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Abstract

This doctoral thesis explores the remarkable domain of mechanobiology,
transcriptional regulation, and its relevance in regenerative medicine. Cells are known
to be plastic, capable of transitioning between different states based on their
microenvironment. Mechanical cues, in particular, have emerged as a potent trigger
for cell-state transitions, such as reprogramming and differentiation, offering exciting
prospects for regenerative medicine. However, the molecular mechanisms underlying

these mechanically induced transitions remained poorly understood.

The first chapter discusses recent work on exploring the role of mechanical
environment and nucleus mechanisms in transcriptional regulation in various cell state
transitions. The second chapter unveils the power of laterally confined growth of
fibroblasts in inducing dedifferentiation programs. The molecular mechanisms
underlying mechanically induced cell-state transitions are illuminated, with a focus on
the critical role of the somatic transcription factor, Lef1. Lef1 has been implicated in
various cellular contexts, but its central role in mechanically induced fibroblast
dedifferentiation emerges as a key finding. Network optimization methods applied to
time-lapse RNA-seq data identify Lef1-dependent signaling as potential regulators of
these transitions, shedding light on Lef1's interaction with downstream reprogramming
factors. Moreover, it identifies Smad4 and Atf2 as potential critical activators of Lef1,
establishing an important mechanotransduction pathway for fibroblast

dedifferentiation.

Building on this foundation, the thesis dives into the rejuvenation of fibroblasts - a key
focus for functional tissue regeneration. Traditional methods of cellular rejuvenation
can be limited, often necessitating complete reprogramming and carrying risks like
genomic mutations and low efficiency. However, the mechanically induced partially
reprogrammed spheroids offer an innovative solution. When embedded in 3D collagen
matrices with optimized stiffness, these spheroids regain fibroblastic properties and
transform into 3D connective tissue networks. These redifferentiated fibroblasts exhibit
reduced DNA damage, enhanced cytoskeletal gene expression, and acto-myosin
contractility. Besides, increased deposition of matrix protein and enhanced collagen



remodeling indicate that these redifferentiated fibroblasts are rejuvenation. This work
highlights efficient fibroblast rejuvenation through mechanical reprogramming,

promising novel approaches in regenerative medicine.

We next investigate mechanical reprogramming and redifferentiation with the goal of
presenting a cellular rejuvenation approach for aged dermal fibroblasts. Aging is
characterized by cellular functional decline and epigenetic changes, necessitating
innovative rejuvenation strategies. Mechanically rejuvenated aged fibroblasts reset
their global transcription profile, upregulating genes related to cell proliferation and
extracellular matrix secretion. Innovative Hi-C analysis reveals genes associated with
aging and rejuvenation within reorganized interchromatin contact regions. Imaging
experiments unveil chromatin compaction changes, and novel measurements based
on Lamina-associated domains (LAD) interactions offer insights into 3D chromatin
organization. The findings introduce a multi-omics analysis approach and contribute
to the understanding of chromatin-mediated cellular rejuvenation, with potential

therapeutic implications.

Finally, we consider the context of tissue regeneration and wound healing, where cell-
based therapies play a pivotal role. Traditional autologous transplantation is hampered
by cellular senescence and reduced remodeling capabilities. The thesis presents an
alternative approach, implanting partially reprogrammed aged human dermal
fibroblasts into in vitro aged skin models for tissue regeneration and wound healing.
The implanted cells exhibit enhanced extracellular matrix protein expression and
synthesis, leading to improved tissue regeneration at wound sites. Transcriptome
analysis and chromatin biomarkers unveil the upregulation of tissue regeneration and
wound healing pathways, offering a novel, non-genetic approach for cell-based

therapies in regenerative medicine.



Zusammenfassung

Diese Doktorarbeit erforscht das bemerkenswerte Gebiet der Mechanobiologie, der
transkriptionellen Regulation und deren Bedeutung in der regenerativen Medizin.
Zellen sind bekanntermalien plastisch und in der Lage, basierend auf ihrer
Mikroumgebung zwischen verschiedenen Zustanden zu wechseln. Mechanische
Signale, insbesondere, haben sich als starker Ausloser fur Zellzustandsubergange,
wie Reprogrammierung und Differenzierung, erwiesen und bieten aufregende
Perspektiven fur die regenerative Medizin. Dennoch sind die molekularen
Mechanismen, die diesen durch mechanische Einflisse ausgelésten Ubergangen

zugrunde liegen, noch wenig verstanden.

