalent

binding to PAA gels. Later through ester-amine reaction, the protein is tethered to the gel.

On PAA gels functionalized with sulfo-SANPAH, mESCs had stable attachment with
the formation of typical compact 3D domes when cultured for 2 days in 2i media (Figure.18).
In fact, this peculiar morphology was perpetuated for additional 3 days when culturing in 2i
media was continued (Figure.18). Only when the cells were subjected to N2B27 differentiation
was the colony spreading observed (Figure.18). With both cell death and colony detachment
being minimal during the 5 days of experimental protocol and the provision of wide range of
matrix stiffness, further weight was added for the selection of this set up. Additionally, this
system was found compatible for performing traction force microscopy owing to the
localization of beads only to the top layer of gels. Importantly, the traction forces measurements
were deemed reliable as little to no background noise was observed when computing tractions
(Figure.18). Other advantage offered by this platform over PDMS is the higher fluorescent
bead density (Figure.18) offering increased spatial resolution for traction force measurements.
Hence, because of all the above reasons, PAA gels with sulfo-SANPAH functionalized were
identified to be best suited for this study.
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Figure.19: a. Phase contrast images of mESC colonies in 2i medium (left) or N2b27 medium (right) seeded on
5 kPa polyacrylamide gels and imaged as a function of time. Scale bar is 50 um. b. Corresponding
quantification of colony areas normalized to initial value. Data from 3 independent experiments (n = 72/91
colonies for 2i/N2B27). The effect of media change is significant (p<0.0001, student’s t-test without Welsch
correction, for last time point). c. Representative images of fluorescent bead distribution in sulfo-SANPAH
gels (top) and PDMS (bottom). Scale bar is 50 um.

With the hydrogel set up identified, the system validation was performed next. From

now on the set up will be referred to as sulfo-SANPAH gels.
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4.2 System recapitulates putative transcriptional changes of mESC

pluripotency dissolution

More than the compliancy for experimental interventions, the key justification for using
a hydrogel platform is when the molecular changes, associated with pluripotency loss in our
case, are reproduced. Therefore, the expression profiles of three bonafide transcription factors
were probed. These are: KIf4, Nanog and Otx2. For each of these three factors, the rationale for
their selection and a comparison between what has been reported in literature to what was

observed in the current system is summarized below.

As discussed earlier in the introduction, Klf4 is the naive state specifier ejected from
the nuclear space first when mESCs are subjected to differentiation in N2B27. The decrease in
KIf4 levels is reported to occur within 24 hours post the withdrawal of two inhibitors. When
the levels of KIf4 were examined through immunofluorescence, the same was observed with
all the mESC nulcei in the colony depleted of KIf4 expression at the 24-hour time point
(Figure). The lack of KIf4 expression persisted in the later time points (48 and 72 hours). All
these observations were also confirmed by quantifying nuclear intensity (Figure). Importantly,
these changes in Klf4 expression levels were observed only upon the two-inhibitor withdrawal.
When culturing in 2i media was continued for 3 days instead of changing to N2B27, high Klf4

expression was maintained (Figure.19).
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Figure.19: a. Representative images of mESC colonies immunostained for KIf4 in 2i (top)/N2B27 (bottom).
Scale bar is 50 um. b. Corresponding quantification of KIf4 nuclear intensity (normalized to average of 2iin
corresponding experiment). Data from 3 independent experiments (n = 41/44/43/35/29/18/30 for 2i-Ohr/2i-
24hr/N2B27-24hr/2i-48hr/N2B27-48hr/2i-72hr/N2B27-72hr). The effect of media change is significant (Two-
way ANOVA without repeated measures).
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The post-implantation factor Otx2 is expressed at basal levels in naive state and upon
pluripotency priming, its levels increase. In line with these reports, mESC colonies presented
Otx2+ve cells after two days of culturing in 2i. However, the withdrawal of two inhibitors
augmented Otx2 levels with the expression being highest after 48 hours of differentiation in
N2B27 (Figure). These changes were brought about by only media change as mESCs continued
to be cultured in 2i media retained basal expression levels as observed at the start of experiment.

All these observations were corroborated by quantification of Otx2 nuclear intensity (Figure).
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Figure.20: a. Representative images of mESC colonies immunostained for Otx2 in 2i (top)/N2B27 (bottom).
Scale bar is 50 um. b. Corresponding quantification of Otx2 nuclear intensity (normalized to average of 2i in
corresponding experiment). Data from 3 independent experiments (n = 62/67/82/65/66/54/52 colonies for
2i-0hr/2i-24hr/N2B27-24hr/2i-48hr/N2B27-48hr/2i-72hr/N2B27-72hr). The effect of media change and time
is significant (Two-way ANOVA without repeated measures).
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It is established that the general pluripotency factor Nanog is expressed at highest levels

in naive state and upon commitment to pluripotency priming, it is downregulated. The

expression patterns in the system confirmed the same, with mESC colonies being fortified with

Nanog when maintained in 2i and, low and heterogeneous expression when differentiated in

N2B27 (Figure.21). These conclusions were drawn based on the quantifications of nuclear

signal.
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Figure.21: a. Representative images of mESC colonies immunostained for Nanog in 2i (top)/N2B27 (bottom).
Scale bar is 50 um. b. Corresponding quantification of Nanog nuclear intensity (normalized to average of 2i in
corresponding experiment). Data from 3 independent experiments (n = 43/69/74/55/60/52/52 colonies for
2i-0hr/2i-24hr/N2B27-24hr/2i-48hr/N2B27-48hr/2i-72hr/N2B27-72hr). The effect of media change and time

is significant (Two-way ANOVA without repeated measures)
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A combined reason for the selection of Nanog and Otx2, is the functional antagonism
between the two and pluripotency priming ensues when the stoichiometry is in favour of Otx2.
When the dual expression of Nanog and Otx2 was viewed in this lens, the immunostaining
patterns suggested a reciprocal expression (Figure.22). The same was confirmed when a
negative correlation between the expression of the two transcription factors was observed
(Figure), meaning high Otx2 levels corresponded to low Nanog levels with the contrapositive

also being true.
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Figure.22: a. Representative image of mESC colony immunostained for Nanog (left), Otx2 (middle) and their
merge (right). Scale bar is 50 um. b. Quantification of correlation between Nanog and Otx2 expression. Data
from 2 experiments (n = 126 colonies). Correlation is statistically significant (R = 0.03776, p = 0.0292)
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4.3 Rex1-GFP fluorescence intensity profiles gradual pluripotency dissolution

The molecular annotations mentioned in the introdcution were performed at discrete
time points. However, it needs to be verified if those changes translate to gradual dissolution
of pluripotency in the current set-up. To check the same, employing the Rex1-GFP cell line,
the fluorescence intensity of the mESC colonies was monitored in naive state maintenance and

differentiating conditions.

It was observed that, upon the withdrawal of 2i, the Rex1-GFP fluorescent signal of the
colonies progressed in two phases. As evident from the quantification (Figure.23), an initial
period of a marginal increase in fluorescent signal was followed by a monotonic decrease in
the fluorescence intensity after 48 hours of differentiation in N2B27, resembling that of the
background (Figure.23). The decline in Rex1-GFP intensity was gradual mirroring the steady
transition towards primed pluripotency. These fluorescence signal changes were only observed
for mESC colonies submitted to N2B27. Cells cultured in 2i media preserved the Rex1-GFP

intensity (Figure.23).
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Figure.23: a. Rex1-GFP signal of mESC colonies in 2i medium (top) or N2b27 medium (bottom) as a function of
time. Scale bar is 50 um. b. Corresponding quantification of normalized Rex1-GFP mean intensity (Integrated
fluorescence intensity averaged over colony area with initial time point value taken to be 100%). 3
independent experiments (n = 83/105 colonies for 2i/N2B27). The effect of media change is significant
(p<0.0001, Welsch’s t-test, for last time point). c. Decay constants obtained from exponential fitting of Rex1-
GFP decay trajectories. 3 independent experiments (n = 71/110 colonies for 2i/N2B27) The effect of media
change is significant (p<0.0001, Kolmogorov Smirnov test).
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To measure the temporal progression of Rex1-GFP signal, the fluorescence intensity
profiles were fit through an exponential function and the decay constants obtained were found
to be significantly higher for the N2B27 differentiated colonies (Figure.23). The decay constant
values of 2i condition being close to zero further suggests negligible changes in fluorescence

intensity under naive state maintenance.

With the Rex1-GFP signal progression certifying the experimental set up, the efforts

were directed at quantifying mechano-responses accompanying pluripotency dissolution.
4.4 Pluripotency dissolution is associated with increasing cell-ECM interaction

Naive state exit and further pluripotency transition in single cells was earlier reported
to lead to cell spreading and an increase in contact area with the underlying substrate. To check
if this is conserved in the current system, the changes in colony area were quantified as a
function of time and a gradual increase was observed for colonies in either condition — naive
maintenance with 2i media or differentiation with 2i withdrawal. Importantly, in comparison
to the increase in area for colonies in 2i, the areal growth in N2B27 condition was much steeper
(Figure) with the normalized areas at the end of experiment being significantly higher (>2-
fold). More notably, colonies in 2i media grew as hemispheres with the typical 3D dome

morphology, while in N2B27 cells appeared more spread (Figure.24).
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Figure.24: a. Traction forces exerted by mESC colonies in 2i medium (top) or N2b27 medium (bottom) as a
function of time. Scale bar is 50 um. b. Corresponding quantification of tTraction forces averaged over colony
area. Data from 3 independent experiments (n = 72/91 colonies for 2i/N2B27). The effect of media change is
significant (p<0.0001, Welsch’s t-test, for last time point)
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Cell-matrix adhesion is mediated by integrins. Since an increase in colony area was
observed post naive state exit and as integrin-based adhesions are known to regulate cell
spreading [266], the focal adhesion signature was profiled. Through immunofluorescence,
phosphorylation of Paxiilin (p-Pax) at Tyrosine 118 (Y118) was labelled. This post-
translational modification of Paxillin enables signalling activity of focal adhesions and cell
spreading [267,268]. suggesting a gradual increase in focal adhesion length (Figure.25) as
pluripotency faded. Another key distinction between colonies whose naive identity is preserved
and colonies undergoing differentiation, is that in the latter, focal adhesion density within the
colony interior is more prominent (Figure.25).
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Figure.25: a. Representative images of phospho-paxillin staining as a function of time with respective
zoomed insets (in red-bordered rectangles) to the right of each image. Top panel, 2i medium, bottom panel,
N2B27 medium. Scale bar is 10 um (main images) and 1um (insets). b. Quantification of the length of
phospho-paxillin adhesions. Data is from 3 independent experiments (n = 66/72/80/60/61/51/51 colonies
for 2i-Ohr/2i-24hr/N2B27-24hr/2i-48hr/N2B27-48hr/2i-72hr/N2B27-72hr). The effect of media change and
time is significant (Two-way ANOVA without repeated measures).
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The increase in focal adhesion length suggests elevated signalling activity and as
discussed earlier leads to polymerization of actin. To confirm if such organizational changes
in the cytoskeleton are symptomatic of pluripotency loss in the current system, F-actin in the
basal cell layer was visualized through Phalloidin staining. A marked difference in the
cytoskeletal network arrangement was observed between the colonies with naive state
sustenance and their differentiated counterparts. For the ones maintained in 2i, actin was
primarily concentrated at the cortex, with the organization in the cell interior having a mesh-
like morphology (Figure.26). In contrast, for those undergoing pluripotency loss, cytoskeletal
changes constituted progressive actin reinforcement into prominent stress fibres with

directionality in alignment.

72hr

Figure.26: Representative images of Phalloidin staining for actin visualization, with respective zoomed insets
(in red-bordered rectangles) to the right of each time point image. Top panel correspond to 2i and bottom
panel correspond to N2B27

As actin filaments are anchored to focal adhesions, cells exert traction forces onto the
substrate because of actin polymerization. They are another measure of cell-matrix interaction.
In light of this information and given that differences exist between 2i- and N2B27-grown
mESC colonies for both focal adhesion length and actin organization, traction force microscopy
was performed simultaneously with the monitoring of Rex1-GFP fluorescence intensity.
Although traction forces were found to be monotonically increasing in both conditions, the
values were significantly higher when mESCs were differentiated in N2B27 (Figure). A
concomitant dwindling of Rex1-GFP fluorescence signal (Figure) suggests that pluripotency

dissolution is associated with ever-increasing traction forces.

94



The consistent increase in colony area, focal adhesion length and traction forces imply

that interaction with the matrix increases for mESCs as they exit pluripotency.

In addition to the organizational changes in actin cytoskeleton, cells require the
contractile activity of myosin motors to exert traction forces. Moreover, myosin motor function
is integral for mechanical signal relay to nucleus thereby influencing transcriptional signature,
the foundation for pluripotency state transition. Also, the magnitude of forces relayed into the
cell interior depends on the extent of integrin engagement which is shown to be influenced by
the matrix stiffness perceived by the cells. Therefore, matrix stiffness and myosin motor
activity are the two key hotspots which could be targeted to influence the levels of mechano-
transduction. The next topic deals with the results of experimental efforts in this direction.

4.5 Interference with mechano-transduction alters pluripotency decay kinetics
4.5.1 Cell contractility inhibition delays naive state exit

To investigate the impact of attenuated cell-ECM force transmission, mESCs colonies
were treated with different concentrations blebbistatin, a nonmuscle myosin I1A inhibitor
[271]. The treatment was sustained for the entire differentiation period in N2B27 with
combined monitoring of Rex1-GFP fluorescence signal and hydrogel stress profile. Traction
forces progressively decreased as blebbistatin concentration increased (Figure.27). For the
higher concentration (10uM), the traction forces were similar to background levels. This
reduction in traction forces is consistent with what has been reported in the literature about

myosin inhibition [309, 310] and, therefore, confirms the working of drug treatment in the

system.
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Figure.27: a. Representative heat maps of tractions exerted by mESC colonies in DMSO or different
concentrations of blebbistatin. Scale bar is 20 um. b. Corresponding quantification of traction forces averaged
over colony area. Data from 3 independent experiments (n = 58/59/40/38 for DMSO/1uM-/2uM-/10uM-
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Blebbistatin treatments). The effect of media change is significant (p<0.0001, one-way ANOVA with DMSO,
for last time point).

Mirroring the traction force profiles, myosin inhibition had a profound effect on the
Rex1-GFP signal with prolonged maintenance of fluorescence as blebbistatin concentration
increased (Figure.28). The slowing down of pluripotency dissolution with blebbistatin
treatment was also confirmed by a statistically significant decrease in decay constant values
(Figure.28), showing a blebbistatin dose-dependent decrease in the decay constant of REX1-
GFP signal.
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Figure.28: a. Rex1-GFP signal of mESC colonies in DMSO/1uM-/21M-/10uM-Blebbistatin treatments as a
function of time. Scale bar is 40 um. b. Corresponding quantification of normalized Rex1-GFP mean intensity
(Integrated fluorescence intensity averaged over colony area with maximum value taken to be 100%). 3
independent experiments (n = 65/70/61/40 for DMSO/1uM-/2uM-/10uM-Blebbistatin treatments). The
effect of media change is significant (p<0.0001, Kruskal-wallis test with DMSO, for last time point). c. Decay
constants obtained from exponential fitting of Rex1-GFP decay trajectories. 3 independent experiments (n =
65/70/61/40 for DMSO/1uM-/2uM-/10uM-Blebbistatin treatments). The effect of media change is significant
(Kruskal-wallis test).
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Besides force transmission to the matrix, myosin motor activity is required for
permitting mitotic completion [269, 270] with its inhibition compromising cell division [271].
To assess if the observed effects of blebbistatin are because of impaired cell division, the
change in colony area was measured. The rationale being, increase in cell count through mitosis
contributes to an increase in colony area, the measure of colony spreading. It was found that
colony area was lowered only for the highest concentration of blebbistatin. In fact, for both
other concentrations employed, colony area was higher when compared to control condition
(Figure.29). Therefore, the attenuated force transmission and accompanying delay in

pluripotency dissolution upon blebbistatin treatment might be predominantly attributed to

compromised mechanical function.
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Figure.29: a. Representative phase contrast images of mESC colonies grown in indicated concentrations of
blebbistatin for 48 hours. Colony borders are demarcated in yellow ROI. Scale bar is 50 pm. b. Quantification
of colony area (normalized to initial value) as a function of time for mESC colonies grown in mentioned media.
Data from 3 experiments (n=70/75/66/39 for DMSO/1uM-/2uM-/10uM-Blebbistatin treatments). Effect of
media is statistically significant for the comparison between DMSO and 2uM-Blebbistatin, and, DMSO and
10uM-Blebbistatin. (Kruskal-wallis test, comparisons with respect to DMSO).
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4.5.2 Substrate stiffness determines the rate of pluripotency dissolution

As a second approach to modulate cell-ECM interactions and mechanosensing, we
modulated substrate stiffness. The tracking of naive state exit was performed on PAA gels of
1.5kPa and 15kPa stiffness, in addition to the 5kPa we used for the rest of the experiments. A
small yet measurable difference in Rex1-GFP signal progression with slower kinetics on soft
substrate was observed and was confirmed by the lower decay constant values (Figure.30). The
traction profiles were consistent with earlier observations as the conditions leading to quicker

naive state exit had higher forces transmitted to the matrix (Figure.30)
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Figure.30: a. Representative images of Rex1-GFP signal of mESC colonies grown in mentioned stiffness
conditions. Scale bar is 50 um. b. Corresponding quantification of normalized Rex1-GFP mean intensity
(Integrated fluorescence intensity averaged over colony area with maximum value taken to be 100%). 3
independent experiments (n = 61/64/57 for 1.5kPa/SkPa/15kPa). c. Decay constants A obtained from
exponential fitting of Rex1-GFP decay trajectories. 3 independent experiments. (n = 61/64/57 for
1.5kPa/5kPa/15kPa). The effect of stiffness is significant (One-way Anova Kruskal-wallis test, comparisons
with respect to 1.5kPa)
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When the evolution of traction forces and Rex1-GFP signal are taken together, both the
above experiments are suggestive of pluripotency dissolution rate being proportional to the

extent of force transmitted to the ECM.

The conclusions drawn so far are based on data pertaining to whole colony averages. A
notable observation that was hitherto given little attention is the differences in the force and

fluorescence profiles within distinct regions of a colony. This is discussed next.

4.6 Regional differences are heightened with pluripotency dissolution

4.6.1 Higher mechano-transduction at colony edge

When subjected to N2B27 differentiation, traction forces appeared to be predominantly
concentrated at colony edges with the beginning of naive identity loss and the same was
confirmed by the quantification (Figure.31). For the differentiating colonies, traction forces in
the exterior were found to be both increasing and always higher than the tractions from either

region of mESC colonies grown in 2i (Figure.31).
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Figure.31: a. Representative traction heat maps of mESC colonies grown for 60 hours in mentioned media.
The region between black and white outlines corresponds to edge, region within white outline is interior.
Scale bar is 25 um. b. Corresponding quantification of traction forces, as a function of time for edge and
interior regions of mESC colonies grown in mentioned media. Data from 3 independent experiments (n =
48/62 colonies for 2i/N2B27). The effect of Edge vs Interior is significant only for N2B27 (Two-way ANOVA
with repeated measures for last time point).
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4.6.2 Rex1-GFP signal is lowered at the edges of the colony

Importantly, the Rex1-GFP signal was found to be significantly lower at the edge, in
all time points, when compared to the interior and this holds true for colonies in both media
conditions, 2i and N2B27 (Figure.32). Indeed, the fluorescence intensity of the colony edge
resembled that of an isolated single cell with data supporting the same.

The distinction between edges of 2i-colonies and N2B27-colonies was revealed when
the temporal profiles of the Rex1-GFP signal are considered. When in 2i, the fluorescence
intensity of the colony edge was observed to increase with time whereas in N2B27, the signal
extinguished. Concomitant with the rise in Rex1-GFP signal of their edges, naive colonies’
differences in traction forces between the two regions were ironed out. On the other hand, for
colonies exiting pluripotency the traction force differences became starker with time (fig.32).
Given these disparities, the fluorescence signal progression was compared between the two
regions in differentiating colonies with an expectation of quicker naive state exit at the edge.
The measured decay constants were not significantly different during the differentiation
condition, whereas for colonies maintained in 2i, the edge region had measurably higher decay

constants.

100



a Ohr b

0.0241

[0 0]
|

<0.0001

(e2}
|

Phase contrast

Rex1-GFP
mean intensity (a.u)
el

Rex1-GFP

C d

0.0007 0.8575
— 2i-Edge 0204 —— —— +Edge
2.0 —— 2i-Interior . ) * Interior
5 —— N2B27-Edge 0.15-
-8 1.5 —— N2B27-Interior ey
NS < 010+
= S
E 8 107 i £ =
6 3 < 0054
=z 5 g
= 05-
= 0.00
00 I 1 1 1
0 20 40 60 80 -0.05 T T
Time in hours 2i N2B27

Figure.32: a. Representative phase-contrast image (top) and Confocal fluorescence image of green channel
(bottom) for mESCs immediately after media change to N2B27. The region between the yellow and red
outlines corresponds to colony edge, region within red outline is interior. Green outline corresponds to a
single cell. Scale bar is 25um. b. Comparison of Rex1-GFP mean-intensity between colony edge, colony interior
and single cells, immediately after change of media to N2B27. Data from 3 experiments (n = 39/39/62 colonies
for Colony-edge/Colony-interior/Single-cell). Only comparison between Colony-edge and Colony-interior are
significantly different (One way ANOVA with respect to colony-edge). C. Quantification of Rex1-GFP intensity,
as a function of time, resolved into edge and interior regions for mESC colonies grown in N2B27. Data from 3
independent experiments (n = 48/73 colonies for2i/N2B27). d. Quantificaiton of decay constants resolved
into edge and interior regions for colonies grown in N2B27. Data from 3 independent experiments (n = 48/73
colonies for 2i/N2B27). Comparison between the regions is statistically significant for only 2i condition (Two-
Way ANOVA with repeated measures)
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The defining facet of colony edge is the reduction in cell-cell contact. This coupled with
the increase in cell-matrix interaction has been shown to increase mechano-transduction and
associated responses in edge cells, as was observed for traction forces. The conservation of this
pattern needs to be verified and to this end, the spatial distribution of mechano-transduction

markers was performed. Those results are discussed next.
4.6.3 Edge regions have higher nuclear localization of YAP

As a first attempt to check the consistency of regionalized differences for mechano-
responses, the expression levels of YAP were measured. As discussed in the introduction, YAP
is a well-established mechano-transducer [246,279] and pluripotency regulator [284]. Upon
measuring the relative proportions of the subcellular distribution, YAP was found to be
localized more in the nucleus for the edge cells in both media conditions and for all time points.
An increase in YAP nuclear levels at colony edge was observed only in differentiation
conditions (Figure.33). It is to be mentioned that no consistent pattern was observed when the
whole colony averages of YAP nuclear to cytoplasmic ratio are compared between the two

media conditions (Figure.33).