Das erste Kapitel befasst sich mit aktuellen Arbeiten zur Erforschung der Rolle der
mechanischen Umgebung und der Mechanismen des Zellkerns in der
transkriptionellen Regulation in verschiedenen Zellzustandsubergangen. Im zweiten
Kapitel wird die Wirkung des lateralen, begrenzten Wachstums von Fibroblasten auf
die Induktion von Dedifferenzierungsprogrammen aufgedeckt. Die Mechanismen, die
den durch mechanische Einflisse verursachten Ubergangen der Zellzustéande
zugrunde liegen, werden beleuchtet, wobei ein Schwerpunkt auf der entscheidenden
Rolle des somatischen Transkriptionsfaktors Lef1 liegt. Lef1 wurde in verschiedenen
zellularen Kontexten impliziert, aber seine zentrale Rolle bei der durch mechanische
Einflusse verursachten Dedifferenzierung von Fibroblasten ergibt sich als eine
Schlusselerkenntnis. Die Anwendung von Netzwerkoptimierungsmethoden auf
Zeitraffer-RNA-Seqg-Daten identifiziert Lef1-abhangige Signale als potenzielle
Regulatoren dieser Ubergange und wirft Licht auf die Wechselwirkung von Lef1 mit
nachgelagerten Reprogrammierungsfaktoren. Daruber hinaus werden Smad4 und
Atf2 als potenzielle wichtige Aktivatoren von Lef1 identifiziert und eine wichtige
Mechanotransduktionspathway fur die Dedifferenzierung von Fibroblasten etabliert.

Auf dieser Grundlage taucht die Arbeit in die Wiederbelebung von Fibroblasten ein -
ein Schwerpunkt fur die funktionelle Geweberegeneration. Traditionelle Methoden der
zellularen Wiederbelebung konnen begrenzt sein und erfordern oft eine vollstandige

Reprogrammierung, was Risiken wie genomische Mutationen und geringe Effizienz



mit sich bringt. Die mechanisch induzierten teilweise reprogrammierten Spharoide
bieten jedoch eine innovative Losung. Wenn sie in 3D-Kollagenmatrizen mit
optimierter Steifigkeit eingebettet werden, nehmen diese Spharoide ihre
fibroblastischen Eigenschaften wieder an und entwickeln sich zu 3D-
Bindegewebsnetzen. Diese verjungten Fibroblasten weisen eine geringere DNA-
Schadigung, eine erhdohte Expression von Genen des Zytoskeletts und eine Aktin-
Myosin-Kontraktionsfahigkeit auf. Die vermehrte Ablagerung von Matrixproteinen und
die Remodelierung von Kollagen deuten auf ihre Verjungung hin. Diese Arbeit hebt
die effiziente  Wiederbelebung von  Fibroblasten durch  mechanische

Reprogrammierung hervor und verspricht neue Ansatze in der regenerativen Medizin.

Im nachsten Schritt untersuchen wir die mechanische Reprogrammierung und die
Redifferenzierung mit dem Ziel, einen zellularen Verjingungsansatz fur gealterte
Dermalfibroblasten vorzustellen. Das Altern ist durch den funktionalen Abbau der
Zellen und epigenetische Veranderungen gekennzeichnet, die innovative
Verjungungsstrategien erfordern. Mechanisch verjungte gealterte Fibroblasten setzen
ihr globales Transkriptionsprofil zuriick und erhdhen die Expression von Genen, die
mit der Zellproliferation und der Sekretion der extrazellularen Matrix in Verbindung
stehen. Innovative Hi-C-Analysen zeigen, dass Gene, die mit dem Altern und der
Verjungung in Zusammenhang stehen, sich innerhalb neu organisierten
Interchromatin-Kontaktregionen befinden. Bildexperimente enthullen Veranderungen
in der Chromatinverdichtung, und neue Messungen basierend auf der Interaktion von
Lamina-assoziierten = Domanen  (LAD) bieten Einblicke in die 3D-
Chromatinorganisation. Die Ergebnisse stellen einen Multi-Omics-Ansatz vor und
tragen zum Verstandnis der chromatinvermittelten zellularen Verjungungsprogramme

bei, mit moglichen therapeutischen Implikationen.