Importantly, this YAP localization pattern highlighted that mechanical signal relay
changes the molecular signature of mESC nuclei. With this input, whether similar differences

exist for the bonafide pluripotency markers was checked next.
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Figure.33: a. Representative fluorescence images of mESC colonies grown in 2i/N2B27 for mentioned time.
Nuclear boundaries are demarcated with outlines, red corresponds to edge cell and yellow corresponds to
interior cell. Scale bar is 2um. b. Quantification of YAP nuclear to cytoplasmic ratio, resolved for edge and
interior, and averaged for entire colony of mESC colonies grown in 2i for mentioned time. Data from 3
experiments (n = 47/61/49/51 colonies for 2i-Ohr/2i-24hr/2i-48hr/2i-72hr). The Effect of Edge vs Interior is
significant for all time points (Two-way ANOVA with repeated measures). C. Quantification of YAP nuclear to
cytoplasmic ratio, resolved for edge and interior, and averaged for entire colony for mESC colonies grown in
N2B27 for mentioned time. Data from 3 experiments (n = 47/62/62/57 colonies for 2i-Ohr/N2B27-
24hr/N2B27-48hr/N2B27-72hr). The effect of Edge vs Interior is significant for all time points (Two-way
ANOVA with repeated measures).
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4.6.4 Reduced naive transcriptional signature and increased priming at colony edge

Along with higher mechano-transduction activity, cells at the colony edge presented
lower Rex1-GFP signal. As the fluorescence readout is a marker of naive pluripotency, we next

tested if a similar profile exists for other naive state transcriptional regulators.

For the absolute naive state specifier KIf4, we observed similar levels between the edge

and interior regions at all time points for both media conditions (fig.34).
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Figure.34: a. Representative images of mESC colonies immunostained for KIf4 in 2i (top)/N2B27 (bottom).
Scale bar is 50 um. b. Corresponding quantification of KIf4 nuclear intensity in 2i, colony edge vs Interior (n =
41/44/35/18/ for 2i-Ohr/2i-24hr/2i-48hr/2i-72hr). 3 independent experiments. The effect of Edge vs Interior
is not significant (Two-way ANOVA with repeated measures). c. Corresponding quantification of KIf4 nuclear
intensity in N2B27, colony edge vs Interior(41/43/29/30 for 2i-Ohr/N2B27-24hr/N2B27-48hr/N2B27-72hr). 3
independent experiments. The effect of Edge vs Interior is not significant (Two-way ANOVA with repeated
measures)
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For the other naive state specifier Nanog, a clear distinction between the interior and
edge regions was identified. Specifically, expression levels were lower in edge cells, indicating
a more differentiated state (fig.35). The difference between regions was consistent across time
points and media conditions (2i and N2B27) with high statistical significance.
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Figure.35: a. Representative images of mESC colonies immunostained for Nanog in 2i (top)/N2B27 (bottom).
Scale bar is 50 um. b. Corresponding quantification of Nanog nuclear intensity in 2i, colony edge vs Interior. 3
independent experiments. (n = 38/69/55/52 colonies for 2i-Ohr/2i-24hr/2i-48hr/2i-72hr) The effect of Edge vs
Interior and Time is significant (Two-way ANOVA with repeated measures). C. Corresponding quantification
of Nanog nuclear in N2B27, colony edge vs Interior. 3 independent experiments (n = 38/74/60/52 colonies for
2i-0hr/N2B27-24hr/N2B27-48hr/N2B27-72hr). The effect of Edge vs Interior and Time is significant (Two-way
ANOVA with repeated measures)
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The disparity between edge and interior was maintained for post-implantation factor
Otx2. However, in this case, Otx2 expression was higher for the edge cells (fig.36), again

pointing to a more differentiated state. All the comparisons were statistically significant.
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Figure.36: a. Representative images of mESC colonies immunostained for Otx2 in 2i (top)/N2B27 (bottom).
Scale bar is 50 um. b. Corresponding quantification of Otx2 nuclear intensity in 2i, colony edge vs Interior. 3
independent experiments (n =57/67/65/54 colonies for 2i-Ohr/2i-24hr/2i-48hr/2i-72hr). The effect of Edge vs
Interior is significant for all except 2i-72hr, the effect of time is not significant (Two-way ANOVA with repeated
measures). C. Corresponding quantification of Otx2 nuclear intensity in N2B27, colony edge vs Interior. 3
independent experiments (n = 57/83/66/52 colonies for 2i-O0hr/N2B27-24hr/N2B27-48hr/N2B27-72hr). The
effect of Edge vs Interior is significant for all except N2B27-72hr (Two-way ANOVA with repeated measures)

When taken together edge cells have lower naive and higher formative factors. This
attribute was observed even when naive state is maintained and becomes more prominent with
time after the commencement of pluripotency dissolution.

Differences in nuclear mechanotransduction is reported to alter the import/export of
transcriptional regulators [255,256]. Whether this explains the disparity in transcription factor

expression between in edge and interior regions was tested next.
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4.6.5 Nuclear aspect ratio progressively increases at colony edge with pluripotency loss

Force transmission to the nucleus induces shape deformation leading to morphological
asymmetry and as a measure of this parameter, nuclear aspect ratio was quantified. A more
circular nucleus is indicated by an aspect ratio (AR) value of 1, and a value greater than 1
indicates a more elongated nucleus; the higher the value, the more elongated. Across the
different time points in both media conditions, the aspect ratio of edge cells was always found
to be higher than that of the interior (fig.37). Furthermore, the aspect ratios of edge cells showed

a progressive increase when the colonies are differentiating (fig.37).

a b
3.0- <0.0001 3.0+
il e E) <0.0001
8.2.5- <%001 <0.0001 5251 <9'_0001 <0.0001 _g 4001 o
59 |- = 59 |- ane
Lw®20f, - ) ; 28204, - . - . '
S50kl bi bi b4 EENIE Y Y
@ ;. ® & & ) :
Si5]&: B : s% S 15 & 3 é % % :
2 $§ ; $ : ? é < g% ' 3 3 * ’ i-
1.0 T : T T T 1.0 T - T T T
Ohr 24hr  48hr  72hr Ohr 24hr  48hr  72hr
Time in 2i Time in N2B27
c d
. 2i 5 >0.9999 0.9483 0.0372 <0.0001
~250N2B27 00270 08927 0.0002 7T _
> = B P 5
o TS : :
22.0+ S 024 I« 3 o& o« %
= A = 3 3
© . . s gk c : 3
s i I3 i@ ik S é*é’ié
-3 A : " Ay = Q ?
3151 £ &+ &0 % F8-
%J % : =Y r . I7;)
: : @©
10 T T T T 0 T T T T
Ohr 24hr 48hr 72hr Chr 24hr 48hr 72hr
Time in hours Time in hours

Figure.37: a. Quantification of nuclear aspect ratios, resolved for edge and interior, and averaged for entire
colony for mESC colonies grown in 2i for mentioned time. Data from 6 experiments (n = 103/127/114/104
colonies for 2i-0hr/2i-24hr/2i-48hr/2i-72hr). Effect of Edge vs Interior is significant for all time points (Two-
way ANOVA with repeated measures). b. Quantification of nuclear aspect ratios, resolved for edge and
interior, and averaged for entire colony for mESC colonies grown in N2B27 for mentioned time. Data from 6
experiments (n = 103/145/128/108 colonies for 2i-Ohr/ N2B27-24hr/N2B27-48hr/N2B27-72hr). The effect of
Edge vs Interior is significant for all time points (Two-way ANOVA with repeated measures). c. Quantification
of nuclear aspect ratios, averaged for entire mESC colonies. Data from 6 independent experiments (n =
103/127/114/104/145/128/108 colonies for 2i-0hr/2i-24hr/2i-48hr/2i-72hr/N2B27-24hr/N2B27-
48hr/N2B27-72hr). The effect of media change is significant for only the comparison between 2i-72hr and
N2B27-72hr (Two-way ANOVA without repeated measures) d. Quantification of edge cell nuclear aspect
ratios, averaged for entire mESC colonies. Data from 6 independent experiments (n =
103/127/114/104/145/128/108 colonies for 2i-Ohr/2i-24hr/2i-48hr/2i-72hr/N2B27-24hr/N2B27-
48hr/N2B27-72hr). The effect of media change is significant for comparisons between 2i and N2B27 at 48hr
and 72hr time points (Two-way ANOVA with repeated measures)
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Of note, no consistent differences between the nuclear aspect ratios of naive and
differentiating conditions was observed when the whole colony averaged were compared
(Figure.37). Despite this, the fidelity of aspect ratios as an indicator of mechanical signal relay
was confirmed when the nuclear AR was quantified for blebbistatin-treated cells. Compared
with control samples (DMSO treated cells), nuclei of blebbistatin-treated cells presented
consistently lower aspect ratios (Figure) highlighting the attenuated force transmission
(Figure.37).
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Figure.38: Quantification of Nuclear aspect ratio averaged over colony for mESC colonies grown in mentioned
media. Data from 3 independent experiments (n = 45/39/50/41/40/28/27 colonies for 2i-Ohr/N2B27+DMSO-
24hr/N2B27+ 10uM-Blebbistatin —24hr/N2B27+DMS0-48hr/N2B27+48hr- 10uM-Blebbistatin/
N2B27+DMSO-72hr/N2B27+10uM-Blebbistatin-72hr). The effect of media change is statistically significant
(Two-way ANOVA without repeated measurements)

The mechano-responses at the edge coupled with the transcriptional profiles, Rex1-
GFP signal and nuclear shapes demonstrate that force transmission to the nucleus is at play to
regulate pluripotency exit. To test this, Rex1-GFP cell lines with differences in nucleus-
cytoskeleton linkage affinity were subjected to differentiation. The next sub-section discusses

those results.
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4.7 Disruption of Nucleus-Cytoskeleton linkage mildly affects pluripotency exit

kinetics

Forces are transmitted to the cell nucleus through actomyosin contractility. Actin is
directly bound to the nucleus through the LINC complexes. This function is executed by the
KASH domain protein Nesprin. The earlier experiments dealing with interference in mechano-
transduction either attenuated force transmission (blebbistatin treatment) or modulated it
(seeding on multiple stiffness). Whether the pluripotency dissolution rate is affected when
mechanical signal transmission to the nucleus is disrupted needs elucidation. We therefore used
a dominant negative KASH, from here on DN-KASH, construct that disrupts actin-nesprin 1,2
interactions [REF]. The expression of DN-KASH was placed under the inducible control by
doxycycline, which when supplemented in the media triggers the expression of DN-KASH,
thereby abrogating the actin tethering to the nucleus [272,273]. As a control, a truncated form
of the DN-KASH construct (APP) that abolishes the dominant negative effect was used
[272,273].

The Rex1-GFP signal progression in these two cell lines was monitored with
doxycycline provision and two inhibitor withdrawal. The fluorescence intensity profiles
indicated the delay of pluripotency dissolution only upon the induction of DN-KASH
(Figure.39). The decay constants confirmed the same, as the values corresponding to
doxycycline induction of DN-KASH were markedly lower (Figure). Of note these differences
were small yet significant and were observed only when the pluripotency exit protocol was
performed on glass substrates. On PAA gels, pluripotency dissolution kinetics remained
unaffected irrespective of actin-nucleus coupling status (Figure.39). The minimal effect on
force transmission upon DN-KASH induction was affirmed by nuclear shape measurements

for which changes were not detectable (Figure.39).
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Figure.39: a. Representative fluorescence images of mESC colonies of DN-KASH/DelPP genetic background
grown for mentioned time points in N2B27 on glass substrates. Scale bar is 50 um Doxycycline treatment
corresponds to induction and was added at Ohr (along with N2B27). b. Corresponding quantification of
normalized Rex1-GFP intensity, as a function of time for each genetic background. Data from 3 independent
experiments (n = 50/48/70/54 colonies for DN-KASH/DN-KASH+Doxycycline/APP/APP+Doxycycline). c.
Quantification of decay constants for corresponding to Rex1-GFP quantificaiton in (m). Data from 3
independent experiments (n = 50/48/70/54 colonies for DN-KASH/DN-
KASH+Doxycycline/APP/APP+Doxycycline). The effect of genetic background is significant only in Doxycycline
induced conditions (Two-way AOVA without repeated measurements). d. Representative fluorescence images
of mESC colonies of DN-KASH/APP genetic background grown for mentioned time points in N2B27 on 5kPa
polyacrylamide gels coated with Laminin. Scale bar is 50 um. Doxycycline treatment corresponds to induction
and was added at Ohr (along with N2B27). e. Corresponding quantification of normalized Rex1-GFP intensity,
as a function of time for each genetic background. Data from 3 independent experiments (n = 25/48/45/39
colonies for DN-KASH/DN-KASH+Doxycycline/APP/APP+Doxycycline). f. Quantification of decay constants for
corresponding to Rex1-GFP quantificaiton in d). Data from 3 independent experiments (n = 25/48/45/39
colonies for DN-KASH/DN-KASH+Doxycycline/APP/APP+Doxycycline). The effect of genetic background is
significant only in Doxycycline induced conditions (Two-way AOVA without repeated measurements)

Force relay to nucleus has already been shown to alter the subcellular concentrations of
transcription factors, example YAP, but in other systems [255,256]. To verify if this is
recapitulated and can be applied to pluripotency factors, correlation analysis between nuclear

shape and protein expression levels was performed and those results are dealt next.
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4.8 Nuclear aspect ratio’s prediction of protein expression is weak

From traction forces to transcription factor profiles, colony edge displayed striking
differences that were preserved across conditions. Besides, with relatively greater cell-matrix
interaction, the edge cells are best positioned making their nuclei the yardstick to assess
mechano-transduction activity. To confirm this, the relative nuclear levels of YAP were
compared with the aspect ratio. A positive correlation that is weak yet significant was observed
(Figure.40) and given that aspect ratio stands as a measure of nuclear deformation, the result is
consistent with what has been reported [256].
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Figure.40: Correlation analysis between YAP Nucelar to cytoplasmic ratio and nuclear aspect ratio for edge
cells. Each data point represent averaged value of an mESC colony. Data from 3 independent experiments (n
=315 mESC colonies). The comparison was found to be statistically significant. (Pearson correlation analysis:
R? =0.04578, p < 0.0001)
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With this justification the focus was shifted to Nanog and Otx2. The reasons for the
selection these two pluripotency factors are twofold. Firstly, regional differences in expression
profiles were consistently maintained for both. Secondly, their regulation of transcriptional
activity on Rex1 promoter, which in the current system translates to GFP signal, is well
documented. In other words, Nanog and Otx2 expression levels are the molecular origins for
Rex1-GFP intensity which in turn was found to be inversely proportional to levels of mechano-
transduction that can be deduced from nuclear shape. Given this background information,
whether the temporal expression patterns of Nanog and Otx2 are reflected by nuclear

morphometrics was tested.

For Nanog, a negative correlation with the nuclear aspect ratio was observed
(Figure.41) and although it is weak, the analysis was found to be statistically significant. For

Otx2, the correlation was neither strong nor significant (Figure.41).
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Figure.41: a. Correlation analysis between Nanog expression and nuclear aspect ratio of edge cells. Each data
point represents averaged value of an mESC colony. Data from 3 independent experiments (n = 400 mESC
colonies). The comparison was found to be statistically significant. (Pearson correlation analysis: R =0.01153,
p = 0.0318). b. Correlation analysis between Otx2 expression and nuclear aspect ratio of edge cells. Each data
point represents averaged value of an mESC colony. Data from 3 independent experiments (n = 444 mESC
colonies). The comparison was not statistically significant. (Pearson correlation analysis: R? = 0.0002654, p =
0.7321)
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Consistent with these results were the measurements of Nanog and Otx2 expression
levels upon blebbistatin treatment. Although the nuclei displayed lower deformation as
confirmed by smaller aspect ratio values, no changes in expression levels of the two proteins
was observed when compared with the control samples (Figure.42).
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Figure.42: a. Quantification of Nanog nuclear intensity averaged over colony for mESC colonies grown in
mentioned media. Data from 3 independent experiments (n = 45/39/50/41/40/28/27 colonies for 2i-
Ohr/N2B27+DMSO-24hr/N2B27+ 10uM-Blebbistatin  —24hr/N2B27+DMS0-48hr/N2B27+48hr- 10uM-
Blebbistatin/ N2B27+DMSO-72hr/N2B27+10uM-Blebbistatin-72hr). The effect of media change is statistically
significant (Two-way ANOVA without repeated measurements). b. Quantification of Otx2 nuclear intensity
averaged over colony for mESC colonies grown in mentioned media. Data from 3 independent experiments (n
= 45/39/50/41/40/28/27 colonies for 2i-0hr/N2B27+DMSO-24hr/N2B27+ 10uM-Blebbistatin -
24hr/N2B27+DMSO0-48hr/N2B27+48hr- 10uM-Blebbistatin/ N2B27+DMS0O-72hr/N2B27+101M-Blebbistatin-
72hr). The effect of media change is statistically significant (Two-way ANOVA without repeated
measurements)

All in all, despite the reliability to infer mechano-transduction, nuclear aspect ratio
could only weakly predict the protein expression changes and hence falls short in accounting

for pluripotency dissolution.

In order to adequately explain naive state exit, attention was given to the understand
the biochemical logistics of pluripotency dissolution and how they police mechanical
signalling. The experimental efforts in this direction and the corresponding results are detailed

next.
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4.9 Preserving B-catenin signalling is minimally sufficient to safeguard naive

identity

The initiator of naive state exit in single cells was identified to be the nuclear export of
KIf4 that is triggered by ERK signalling [132]. This is countered by the small molecular
inhibitor PD0325901, from here on PD, which prevents ERK phosphorylation. The second
inhibitor CHIR99021, from now on Chir, inhibits the kinase activity of GSK3p thereby
withholding B-catenin phosphorylation and subsequent degradation. The mechanical
implications of maintaining B-catenin expression acquire greater prominence in colonies given
that it stabilizes cadherin adhesion [274, 275] and promotes Ezrin phosphorylation thereby
conferring high membrane tension to the cells [190]. Mechanical signalling is reported to
activate both ERK pathway and B-catenin degradation [142, 276] highlighting their close
association with mechano-transduction. To evaluate which among the two molecular events
exerts a dominant control in determining naive pluripotency exit, the Rex1-GFP signal was
monitored with the removal of only one of the two inhibitors.

The media conditions are mentioned as N2B27+Chir (for PD removal and hence ERK
activation) and N2B27+PD (for Chir removal and hence B-catenin degrading). Fluorescence
intensities in 2i and N2B27 media were measured for reference. In contrast to what has been
reported earlier, ERK activation alone didn’t lead to naive state exit as no decline in Rex1-GFP
signal was observed even after culturing for ~2 days in N2B27+Chir (ERK activation alone)
(Figure.43). The gradual loss of fluorescence signal in N2B27+PD (ERK inhibition) asserts the
same (Figure.43).

Interestingly, the progression of Rex1-GFP signal upon B-catenin preservation was
highly similar to what was observed for 2i media. Moreover, the decay constants for both the
conditions were not measurably different (Figure.43). Whereas, the fluorescence dwindled in
both the standard differentiation condition (N2B27) and ERK-only inhibition (N2B27+PD),

though at a slower rate in the latter.
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Figure 43: a. Representative images of Rex1-GFP signal of mESC colonies in
2i/N2B27/N2B27+PD/N2B27+Chiron as a function of time. Scale bar is 40 um. b. Corresponding quantification
of normalized Rex1-GFP mean intensity (Integrated fluorescence intensity averaged over colony area with
maximum value taken to be 100%). 3 independent experiments (n = 53/106/101/129 for
2i/N2B27/N2B27+PD/N2B27+Chiron). The effect of media change is significant (p<0.0001, Kruskal-wallis test,
comparisons with N2B27, for last time point). c. Decay constants obtained from exponential fitting of Rex1-
GFP  decay trajectories. 3  independent experiments (n =  53/106/101/129 for
2i/N2B27/N2B27+PD/N2B27+Chiron). The effect of media change is significant (Kruskal-wallis test,
comparisons with N2B27)
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Importantly, these fluorescence profiles suggest that for pluripotency dissolution in
colonies the weakening of cell adhesions mediated by B-catenin degradation is obligatory.
Substantiating the same, mESC colonies were observed to have high naive factor expression
(Figure.44 and Figure.45) and lower levels of post-implantation factor (Figure.46). Moreover,
the molecular annotation of pluripotency priming which is increased Otx2 levels was observed
in N2B27+PD with high degree of similarity to standard differentiation condition (N2B27)
(Figure.45).
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Figure.44: a. Representative immunofluorescence images of KIf4 after 48-hour culture on 5kPa polyacrylamide
gels in 2i/N2B27/N2B27+PD/N2B27+Chiron media. Scale bar is 25um. b. Corresponding quantification of
normalized nuclear intensity averaged over colony. Data from 3 independent experiments (n = 61/31/29/40
for 2i/N2B27/N2B27+PD/N2B27+Chiron). The effect of media change is significant (One-way ANOVA).
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Figure.45: a. Representative immunofluorescence images of Nanog after 48-hour culture on 5kPa
polyacrylamide gels in 2i/N2B27/N2B27+PD/N2B27+Chiron media. Scale bar is 25um. b. Corresponding
quantification of normalized nuclear intensity of Nanog, averaged over colony. Data from 3 independent
experiments (n =35/30/29/34 for 2i/N2B27/N2B27+PD/N2B27+Chiron). The effect of media change is

significant (One-way ANOVA).
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Figure.46: a. Representative immunofluorescence images of Otx2 after 48-hour culture on 5kPa
polyacrylamide gels in 2i/N2B27/N2B27+PD/N2B27+Chiron media. Scale bar is 25um. b. Corresponding
quantification of normalized nuclear intensity of Otx2, averaged over colony. Data from 3 independent
experiments (n =35/30/29/34 for 2i/N2B27/N2B27+PD/N2B27+Chiron). The effect of media change is
significant (One-way ANOVA).