Schliel3lich betrachten wir den Kontext der Geweberegeneration und der Wundheilung,
in dem zellbasierte Therapien eine entscheidende Rolle spielen. Die traditionelle
autologe Transplantation wird durch zellulare Seneszenz und reduzierte Remodeling-
Fahigkeiten behindert. Die Arbeit prasentiert einen alternativen Ansatz, bei dem
teilweise verjungte, gealterte menschliche Dermalfibroblasten in in vitro gealterte
Hautmodelle fur die Geweberegeneration und Wundheilung implantiert werden. Die
implantierten Zellen zeigen eine erhohte Expression und Synthese von extrazellularen
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Matrixproteinen, was zu einer verbesserten Geweberegeneration an den Wundstellen
fuhrt. Die Transkriptomanalyse und Chromatin-Biomarker enthullen die Aktivierung
von Signalwegen zur Geweberegeneration und Wundheilung und bieten einen
neuartigen, nicht-genetischen Ansatz flur zellbasierte Therapien in der regenerativen

Medizin.
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Chapter 1: Introduction

Multicellular organisms, such as animals, plants, and most fungi, consist of various
cell types that work in coordination to maintain tissue integrity and functionality. Cells
that belong to the same cell type share morphological or phenotypical features.
Distinct cell types arise from the selective activation of specific genes, resulting in the
production of different proteins that contribute to the diverse functions and shapes of
these cells. The regulation of gene expression is a highly complex process that can
be influenced by environmental signals, operating at various levels, including gene
transcription, pre-messenger RNA processing, RNA translation, and posttranslational
protein modification. In this introduction chapter, we introduced several topics ranging
from microenvironmental signals, transcriptional regulation to healthcare application,

with the particular focus on the mechanical aspect of the gene expression regulation.

The role of mechanical environment in transcriptional regulation

Within the intricate microenvironment of tissues, cells sense chemical and physical
signals. Chemical signals encompass signaling proteins like FGFs, Hedgehog, Wnts,
and BMPs, which elicit changes in gene expression depending on their concentration
(Y. Xie et al. 2020; Jing et al. 2023; Liu et al. 2022; Salazar, Gamer, and Rosen 2016).
Simultaneously, physical signals, such as shear and tensile forces originating from
blood flow, the extracellular matrix (ECM), or cell-cell adhesion, play crucial roles in
maintaining cellular and tissue homeostasis. For example, endothelial cells are
exposed to both shear and tensional forces and to a combination of growth factors
from the blood flow (Dewey et al. 1981; Gordon, Schimmel, and Frye 2020). Smooth
muscle cells are found in the walls of blood vessels, the digestive tract, and other
organs. They contract and relax to control the movement of fluids and other materials,
and they are constantly under tension (Meiss 2000). Skeletal muscle cells contract
and relax in response to signals, e.g. acetylcholine (ACh) at the neuromuscular
junction, from the nervous system (Lemke and Schnorrer 2017; Rodriguez Cruz et al.
2020). Mesenchymal cells are found in connective tissues throughout the body. They
experience high tensional forces during wound healing, tissue repair, and
development (Brown et al. 1998; Harn et al. 2019). Neurons in the nervous system
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are constantly under tension as they extend and retract their axons and dendrites
(Bueno and Shah 2008). Many cell types can sense compressive forces.
Chondrocytes are the cells that make up cartilage and osteocytes are the cells that
make up bone (Akkiraju and Nohe 2015). They are constantly under compression as
they support the weight of the body and absorb impact.