Taken together all these results establish that sustenance of p-catenin signalling is

minimally sufficient to ensure long term preservation of naive pluripotency.

To verify that the above-mentioned traits are driven by mechanical signalling, the

putative mechano-responses were measured, and those results are discussed below.
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4.10 Cell-cell adhesion strengthening by B-catenin lowers cell-matrix

interaction

Cadherin junctions’ role in regulating pluripotency is well documented [75,195]. Its
influence in modulating mechano-transduction is also well understood, although it was
elucidated in other cell systems [194]. Despite these implications, the regulation of
mechanoreponses in mMESC colonies by cadherins was hitherto investigated. Given that p-
catenin stabilises cadherins [274,275], the single inhibitor experiments stand to answer this and
to do so, the real-time monitoring of two parameters was performed: colony morphology and

traction forces.

The spreading of colony, earlier identified as a marker for pluripotency exit, is found
to be mediated, in other systems, by progressive weakening of cell adhesion [194]. In case of
mMESC colonies, spreading is measured as area growth. Since insulating (-catenin from
GSK3p’s mediated degradation conserved naive pluripotency, the temporal progression of area
for colonies in N2B27+Chir was measured and compared with values in other media
combinations. While the colony areas increased consistently for all, the growth rate for
N2B27+Chir was not as steep as it was for N2B27 and N2B27+PD, the two media conditions
in which pluripotency dissolution occurred (Figure.45). In fact, the area growth of N2B27+Chir
was closer to 2i, whose naive maintenance is implacable. Moreover, colonies in 2i and
N2B27+Chir propagated as 3D compact domes while for NB27 and N2B27+PD, cell spreading
was observed (Figure.45)
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Figure.45: a. Representative Phase contrast images of mESC colonies in 2i/N2B27/N2B27+PD/N2B27+Chiron.
Scale bar is 50 um. b. Corresponding quantification of colony area. Data from 3 independent experiments (n
= 56/108/103/134 for 2i/N2B27/N2B27+PD/N2B27+Chiron). The effect of media change is significant
(p<0.0001, Kruskal-wallis test, comparisons with N2B27, for last time point).

Overall, the colony morphology had a striking resemblance for conditions with similar
pluripotency outcomes: compact, highly spherical and 3D for 2i and N2B27+Chir, pronounced
spreading with height reduction and shape asymmetry for N2B27 and N2B27+PD.

To check if these differences in the structural organization of colonies translate to
changes in mechanoresponses, traction forces were measured. In line with what has been
observed in earlier experiments, in media concoctions leading to pluripotency dissolution,
colonies exerted higher traction forces, while for the ones upholding naive identity,

significantly lower tractions were recorded (Figure).
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Figure.46: a. Representative heat maps of tractions exerted by mESC colonies in
2i/N2B27/N2B27+PD/N2B27+Chiron. Scale bar is 20 um. b. Corresponding quantification of traction forces
averaged over colony area. Data from 3 independent experiments (n = 29/72/75/74 for
2i/N2B27/N2B27+PD/N2B27+Chiron). The effect of media change is significant (p<0.0001, Kruskal-wallis test,
comparisons with N2B27, for last time point).

Hence, B-catenin preservation downregulates cell-matrix interaction by augmenting
cell-cell adhesion strength. Whether these changes are reflected in nuclear shape were

investigated next.
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4.11 Stronger cell-cell adhesion reduces nuclear deformation.

To assess if the difference in cell-matrix interaction is translated to nuclear deformation, the
nuclear aspect ratios in all four media conditions was measured. Mirroring the levels of cell-
matrix interaction, colonies in N2B27 and N2B27+PD were observed to have higher aspect
ratio whereas in conditions of naive state preservation, 2i and N2B27+Chir, values were

significantly lower (Figure).
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Figure.47: Quantification of Nuclear aspect ratio averaged over colony for mESC colonies grown in mentioned
media for 48 hours. Data from 3  experiments (n=35/30/29/34 colonies for
2i/N2B27/N2B27+PD/N2B27+Chiron). The effect of media change is not signficant only for the comparison
between N2B27 and N2B27+PD (One way ANOVA)

The mechanotransduction was earlier observed to be primarily concentrated at the edge
of the colonies in standard differentiation conditions. A clear distinction between the edge and
the interior regions was also identified for the expression of pluripotency factors and for the
mechano-sensitive protein YAP. How the additional biochemical cues encountered by the
colonies in single inhibitor experiments affect the force, fluorescence and transcription factor

profiles was assessed with the corresponding results detailed in the next sub-section.
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4.12 Regional differences are conserved in line with colony’s pluripotency

status

The compact colonies in N2B27+Chir media were characterized by higher expression
of naive factor Nanog and lower expression of Otx2 compared to the differentiated counterparts
in N2B27 and N2B27+PD. Both Nanog and Otx2 exhibited consistent regional differences in
expression in earlier experiments. Hence, the regional status of these proteins was compared in
single inhibitor conditions. Additionally, although the naive state specifier KIf4 was not
differentially expressed between regions, if its regional profiles change upon treatment with

one of the two inhibitors, it was also investigated.

For Klf4, no significant differences were observed between the edge and interior regions
in any of the media conditions (Figure.48), consistent with our previous findings. For Otx2, a
small yet statistically significant difference was observed only for colonies grown in
N2B27+PD and control N2B27 (Figure.48). For Nanog, a striking disparity between the two
regions was observed in all the non-2i conditions with the colony edge consistently expressing

lower levels (Figure.48).
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Figure.48: Quantification of normalized nuclear intensity of KIf4 averaged over colony resolved as Edge vs
Interior for mESC colonies grown for 48 hours in mentioned media. Data from 3 independent experiments (n
=61/31/29/40 for 2i/N2B27/N2B27+PD/N2B27+Chiron). The effect of edge vs interior is not signficant for
any of the comparisons (two-way ANOVA, repeated measures). b. Quantification of normalized nuclear
intensity of Otx2 averaged over colony resolved as Edge vs Interior for mESC colonies grown for 48 hours in
mentioned media. Data from 3 independent experiments (n =35/30/29/34 for
2i/N2B27/N2B27+PD/N2B27+Chiron). The effect of edge vs interior is significant only for N2B27+PD (two-
way ANOVA, repeated measures). Quantification of normalized nuclear intensity of Nanog averaged over
colony resolved as Edge vs Interior for mESC colonies grown for 48 hours in mentioned media. Data from 3
independent experiments (n =35/30/29/34 for 2i/N2B27/N2B27+PD/N2B27+Chiron). The effect of edge vs
interior is significant for all conditions except 2i (two-way ANOVA, repeated measures).
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Next, the nuclear localization of YAP was compared and resembling earlier results,
colony edge always expressed higher nuclear to cytoplasmic ratio than the interior. However,
no differences were observed between the four media conditions when the values
corresponding to colony edge were compared. Moreover, the only difference observed was for
the measurements of interior regions and was only significant for comparison between 2i and
N2B27 (Figure.49).
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Figure.49: a. Quantification of Nuclear aspect ratio averaged over colony for mESC colonies grown in
mentioned media for 48 hours. Data from 3 experiments (n=35/30/29/34 for
2i/N2B27/N2B27+PD/N2B27+Chiron). The effect of media change is not signficant only for the comparison
between N2B27 and N2B27+PD (One way ANOVA) b. Representative immunofluorescence images of YAP
after 48 hours culture in mentioned media. 2i/N2B27/N2B27+PD/N2B27+Chiron. Scale bar is 20 um. Data
from 3 independent experiments (n = 61/31/29/40 for 2i/N2B27/N2B27+PD/N2B27+Chiron). Only The
comparison between 2i-interior and N2B27-interior are statistically significant. (Two-way ANOVA with
repeated measures).

As Nanog’s transcriptional activity determines Rex1-GFP signal, given its low
expression at colony edges in both the single inhibitor conditions, how the fluorescence
intensity between the two regions is affected with the addition of one of the inhibitors was next
tested. In accordance with earlier results, Rex1-GFP intensity at the edge of the colonies was
always lower irrespective of the media. However, with Chiron addition, a steady growth was
observed whereas for colonies in PD, the fluorescence signal at edge diminished with time
(Figure.50).

123



N2B27+Chir-Edge
N2B27+Chir-Interior
N2B27+PD-Edge
N2B27+PD-Interior

Phase-contrast Rex1-GFP b

e
-
.
—~

N2B27+Chir

Normalized
GFP % (a.u)
=
1

S
]
]

N2B27+PD

Time in hours

Figure.50: a. Representative phase-contrast and fluorescent images of mESC colonies grown for 48 hours in
N2B27+Chir (top) or N2B27+PD (bottom). The region between the yellow and red outlines corresponds to
colony edge, region within red outline is interior. b. Quantification of Rex1-GFP intensity, as a function of time,
resolved into edge and interior regions for mESC colonies grown in N2B27. Data from 3 independent
experiments (n = 70/79 colonies for N2B27+PD/N2B27+Chiron).

Despite the lack of significant alteration in Y AP expression patterns between the media
combinations, colony edges displayed higher nuclear localization. As this suggests upregulated
mechano-transduction, whether it is also recapitulated for traction force measurements was
verified. No significant differences were observed for the regional differences in traction forces

for mESC colonies cultured in either media.
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Figure.51: . Quantification of traction forces, as a function of time, resolved into edge and interior regions for
mESC colonies grown in N2B27. Data from 3 independent experiments (n = 70/79 colonies for
N2B27+PD/N2B27+Chiron).
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Taken together, the regional differences pertaining to: traction forces, transcription
factor expression patterns and Rex1-GFP fluorescence signal are intimately linked to
pluripotency status. Importantly, the measurements were highly similar between the 2i and
N2B27+Chir. Given this, it can be posited that f-catenin preservation is minimally sufficient

to preserve naive state and is accompanied by lowering of cell-matrix interaction.
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Chapter 5: Discussion
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In mouse embryo, exit from naive state pluripotency marks the unwavering
commitment of epiblast tissue to germ layer specification, thereby laying foundation for
organismal development. It is initiated by the deposition of extra-cellular matrix (ECM) rich in
laminin. Owing to their insolubility and structural organization, ECM proteins such as laminin
confer mechanical properties to the matrix and are therefore perceived as mechano-chemical
cues by the cells via the adhesion molecules integrins. Laminin being heavily localized at the
basal plane serves as a polarization cue and drives the morphological transition of epiblast
[24]. Concomitantly pluripotency dissolution occurs gradually with dynamic changes in
transcription factor expression. Importantly, the pluripotent state and shape are shown to be

interdependent [23].

This intimate linking between fate and form serves as a quality control to ensure
robustness during embryonic development. While this synchrony being borne out by integrin-
mediated cell-ECM interaction is acknowledged, the accompanying cellular mechano-
responses and their evolution are yet to be elucidated. Moreover, how the mechanical signal
induction precipitates to the nuclear space to alter transcriptional signature and thus regulate
pluripotency dissolution needs to be delineated. The current thesis aimed at addressing these
knowledge gaps. However, studying pluripotency progression in the in vivo context is fraught
with technical challenges. Therefore, this work employed ab in vitro models, culturing on
laminin coated PAA gels a (mESC) line with a fluorescent reporter whose signal intensity marks

the pluripotency status.

To ensure a homogeneously naive population for each experiment, the cells were
maintained in a defined serum-free media N2B27 supplemented with the two inhibitors (2i),
one for MEK/ERK signalling and the other for GSK3p mediated B-catenin degradation. In 2i
media, mESCs perpetuate with high fluorescent signal and upon the two inhibitors withdrawal
the fluorescent signal gradually declines marking the exit from naive state and further

pluripotency dissolution.

With this information, the study began by identifying the platform compatible with
long-term mESC culturing and simultaneous measurements of mechano-responses. Among
the hydrogel set ups tested, polyacrylamide (PAA) gels functionalized with sulfo-SANPAH
maintained stable attachment. Additionally, the colonies retained the 3D dome morphology
when cultured in 2i on PAA gels, unlike on PDMS where high colony spreading was observed.
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One possible explanation for the loss of 3D morphology on PDMS is the stiffness mismatch
between the surface and bulk material. Throughout their preparation, PDMS gels are exposed
to oxygen, and it has been reported to alter surface chemistry creating a thin and rigid silica
layer [277, 278]. This plausibly leads to the increased spreading observed on PDMS given that
substrate stiffness dictating morphology is well documented in several other cell systems
[279-283]. Moreover, coating PDMS with charged molecules such as ECM proteins is reported
to alter the elastic modulus [284], adding further complexity. Another decisive factor for the
selection of sulfo-SANPAH gels is the optimal distribution of fiduciary markers to monitor the

hydrogel stress offering greater spatial resolution compared to PDMS.

As part of the system validation, expression levels of bonafide transcription factors
were quantified and the changes occurring upon pluripotency dissolution were in line with
what has been reported [45]. The decrease of Nanog and KIf4 coincided with elevated levels
of post-implantation factor Otx2. Interestingly Otx2 expression was already detected before
the colonies were subjected to differentiation. Otx2 is reported to antagonize the self-
renewal and promote the commitment to differentiation [73]. It is countered by Nanog which
promotes self-renewal [285] and this functional antagonism was recapitulated in the
reciprocal expression patterns of Nanog and Otx2. When continued to be cultured in 2i,
colonies are fortified with Nanog expression, while differentiation induction elevates Otx2
levels. Hence, even before the biochemical induction with the two-inhibitor withdrawal, the
cells already exist in a metastable state. Within the colony, the standout feature of basal layer
of cells is their adhesion to the matrix through integrins. Given this information, the
metastable state of basal cells suggests the pro-differentiation activity of integrin-based
mechano-sensing which is further compounded by biochemical environment. This could be
proven by comparing the expression levels of Nanog and Otx2 between the basal plane and

the regions dominated by cell-cell adhesion.

Next, the temporal progression of Rex1-GFP signal was monitored in both naive state
sustenance and pluripotency dissolving media conditions. The fluorescent signal gradually
declined upon two inhibitor withdrawal and was preserved in 2i media. As the transcriptional
activity on Rexl promoter depends on naive factor expression and considering the
downregulation of Nanog expression in N2B27, this result is consistent with earlier

observations. Whether differences in Rex1-GFP signal exist between the different layers of
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colony needs to be verified. If such variation in fluorescent signal does exist, it further
substantiates the earlier mentioned differentiation promotion by integrins independently of

the biochemical cues.

The cell spreading observed upon naive state exit in single mESCs was also observed
for the colonies as signified by the progressive increase in colony area. In case of single cells
this is attributed to the reduction of membrane cortex attachment driven by lowering of
phosphorylated Ezrin (pEzrin) [190]. It needs to be tested whether colony spreading is
facilitated by the same mechanism and to do so immunofluorescence staining of pEzrin at

different time points during pluripotency dissolution would suffice.

The colony area was also observed to increase for colonies maintained in naive culture
conditions in which membrane cortex attachment and pEzrin levels are known to be not
compromised. This could however be explained when the focal adhesion profiles of naive and

differentiated cells are viewed in light of the molecular clutch model.

As per this model, each focal adhesion (clutch) has a characteristic binding and
unbinding rate, with the latter being influenced by the clutch’s force-bearing capacity. If the
build-up of force generated by myosin contraction on actin filaments is greater than the force
endurance of clutch, the components of focal adhesion disengage without further growth in
adhesion size. If the force transmitted to the clutch is below the threshold, the engagement
is persisted during which time other focal adhesion can bind to actin filaments. This leads to
load distribution resulting in integrin clustering that is considered as growth in focal adhesion

length and stability.

In naive cells as the focal adhesions are functionally attenuated, their load-bearing
capacity might be lowered. This leads to greater propensity of focal adhesion disengagement
reducing the incidence of integrin clustering and adhesion length consolidation. Whereas,
with differentiation, the force endurance of integrin adhesions is enhanced which culminates
with increase in length and stability of focal adhesions. Given that increased focal adhesion
stability is shown to permit persistent cell spreading [286,287], the molecular clutch model
therefore explains the prodigious colony spreading in N2B27 and stunted area growth while

naive maintenance.
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As actin arrangement as supracellular cortex is required for the compact morphology
in naive state, the change in actin cytoskeletal organization explains the loss of 3D dome
shape in colonies subjected to differentiation. The heavy membrane localization in naive
conditions attest the strong membrane cortex attachment aiding in the maintenance of the
peculiar morphology. Whereas actin being redirected from the cortex into fibres spanning the
cell length leads to decrease in membrane tension and might further contribute to colony

spreading.

The peculiar 3D dome morphology is shown to promote, through compressive forces,
the expression of Nanog while colony spreading downregulates its levels [191]. If such
mechanical logic occurs for other transcription factors, specifically the post-implantation
factor Otx2 needs to be investigated. The progressive increase in its expression as mESC
colonies spread suggests that Otx2 levels might be regulated by the same intra-colony forces

with the effect being opposite to that of Nanog; High compressive forces and low Otx2.

The differences in the integrin force bearing capacity and actin cytoskeletal
arrangement also explains the traction profiles in the two media conditions. The force build-
up from the acto-myosin contractility, when transmitted to the engaged integrins are exerted
as traction forces onto the underlying matrix. The competence and other attributes of focal
adhesions coupled with observed actin organization thus explain the consistent increase in

traction forces upon differentiation induction.

A key detail of the mESC focal adhesion is the organization of the three force
transduction layers. In naive state the focal adhesion apparatus is compressed with anti-
parallel organization of vinculin thus impeding the force transmission. The instructive cue that
brings about the change in the stacking of the three-force transduction layer needs to be
identified. Also, the vinculin misorientation was reported only for naive mESCs grown on
laminin coated substrates. Whether vinculin’s directionality is corrected during
differentiation and if not, why such typical alighnment exists only on laminin coated substrates
is worth studying. Since vinculin’s directionality in mESCs is dependent on ECM protein
identity, it is of interest to investigate if mESC mechano-responses, their evolution and

pluripotency dissolution kinetics are influenced by the protein tethered to the matrix.
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Till date, force transmission to matrix is considered as a regulator of only mESC self-
renewal [215]. Whether it exerts similar influence on pluripotency dissolution wasn’t
established. The results from blebbistatin treatments and multi-stiffness experiments suggest
that traction force exertion indeed does regulate pluripotency dissolution kinetics. Conditions

with lower force transmission exhibiting slower Rex1-GFP signal decay attest the same.

While in the current system the traction force-based deformation happens to an inert
polymer, in the embryonic context they are transmitted to basement membrane (BM), which
incurs structural changes. Changes in BM organization is reported to guide morphogenesis in
other tissues [288,289]. Whether the epiblast tissue exerts forces onto BM and lead to such
morphological consequence in the mouse embryo is not known. Mole and colleagues [290]
recently implicated the force transmission apparatus in such sculpting activity. In this work, it
was reported that integrin activation is required for the epiblast to form rosette structures
which enables lumen formation and commitment to pluripotency priming. Therefore,
epiblast, via integrins, exerting forces onto BM to facilitate this shape change is not a far-

fetched idea but needs experimental validation.

In addition to attenuating force transmission, blebbistatin treatment is notorious for
stalling mitotic cell division [291]. For pluripotency dissolution, mitosis assumes greater
prominence as cell division completion, marked by cytoplasmic abscission, is shown to be
obligatory for naive state exit [292]. However, at the concentrations of blebbistatin employed
in this study, no defect in cell cycle progression was observed. In fact, monitored cells
undergoing at least two rounds of cell division confirm no replication crisis. Therefore, the
observed slowdown of Rex1-GFP signal decay and thereby the pluripotency dissolution is due

to attenuated traction force generation.

Pluripotency dissolution was also characterized by regional differences in cell-matrix
interaction. The traction forces and focal adhesions were quantifiably higher at the edge of
the colony compared to the interior region. These mechano-responses were accompanied by
a lower Rex1-GFP signal at the edge prior to the withdrawal of the two inhibitors. The
fluorescence intensity of the edge was more similar to isolated single cells. Importantly, the
regional differences in mechano-responses and fluorescence signal existed for the naive
colonies and with time they were reconciled. Only in the differentiation conditions did the
disparity between the two regions grow.
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An earlier work from the group of Pere Roca-Cusachs [256] reported similar mechano-
response pattern: higher traction forces at the edge. In the same work, the regions with high
cell-matrix interaction were reported to have increased nuclear localization of the mechano-
transducer protein YAP. Mirroring the same, the relative nuclear concentration at the edge
was higher for mESC colonies. This was the case irrespective of the media condition. However,
similar to the other mechano-responses the difference between the edge and the interior

region for YAP nuclear localization became starker with time for differentiating colonies.

When the YAP nuclear localization of only edge cells is compared between the two
media conditions, no significant differences were observed. This lack of dissimilarity between
the naive state maintaining and pluripotency losing colonies may be explained when the
functional role of YAP in mESCs is considered. At any state of the pluripotency, mESCs are
choosing between self-renewal and differentiation, both of which are driven by YAP. It has
been recently shown that the road taken by mESCs is determined by the frequency of YAP
activation pulses [261]. Cyclic nuclear sequestration and expulsion of YAP favours
proliferation while persistent nuclear localization enables differentiation. Importantly, the
frequency of the pulses was of the order of minutes and the YAP immunofluorescence
analysis in the present study was performed after every 24 hours. These time resolutions vary
by at least two orders of magnitude and therefore it is possible that the differences are
evened out in the current system. It is to be pointed out that the YAP pulsing frequency in the

work by Meyer and colleagues [261] was varied through optogenetic control.