Numerous mechanisms confer the remarkable capacity of cells to sense both
chemical and physical cues. Membrane-bound receptor complexes form key
components in these mechanisms. For example, integrins within focal adhesion
complexes can sense the rigidity and geometry of the ECM (Z. Sun, Guo, and Fassler
2016). Stretch-activated ion channels assemblies perceive microenvironmental
conditions and adapt the permeability of cell membranes to extracellular ions
(Sukharev and Sachs 2012). Additionally, cadherin adhesion complexes respond to
mechanical signals at cell-cell junctions, mechanically coupling neighboring cells (Yap,
Duszyc, and Viasnoff 2018). Furthermore, G protein-coupled receptors and Notch
receptors are known to respond to both mechanical and biochemical cues in the
microenvironment (Wilde et al. 2022; Hardman, Goldman, and Pliotas 2023; Sprinzak
and Blacklow 2021).

The physical signals cells encounter are embedded within the ECM, an insoluble
network comprising macromolecules secreted by cells. These macromolecules
include collagen, proteoglycans, and specialized glycoproteins such as fibronectin and
Laminin (Frantz, Stewart, and Weaver 2010). The ECM provides critical structural
support and signaling cues for cells. The ECM provides a scaffold for cells to attach to
and grow on. It also helps to transmit forces throughout a tissue, which is important
for functions such as muscle contraction (Csapo, Gumpenberger, and Wessner 2020).
The ECM can influence cell proliferation and differentiation (Dolega et al. 2021; Senoo
and Hata 1994). It facilitates cell adhesion, migration and gene expression (Walma
and Yamada 2020).

One exemplary mechanism illustrating a cell's ability to sense its local mechanical
environment is through the formation of focal adhesion complexes. These complexes
serve as sensory hubs, relaying mechanical information from the extracellular

environment to the intracellular machinery (Bershadsky, Balaban, and Geiger 2003).
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Once mechanical properties of the environment are detected through these
complexes, various cellular responses are initiated, including post-translational
modifications of proteins bound within focal adhesions and remodeling of the
cytoskeleton. Beyond sensing the mechanical properties of the extracellular matrix,
cell-cell communication also involves mechanical aspects, alongside biochemical
signaling pathways (Yap, Duszyc, and Viasnoff 2018). These intertwined processes
collectively influence cellular gene expression and mechanical properties, allowing

cells to adapt to their surroundings.

Alterations in gene expression and in cellular mechanical properties are pivotal
outcomes of the response to mechanical signals. The shape of cells, a defining feature
of different cell types, significantly influences cellular functions (Prasad and Alizadeh
2019). For instance, neurons have distinctive shapes conducive to their function, while
muscle cells possess elongated structures that aid in contractility. Epithelial and
fibroblast cells experience tensional forces and exhibit distinct shapes associated with
their specialized roles.

The cell's shape also impacts cytoskeleton organization and regulates gene
expression (Hall 1998; Schakenraad et al. 2020). The polymerization state of actin
affects the cytoplasmic-to-nuclear shuttling of various transcription factors. MRTF is a
transcription factor that is normally bound to globular actin (G-actin) in the cytoplasm
(Hill, Wynne, and Treisman 1995; Miralles et al. 2003; Morita and Hayashi 2013).
When actin polymerizes, MRTF is released and translocates to the nucleus, activating
MRTF-SRF signaling and transcription of genes involved in cell migration and
proliferation. NF-kB is a transcription factor that is normally sequestered in the
cytoplasm by its inhibitor, IkB. When actin polymerizes, IkB is degraded, allowing NF-
KB to translocate to the nucleus and activate transcription of genes involved in
inflammation and immunity (Németh et al. 2004; Mitra et al. 2017). Furthermore,
mechanotransduction pathways involving transcription factors like YAP and TAZ are
regulated by the actomyosin cytoskeleton (Dasgupta and McCollum 2019).

The perception of mechanical signals from the microenvironment has profound
functional implications in tissue homeostasis and cell fate determination. For example,

mesenchymal stem cells sense the rigidity of the ECM as part of their differentiation
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process (Engler et al. 2006). Hematopoietic stem cells respond to shear forces
generated by blood flow to differentiate into various blood cell lineages (Honghu Li et
al. 2021). Epithelial cells can undergo an epithelial-mesenchymal transition in
response to local mechanical cues, which is crucial in establishing early
developmental expression programs (Schiffhauer and Robinson 2017; Gracia et al.
2019). Notably, defects in cellular mechanosensory processes have been linked to
diseases such as fibrosis, compromised immune responses, cardiomyopathies, and

various types of cancer (Jaalouk and Lammerding 2009; Di et al. 2023).

Unraveling the genetic, molecular, and cellular mechanisms underlying mechanical
signal-induced cellular changes necessitates a combination of generic and specific
experimental tools and computational approaches. Generic techniques include
quantitative reverse transcription polymerase chain reaction (QRT-PCR), next-
generation sequencing technologies, Western blotting, immunocytochemistry, high-
resolution imaging, and live cell imaging. Specific experimental tools encompass
surface patterning, 3D cell culture, local force measurement techniques (e.g., traction
force microscopy and micropillar arrays), microscopy techniques (e.g., particle
tracking, fluorescence recovery after photobleaching [FRAP], and Forster resonance
energy transfer [FRET]), and RNA interference techniques for gene function analysis.

The role of nuclear morphology and chromatin organization in transcriptional

regulation

Cells, whether in tissues or in culture, experience continuous mechanical stresses that
profoundly affect their growth, differentiation, and migration. Understanding the
mechanical properties of living cells is essential for investigating how extracellular
biochemical or physical signals are processed and transduced. Different cell types
exhibit distinct subcellular mechanical properties, influencing their response to
mechanical stresses. Neurons are relatively soft cells, with a stiffness of around 1-10
kPa. Cancer cells are often less stiff than normal cells, with a stiffness of around 1-10
kPa. Stem cells are also relatively soft cells, with a stiffness of around 1-10 kPa.
Fibroblasts are much stiffer cells, with a stiffness of around 10-100 kPa. There can be
a great deal of variation in stiffness within a given cell type. For example, neurons that
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have been injured or stressed may become stiffer, while cancer cells that are actively
migrating may become less stiff (Franze, Janmey, and Guck 2013; W. Xu et al. 2012).
The stiffness of a cell can have a significant impact on its behavior. For example, stiffer
cells are more likely to spread out and adhere to surfaces, while softer cells are more
likely to remain rounded and mobile (W. Xu et al. 2012; Daniel et al. 2023). Stiffer cells
are also more resistant to deformation, while softer cells are more easily deformed.
The stiffness of a cell is also thought to play a role in cell differentiation and gene
expression. For example, stem cells that are cultured on stiff substrates are more likely
to differentiate into bone cells, while stem cells that are cultured on soft substrates are
more likely to differentiate into neuronal cells (Even-Ram, Artym, and Yamada 2006;
Engler et al. 2006).

The mechanical properties of the nucleus and its regulation play a pivotal role in
transcriptional regulation and genome integrity. These properties are determined by
the interplay between the cytoskeleton-nucleus linkage, the integrity and composition
of the nuclear Lamina, and the degree of DNA packaging into chromatin (D.-H. Kim
and Wirtz 2015; Lombardi and Lammerding 2010; Rowat, Lammerding, and Ipsen
2006; X. Wang et al. 2018; Shivashankar 2011). Studies on the intranuclear regions
revealed that the intranuclear region is much stiffer, more elastic, and more solid-like

than the cytoplasm (Tseng et al. 2004)

Mechanical stresses are transmitted to the nucleus through cytoskeletal structures,
and the cytoskeleton significantly influences nuclear mechanics. The cytoskeleton is
made up of three main types of filaments: actin filaments, microtubules, and
intermediate filaments. All three types of cytoskeletal filaments can affect nucleus
mechanisms in different ways. Actin cytoskeleton link to the nucleus and regulate the
nucleus positioning and shape (Davidson and Cadot 2021). Microtubules exert
cytoplasmic forces on the nucleus by establishing transient or stable connections with
nuclear envelope elements and are involved in nuclear positioning and division
(Shokrollahi and Mekhail 2021). Microtubules and Intermediate filaments help to
maintain the integrity of the nuclear envelope (Patteson et al. 2019; Almeida et al.
2015). They also play a role in nuclear size and shape. The regulation of nucleus
shape and positioning by these three type of cytoskeleton is important for protecting