In the work from Pere Roca-Cusachs’ group cited above, YAP nuclear translocation was
shown to be driven by force application mediated nuclear deformation [265]. The recent work
suggests that the same is applicable for single mESCs as increase in intracellular tension was
shown to cause YAP sequestration and nuclear shape changes [293]. Since, high YAP nuclear
localization was observed at the edge of the colonies, whether it is reflected in nuclear
morphology in the current system was tested. Mimicking YAP expression pattern, the nuclear
aspect ratio, a measure of nuclear deformation, was found to be significantly higher for edge
region across all conditions and time points. Once again, the differences between the two
regions became more striking when the colonies are subjected to differentiation. Moreover,
when the aspect ratios of only the edge cells are considered, the values steadily increased for

differentiation colonies and were significantly higher than their naive counterparts.

132



Importantly, when the YAP nuclear to cytoplasmic ratio was compared with nuclear aspect
ratio for edge cells, a weak yet statistically significant positive correlation was observed. Since
higher aspect ratio result from higher force applied on to the nucleus, the correlation suggests
that force application to nucleus in the current system aids in YAP sequestration. All in all, this
implies that mESC nuclei respond to mechano-transduction by changing their transcriptional

signature.

The reasons for not considering nuclei of interior cells are twofold. First, mechano-
transduction and nuclear deformation was relatively lower in the interior of colony. Second,
interior cells possess cadherin mediated cell-cell adhesion whose inhibition of YAP nuclear
sequestration via HIPPO pathway is well documented [257]. Also, cadherin is implicated in
mechanical signalling. Furthermore, in the current system the individual contributions of focal
adhesions and cell-cell adhesions to mechano-transduction cannot be uncoupled. Because of
these additional layers of complexity, the shape and transcriptional signature of interior
nuclei do not stand as the true reflection of cell matrix interaction and hence omitted from

analysis.

In spite of no measurable difference in nuclear localization signal, YAP might be
serving different functions in the edge cells of naive and primed colonies. It is highly possible
that under naive maintenance YAP promotes self-renewal and in N2B27, it actively
contributes to pluripotency dissolution. This can be confirmed if differences exist in YAP
pulsing frequencies which can be retrieved from measuring nuclear to cytoplasmic shuttling
rates. Whether such pulsing frequency differences exist and if mechanical signalling further
amplifies it to bias the decision making between self-renewal and differentiation is worth
looking into. The pursuit of this topic for investigation is supported by the regional differences

in YAP and nuclear aspect ratio prior to biochemical differentiation.

The low GFP signal of the colony edge at the start of the experiment suggests that a
certain degree of differentiation occurs prior to the two-inhibitor withdrawal. Since the
fluorescence is a readout of the strength of naive transcriptional program, if the pluripotency
markers exhibit such regional differences was tested. Only for Otx2 and Nanog was a
consistent difference between the two regions observed, with Otx2 significantly higher at the
edge and Nanog significantly lower. This pattern of pluripotency factor expression validates
the early start of differentiation induction at colony edge. The state of pluripotency for edge
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cells might be more formative than primed and this is supported by two observations. When
maintained in 2i, the edge cells seems to remain in this metastable state confirmed by lower
Nanog expression and Rex1-GFP signal compared to interior cells. In N2B27, both the naive
pluripotency factor levels and Rex1-GFP signal continued to dwindle with concomitant

consolidation of Otx2 expression.

To infer if Otx2 and Nanog expression in the edge cells is under similar mechanical
control as YAP, their levels were compared with nuclear aspect ratio. For Nanog, a weak yet
statistically significant negative correlation was observed suggesting that force application to
the nucleus might contribute to Nanog’s downregulation. For Otx2 no correlation was
observed. Since Klf4 expression wasn’t dependent on cell position within the colony and its
downregulation occurred uniformly with 2i removal, the same analysis wasn’t performed for

KIf4.

Force application to the nucleus affecting the intracellular localization is well
established [294]. It occurs through either retention mechanism [141, 295] or by altering the
diffusion rates in and out of nucleus via the nuclear pore complexes (NPCs) [255, 297]. In the
first scenario, force application enhances the binding affinity to a molecular target in the
nucleus or cytoplasm and thus sequestered in a particular subcellular space. The second
mechanism is thoroughly explained in the recent work, Andreu | and Granero-Moya | et al
[255]. In this study, the authors show that two factors determine intracellular transport rates,
protein’s molecular weight (MW) and its affinity to nuclear transport receptors: importins and
exportins. Shuttling through NPC occurs through passive diffusion or facilitated diffusion.
Although force application was found to affect both modes of transport, the additional
influence of molecular weight was stronger for passive diffusion. Using this information and
considering the individual attributes of the three pluripotency factors, a plausible explanation

for their mechano-sensitivity or lack of it is given below.

KIf4 has high molecular weight (~53kDa) [297] and due to this higher size, KIf4 relies
on facilitated transport through Exportin-1 (XPO1) [132]. However, to become the cargo of
XPO1, Kif4 is to be phosphorylated by ERK. Once excluded from nucleus, Klf4 is degraded and
in N2B27 it is not replenished with additional synthesis. Therefore, KIf4 is predominantly
under biochemical regulation and might hence be non-responsive to nuclear force application

as is supported by lack of regional differences in its expression.
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Among the three pluripotency factors employed in this study, Otx2 has the lowest
molecular weight (~35 kDa) [298], a size range in which passive diffusion is the primary mode
of intracellular shuttling [299]. In Andreu | and Granero-Moya | et al, force application to the
nucleus was found to equally affect the influx and efflux rates of passively diffusive proteins
leading to no discernible changes in nuclear localization signal [255]. Similar effect could be
at play for Otx2, rendering its nuclear transport non mechano-sensitive and this is also
supported by no change in Otx2 expression with blebbistatin treatment despite the lowered
nuclear aspect ratio. Importantly, there is no consensus on the nuclear importer of Otx2.
Although Otx2 association with the transport protein, Transpotin-2 is reported [300], the
conclusions were based on yeast two hybrid assay, an experimental technique that yields
spurious interactions and high false positive rates [301, 302]. Moreover, Transportin-2
nuclear import capabilities are documented for other proteins [303, 304], but it remains to
be validated for Otx2. Hence, the possible mode of nuclear import being passive diffusion

makes Otx2 expression non-responsive to nuclear force in mESCs.

Nanog is a 40kDa protein, and its molecular weight falls in the mechano-sensitive
regime reported in Andreu | and Granero-Moya | et al [255]. In the same work, the mechano-
sensitive protein shuttling was shown to be mediated by importins and they likely take part
in Nanog’s transport as importin knockdown was shown to lower Nanog levels [305].
Moreover, Nanog expression is shown to be transcriptionally inhibited by YAP [261], whose
nuclear entry is shown to be mediated by force application. These three attributes might

therefore be conferring the mechano-sensitivity to Nanog in the current system.

A recent study alludes to such shuttling kinetics-based mechano-sensitivity of Nanog,
but in zebrafish embryo [306]. In this work, it is identified that Nanog nuclear localization
requires NPC size maturation and the levels increased as tissue assumed a 3D morphology.
Furthermore, NPC size was found to be dependent on its composition. For mESCs NPC
composition was found to change when subjected to differentiation [307, 308]. It would be
interesting to check if this gives rise to size changes of NPC complex to influence the
intracellular transport rates and, thereby, the mechano-sensitivity of key transcription

factors.

Higher mechanical signalling at the edge leads to increased nuclear aspect ratio and
differentiation can, eventually promote transcriptional changes. This suggest that nucleus is
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integrated into mechano-transduction and its regulatory role on mESC priming needs to be
identified. To do so, the nucleus-actin connection was abrogated through DN-KASH induction

and its effect on pluripotency dissolution kinetics was analysed.

Attenuating force transmission through DN-KASH expression delayed pluripotency
dissolution as confirmed by slower decay kinetics of Rex1-GFP signal. However, the effect was
minimal and observed only when the differentiation is performed on glass. When the colonies
are subjected to differentiation on gels, DN-KASH induction didn’t lead to significant change
in pluripotency dissolution rate. This could be due to differences in mechanical properties of

the two substrates.

The stiffness of glass is in the megapascal to gigapascal range, which is at least 3 orders
of magnitude higher than the PAA gels employed in the study. As higher stiffness leads to
higher force transmission to the nucleus, the force differential between control and DN-KASH
induced conditions would be significantly higher for glass compared to gels. This might be the
underlying cause for the delay in pluripotency dissolution on glass and no apparent change
on gels with DN-KASH expression. Moreover, the DN-KASH induction couldn’t be sustained
throughout the experiment and persisted for a period of 16-24 hours. Therefore, the force
transmission to nucleus is compromised only transiently in the experiment and thus the small
changes in dissolution kinetics even on glass. This is also confirmed by no measurable
difference in the nuclear aspect ratios between the DN-KASH induced and control colonies

after 48 hours of differentiation in N2B27 media.

Nuclear deformation was highest at the edge and the edge of the colonies was more
similar to single cells. Hence it needs to be seen whether DN-KASH induction vyields
significantly slower pluripotency dissolution in single cells on PAA gels and if the effect is much
more profound on glass. Also, the difference in force transmission between PAA gels and glass
can be substantiated by comparing the aspect ratios on the two substrates during various

time points of differentiation.

The composition of culturing media affecting cell-matrix interaction is appreciated in
case of mESCs. The standout example is the striking morphological differences in Serum+LIF
media and 2i media: flat 2D colonies and compact 3D domes respectively. A change in

morphology implies change in cell-matrix force transmission. Also, pluripotency dissolution is
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not free from biochemical influence as naive state exit is initiated with the withdrawal of ERK
and GSK3a/B inhibitors: PD and Chir respectively. To check how biochemical regulation of
naive pluripotency influences cell-matrix force transmission, mESC differentiation was

performed with the selected removal of only one inhibitor.

It was observed that preserving B-catenin signalling by Chir was minimally sufficient
to safeguard naive pluripotency. This was attested by the sustenance of high Rex1-GFP signal
and naive pluripotency factor expression. Importantly the mechanical signature of mESC
colonies with Chir treatment mirrored that of naive colonies cultured in 2i media: lower
traction forces, decreased colony spreading and smaller nuclear aspect ratio. Moreover, the
evolution of mechano-responses and Rex1-GFP signal between the edge and interior regions
of the colonies were similar between 2i and N2B27+Chir media conditions. Hence, in every
facet, be it molecular or mechanical, mESC colonies with Chir treatment recapitulated the

naive signature of 2i colonies.

On the other hand, inhibiting ERK activation by PD could only delay pluripotency
dissolution. The mechano-responses and transcription factor expression with PD treatment
were strikingly similar with the profiles observed for colonies differentiated in N2B27.
Additionally, the regional differences in traction forces and Rex1-GFP signal were similar
between N2B27 and N2B27+PD media conditions. Therefore, it can be stated that ERK

inhibition alone cannot preserve naive state pluripotency in mESC colonies.

The above results are in contradiction to what was earlier reported. In the work
Dhaliwal N et al it was identified that naive state exit is initiated by KIf4 phosphorylation for
which ERK activation is required [132]. The authors reported that by solely inhibiting MEK/ERK
pathway through PD, KiIf4 expression is sustained, and naive pluripotency is secured. This
inconsistency will be reconciled when the key differences in the experimental details are
considered. In the current thesis naive pluripotency exit was performed in defined N2B27
media for mESC colonies. Whereas, in Dhaliwal N et al, differentiation was initiated in serum
media and single cells. The two studies vary in the cell number, media type and substrate

coating, and the individual contributions of these three differences are detailed below.

The cadherin-mediated cell junctions in mESC colonies imparts additional regulatory

control over Klf4 expression and enhances its stability. Intercellular junction formation
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engages cadherin which is shown to promote the JAK/STAT pathway [311-313]. In mESCs,
JAK/STAT cascade drives the expression of the Klf4 [314-316]. This ensures that Klf4 is
constantly replenished in colonies as opposed to single cells. In fact, in Dhaliwal N et al, Kif4
expression was observed to be reinitiated 24 hours after 2i withdrawal at which point mESCs
were forming colonies, despite a complete loss of KIf4 signal by 6 hours in single cells. Such
expression pattern is also not consistent with what has been observed in physiological
conditions. During mouse embryonic development, once epiblast loses KIf4 expression, it

remains as such until lineage specification [77].

Unlike N2B27, serum media is not devoid of differentiation promoting factors and is
also shown to induce an acute activation of MEK/ERK pathway [317, 318]. Since Erk activation
promotes KIf4 degradation, the rapid downregulation of KIf4 in Dhaliwal N et al [132] can be

thought of as the exacerbating effect by serum media.

While KIf4 nuclear exit to be the initiator of naive state exit is not being challenged,
the process being solely under control of MEK/ERK pathway as reported in Dhaliwal N et al
might only be specific for single cells. This is supported by following observations in the
current work: high Klf4 expression for mESC colonies treated with Chir and decrease in Kif4
levels despite MEK/ERK inhibition by PD. This above information however still does not offer
complete explanation as to why preserving B-catenin through Chir inhibition of GSK3f
safeguards naive pluripotency while MEK/ERK inhibition by PD does not. This might be
clarified by considering the fine details of how PD functions and by looking into the

mechanical and molecular implications of B-catenin signalling in mESCs.

ERK activation during pluripotency dissolution in mESCs primarily occurs through the
autocrine secretion of fibroblast growth factor (Fgf) [319]. Upon binding to its receptor, Fgf
initiates the Ras-Raf pathway and the downstream effector of this cascade, MEK, promotes
Erk nuclear translocation through its phosphorylation action. The small molecule inhibitor

PD0325901 (PD) prevents ERK phosphorylation by targeting the kinase activity of MEK [320].

Through such indirect inhibition, PD impedes ERK nuclear entry, thereby averting the
phosphorylation, nuclear exit, and subsequent degradation of K/f4. Having said that,
alternative routes of ERK activation that are MEK-independent exist [320-323] and the ones

relevant to mESCs are the PI3K/Akt pathway and integrin B1/FAK pathway.
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Insulin is a putative activator of PI3K/Akt pathway and its presence in the N2B27 media
might be alleviating the PD mediated inhibition of ERK phosphorylation. This is supported by
a reduction in phosphor-ERK levels upon insulin receptor knockout in mouse induced
pluripotent stem cells [324]. Moreover, the laminin receptor in mESCs is integrin 1 [325-
327], which is implicated in ERK activation through focal adhesion kinase activation. Since in
the current system, mESCs adhere to the hydrogel through integrin-based adhesion and
present prominent focal adhesions, the integrin f1/FAK pathway based ERK phosphorylation
seems plausible. Hence, through these two mechanisms, ERK activation might be bypassed in

mMESCs despite the provision of PD.

Phosphorylation is not the only post-translational modification to drive KIf4 nuclear
exit and subsequent degradation as mentioned in Dhaliwal et al [132]. In the follow-up study
from the same group, ubiquitination of KIf4 was also found to drive its nuclear export and
degradation [328]. Taken together, it is highly likely that the lowered expression of Klf4
despite MEK inhibition is contrived by the bypassing of ERK inactivation by PD and non-
phosphorylation mediated K/f4 degradation.

In addition to the above mechanisms, KIf4 stability is also determined by B-catenin
transcriptional activity. This might further explain the KIf4 expression pattern in the two single

inhibitor conditions.

Nuclear localization of B-catenin promotes the expression of the core pluripotency
triad: Oct4, Sox2 and Nanog, and the naive state specifiers: Esrrb, Tcfp2/1 [329-332]. KlIf4
interacts with both these categories of proteins, and it was shown to increase its half-life (>24
hours) [329, 333]. This is also supported by enhanced Klf4 expression in mESCs treated with
Chir, which preserves B-catenin through GSK3B inhibition [334]. Besides such stabilization,
the transcription of KIf4 might also be promoted by B-catenin as it upregulates Stat3 [335],
the effector of JAK/STAT pathway which drives the expression of all naive pluripotency

factors. For these reasons, Klf4 expression might be sustained with Chir treatment.

With Chir removal, GSK3B activation ensues leading to degradation of B-catenin. This
leads to the downregulation of both the general pluripotency factors and naive state
specifiers. The decrease in their expression levels initiates differentiation and is shown to

coincide with a dramatic reduction in KIf4 half-life (<2 hours) [328]. Such low stability might
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not be compensated by non-canonical means of K/f4 production such as cadherin mediated
JAK/STAT pathway. This could be another contributing factor for reduction in KIf4 expression
for mESCs treated with PD despite the presence of cell-cell adhesion. In this way, B-catenin
signalling has a profound effect on the stability of pluripotency transcriptional network and
might therefore be a dominant regulator of naive state pluripotency maintenance and

dissolution.

The above-mentioned molecular logic adequately explains the transcriptional
signature observed in the single inhibitor experiment. However, it falls short in accounting for
the notable similarity in cell-ECM interaction between 2i and N2B27+Chir conditions. For this,

the mechanical implication of B-catenin preservation needs to be considered.

Besides its transcriptional function, B-catenin exerts control over mESC structural
organization. It binds to the cytoplasmic tail of cadherins and is shown to strengthen cell-cell
adhesion albeit in other cell systems [274,275]. Such strong intercellular adhesion is shown
to impede cell/colony spreading, which in turn reduces cell-matrix interaction and traction
force exertion [216]. Apart from the cell-cell adhesion stabilization, B-catenin also operates
through promoting the membrane cortex attachment through Ezrin phosphorylation. This
sequesters majority of the F-actin to the plasma membrane due to which cells acquire high
membrane tension which is non-permissive for cell spreading. Also, F-actin being heavily
localized at the cortex implies the force transmitted by the myosin motor activity to integrins
is lowered and might be causing the reduction in traction forces. The impaired force
transmission could also be the reason for reduced nuclear deformation as suggested by lower

nuclear aspect ratio.

In the two conditions where pluripotency dissolution occurred: N2B27 and N2B27+PD,
the media composition doesn’t preserve B-catenin, be it cytoplasmic or nuclear. If the cell-
cell adhesion strengthening and/or membrane cortex tethering functions are compromised,
it is expected to result in increased colony spreading, traction force exertion and nuclear
deformation. Since all these were observed in N2B27 and N2B27+PD, it is highly probable that
the above explanation holds true as to how membrane associated B-catenin influences cell-
matrix interaction and nuclear force transmission. To confirm if indeed this is the mechanism
of action, measuring the expression levels of phosphorylated Ezrin through

immunofluorescence would suffice. To check if the regulation is through stabilization of
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cadherin junction, immunofluorescence staining of E-cadherin phosphorylated at serine
residues — 840/-842/-848 could be performed. The rationale being phosphorylation at any of
these three sites is reported to promote binding affinity to B-catenin thereby increasing
cadherin junction stability [336]. Generating dominant negative cadherin mutants with
mentioned serine residues converted to alanine is an alternative way of confirming cell

adhesion strengthening and thereby pluripotency preservation by B-catenin.

The membrane activity of B-catenin might be of greater significance than its
transcriptional activity, as nuclear translocation of p-catenin is also implicated in
differentiation of both mouse and human ESCs [337]. Besides, nuclear B-catenin is shown to
drive epithelial to mesenchymal transition (EMT) [338, 339], the morphological
transformation that accompanies pluripotency loss in mESCs [61, 62]. To confirm this, mESCs
could be treated with low dose of lithium chloride (LiCl) which has been shown to promote
the translocation of membrane bound B-catenin to the nucleus [340-342]. LiCl treatment
could be performed for mESCs cultured in N2B27 or N2B27+PD and is expected to not alter
the high cell-ECM force transmission observed in these conditions. Non rescue of Rex1-GFP
signal decay and naive pluripotency factor loss further validates that membrane activity of B-

catenin is indispensable for naive pluripotency maintenance.

Overall, through a comprehensive molecular characterization and mechano-response
guantification, this thesis highlights the importance of cell-ECM force transmission for
pluripotency dissolution in mESCs. In vivo, pluripotency loss is followed by gastrulation. As it
occurs in the implanted embryos, elucidating post-gastrulation development and its
regulation by cell-ECM interaction remains a challenge. Given the attributes of sulfo-SANPAH
gels presented in this work and the availability of gastrulation inducing media, it now becomes
experimentally viable to open and to delineate the governing mechanical principles of this

developmental ‘black box’.
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Chapter 6: Conclusions
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In view of the results presented in the thesis, the following conclusions are drawn:

1.

10.

11.

12.

13.

Polyacrylamide gels functionalized with sulfo-SANPAH protocol are ideally suited to
study cell-matrix interaction during mESC pluripotency dissolution.

The temporal changes of transcriptional factor expression associated with pluripotency
dissolution are recapitulated for mESC colonies cultured on sulfo-SANPAH gels.

Gradual pluripotency dissolution for mESC colonies on sulfo-SANPAH gels is attested by
progressive decline in Rex1-GFP fluorescence signal.

Cell-matrix interaction evolves with pluripotency dissolution as signified by an increase in

colony area, focal adhesion length and traction forces of differentiating colonies.

Interferences with cell-matrix force transmission alters the kinetics of pluripotency
dissolution.
The edge of the colonies exhibits a less naive signature and a higher mechanotransduction

profile, which is further amplified when colonies are subjected to N2B27 differentiation.
Shape changes confirm the integration of the nucleus into the mechanotransduction that
accompanies pluripotency dissolution in mESC colonies.

Abrogating nuclear and actin cytoskeleton linkage mildly slows down the pluripotency
dissolution.

Regional differences in the expression of YAP and Nanog are correlated with Nuclear
shape changes

Regional differences in Otx2 expression cannot be adequately explained by nuclear shape
changes.

[-catenin signalling is minimally sufficient to safeguard naive state pluripotency in mESC
colonies.

The transcriptional and mechanical signature of mESC colonies upon [-catenin
preservation mimic those of absolute naive colonies grown in 2i media.

Cell-matrix force transmission forecasts the evolution of pluripotency status in mESC

colonies.
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