the nucleus from damage during cell movement and division.
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When a cell experiences a mechanical force, such as stretching or compression, the
cytoskeleton is deformed. This deformation is transmitted to the nucleus through the
linker of nucleoskeleton and cytoskeleton (LINC) complex, which allows for direct
mechanical signal transmission (Tzur, Wilson, and Gruenbaum 2006; Worman and
Gundersen 2006). The LINC complex is made up of two main types of proteins SUN
protein and Nesprin protein. SUN proteins are located on the inner nuclear membrane.
Nesprin proteins are located on the outer nuclear membrane. SUN and nesprin
proteins interact with each other through a specialized domain called the KASH
domain (Crisp et al. 2006). The LINC complex plays a vital role in mechanical signal
transmission between the nucleus and the cytoplasm. For example, when a muscle
cell is stretched, the LINC complex transmits the mechanical signal to the nucleus,
which triggers changes in gene expression that lead to muscle growth (Van Ingen and
Kirby 2021). The LINC complex is also essential for the embryogenesis and function
of many tissues and organs (X. Zhang et al. 2009; Mrol} et al. 2018; Luke et al. 2008).
Mutations in LINC complex proteins can lead to a variety of diseases, including
muscular dystrophy, Hutchinson-Gilford progeria syndrome, and Laminopathies (C.-
Y. Chen et al. 2012; Meinke et al. 2014; Puckelwartz et al. 2010).

The transmission of mechanical stress from the local environment, through the
cytoskeleton and LINC complex, to the nucleus results in various consequences,
including alterations in nucleus size, shape, and dynamics (Crisp and Burke 2008;
Vahabikashi et al. 2022). Different cell types exhibit distinct nuclear sizes and shapes,
influencing their capacity for nuclear deformation, which, in turn, depends on nuclear
stiffness, levels of nuclear Lamins (Lamin A/C and Lamin B), and the structural role of
Lamin A/C proteins in binding to inner nuclear membrane proteins. For example, stem
cells feature lower levels of Lamin A/C and softer nuclei, while somatic cells possess
higher levels of Lamin A/C, resulting in tissue-specific nuclear stiffness
(Constantinescu et al. 2006; Eckersley-Maslin et al. 2013).

The nucleus of a fibroblast is a dynamic structure that can change its shape and
orientation in response to changes in the cell's microenvironment. This is thought to
be important for allowing fibroblasts to adapt to different mechanical forces and to
communicate with other cells in the tissue (Langevin et al. 2010; Maninova et al. 2013;
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Brasch et al. 2019). One example of how fibroblasts adapt their nucleus shape and
orientation to facilitate long-range mechanical coupling is during wound healing (X. Li
et al. 2017). When a wound occurs, the fibroblasts at the edge of the wound become
aligned with each other and parallel to the wound and their nuclei become more
elongated (X. Li et al. 2017; Laufer et al. 1974). This allows the fibroblasts to generate
and transmit forces more effectively and drive collagen orientation, which helps to
close the wound (Richardson and Holmes 2016). In addition, nuclei exhibit dynamic
behaviors, including translational motility and rotation and are important in neuronal
migration, muscle cell development, etc. (Nakazawa and Kengaku 2020; Hickey and
Pelling 2017; Wilson and Holzbaur 2012).

In recent years, it has become increasingly evident that the spatial organization of
genetic material within the nucleus profoundly influences transcriptional regulation.
From stem cells to somatic cells, the compaction state of chromatin correlates closely
with nucleus shape, dynamics, and transcriptional profiles. For example, stem cells
have nuclei with relaxed chromatin, which makes their nuclei more mobile and allows
them to differentiate into different types of cells (Delgado-Olguin and Recillas-Targa
2011; Schlesinger and Meshorer 2019; Talwar, Jain, and Shivashankar 2014).
Somatic cells, on the other hand, have nuclei with condensed chromatin, which makes
their nuclei less mobile and allows them to stabilize in specific cell types. Besides,
chromatin organization involves different regions of the nucleus, including
heterochromatin and euchromatin, as well as Lamina-associated domains (LADs).
Regulation mechanisms encompass post-translational modifications of histones and
chromatin structural changes (Bannister and Kouzarides 2011; Valencia and Kadoch
2019).

A significant gap in our understanding lies in the mechanotransduction pathways that
link nuclear mechanical properties to gene expression programs, within the context of
the spatial and temporal organization of the genome (Uhler and Shivashankar 2017).
A comprehensive understanding of this coupling necessitates detailed observations of
processes occurring at different regions of the nucleus. Advanced techniques,
including high-resolution imaging and quantitative image analysis, as well as various

sequencing methods such as Hi-C-seq and ATAC-seq, along with labeling techniques
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like FISH and perturbation methods such as laser ablation and magnetic tweezer

techniques, are indispensable for elucidating these complex interactions.

Cell state transition in vivo and in vitro

Every somatic cell nucleus harbors the entire genome, and even inactive genes retain
the potential for expression. A small subset of genes is specific to each cell type, and
cells within tissues undergo dynamic processes of differentiation, transdifferentiation,
and dedifferentiation during development and disease (D. H. Kim et al. 2017; Przybyla,
Muncie, and Weaver 2016; Thiery et al. 2009). Understanding the plasticity of cellular
transcriptional states during these transitions is fundamental to comprehending
healthy and pathological cell behaviors (Shen and Clairambault 2020; Huyghe,
Trajkova, and Lavial 2023).

A pivotal discovery illuminating the plasticity of cellular states is the identification of
four transcription factors (Oct4, Sox2, Klf4 and cMyc) capable of reprogramming
somatic cells into stem-like cells, with profound implications for regenerative medicine
(Takahashi and Yamanaka 2006). Cellular reprogramming has significant applications,
including the generation of induced pluripotent stem cells (iPSCs) and potential
therapies for various diseases. Beyond the exogenous expression of transcription
factors, alternative routes of cellular reprogramming have also been demonstrated.
For example, small compounds have been shown to induce reprogramming processes,

expanding the toolkit for manipulating cellular states (Hou et al. 2013).

Mechanical signals, such as the topology and stiffness of the matrix, can also induce
cell state switches. Placing stem cells on matrices with varying stiffness can direct
their differentiation into distinct lineages, underscoring the profound impact of
mechanical cues on cell behavior (Even-Ram, Artym, and Yamada 2006; Engler et al.
2006). Extreme mechanical deformations, such as strong shear, strain, or
compression, can sometimes prompt cells to alter their gene expression profiles as a
countermeasure (Nava et al. 2020). In extreme cases, this can lead to changes in cell
type and initiate transdifferentiation processes, with potential implications for diseases
like cancer (Jiang et al. 2023). However, it remains uncertain whether it is possible to
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reprogram somatic cells solely by leveraging mechanical signals without the need for
exogenous biochemical factors. Moreover, the transcriptional regulation and the
intricacies of cellular and nuclear mechanisms under prolonged exposure to

mechanical stimuli remain areas that warrant investigation.

Aging is associated with functional decline, characterized by various cellular changes,
including extracellular matrix (ECM) degradation, transcriptional and epigenetic
modifications, cytoplasmic stiffening, and decreased nuclear stiffness (Phillip et al.
2015; Schulze et al. 2010). Reversing age-associated cell states requires addressing
deficiencies in mechanosensing and mechanotransduction, as well as adapting to the
mechanical signals from the aged ECM environment. For example, the use of F-actin-
depolymerizing drugs like cytochalasin B has demonstrated the restoration of cellular
mechanical properties (Sokolov, lyer, and Woodworth 2006). Recent studies have
shown that the transient expression of reprogramming factors (Oct4, Sox2, Klf4, and
c-Myc) in mouse models can improve recovery from age-associated phenotypes
(Ocampo et al. 2016). However, the mechanisms underlying the restoration of spatial
chromatin organization and the cellular and nuclear changes associated with cellular

rejuvenation remain insufficiently understood.

In summary, the intricate interplay between the mechanical environment,
transcriptional regulation, and cellular state transitions is multifaceted. Investigating
cellular processes such as mechanosensing, chromatin organization, and cellular
reprogramming is crucial for comprehending how cells respond to their mechanical
surroundings and adapt to various contexts, both in health and disease. This research
seeks to unravel the complex mechanisms governing these processes through a
combination of experimental and computational approaches. By doing so, it aims to
illuminate fundamental aspects of cell biology and explore potential applications in

regenerative medicine and disease therapy.

Aims of the present work

The primary objective of this Ph.D. thesis research is to explore and elucidate the

intricate relationships between mechanical cues, cellular reprogramming and
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rejuvenation, transcriptional regulation, and chromatin organization. The study is

driven by the following key research purposes:

1.

Understanding Mechanotransduction in Cellular State Transitions:
Investigate how cells sense and respond to sustained mechanical signals within
their microenvironment to regulate transitions between different cellular states.
Specifically, the research aims to identify the transcriptional regulatory
mechanisms underlying mechanically induced reprogramming, with a focus on
the role of transcription factor Lef1 and its upstream and downstream signaling
pathways.

Transcriptional and Chromatin Organization Changes in Cellular
Rejuvenation: Explore the epigenetic mechanisms underlying cellular
rejuvenation, with a specific focus on transcriptional changes and genome-wide
chromatin organization. Investigate how mechanically rejuvenated cells reset
their transcriptional profiles and how this correlates with changes in chromatin
organization, including chromosome radial positioning and Lamina-associated
domains.

Rejuvenating Somatic Cells in Skin Model: This involves investigating how
mechanical confinement and micro-patterned substrates can induce stem-cell-
like properties and rejuvenation of aged fibroblasts, with a particular emphasis
on their cellular and nuclear morphological changes and the implications for

tissue engineering and regenerative medicine.

Thesis outline

Chapter 1: Introduction

This chapter provides the foundation for this thesis, highlighting the current

understanding on mechanotransduction. Specifically, it will discuss how cells respond

to mechanical cues in their microenvironment and adjust transcriptional regulation and

lead to cell state transition. This chapter also discuss the importance of cellular

reprogramming in regenerative medicine.
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Chapter 2: Lef1 dependent transcriptional regulation mechanical induced
reprogramming
This chapter will delve into the molecular mechanisms behind mechanically induced
cell-state transitions, focusing on Lef1 and its signaling pathways. It will also explore
the upstream activation pathways of Lef1 and their contributions to fibroblast
dedifferentiation.

Chapter 3: Cytoskeleton pathways and chromatin reorganization in mechanical
induced reprogramming and rejuvenation

This chapter aims to investigate the rejuvenation of fibroblasts through mechanical
means, focusing on the epigenetic mechanisms involved in cellular aging and
rejuvenation. This chapter will detail the experiments involving the growth of fibroblasts
on micro-patterned substrates, their response to 3D collagen matrices, and the
resulting changes in gene expression, contractility, matrix deposition, and collagen
remodelling. Additionally, it will discuss the implications of open chromatin states in
partially reprogrammed cells for their redifferentiation potential. This chapter further
studies the transcriptional and genome-wide chromatin organization changes
observed in young, aged, and mechanically rejuvenated fibroblasts.

Chapter 4: Rejuvenation of aged fibroblasts in human skin model

This chapter explores the potential applications of the research findings in cell-based
therapies for tissue regeneration and wound healing during aging. This chapter will
discuss the implantation of partially reprogrammed aged fibroblasts into an in vitro
aged skin model and the resulting enhancements in extracellular matrix protein
expression, synthesis, and alignment. It will also detail the transcriptome analysis and
chromatin biomarkers that reveal the upregulation of tissue regeneration and wound
healing pathways, showcasing the novel non-genetic avenue for regenerative

medicine.

Chapter 5: Conclusion

In the concluding chapter, the thesis will summarize the key findings, their implications,
and potential future research directions in the field of mechanotransduction, cellular
reprogramming, and chromatin organization, ultimately highlighting the significance of
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this work in advancing our understanding of cellular rejuvenation and its applications

in regenerative medicine.
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Chapter2: Lef1 dependent transcriptional regulation mechanically

induced reprogramming

This part of the result section is adapted from paper:

Luezhen Yuan, Bibhas Roy, Prasuna Ratna, Carolin Uhler, G.V. Shivashankar,

Lateral confined growth of cells activates Lef1 dependent pathways to regulate cell-
state transitions, Scientific Reports 2022.
DOI: 10.1038/s41598-022-21596-4

| contributed to this publication by planning and conducting experiments, data analysis
and writing the manuscript. In particular, | was involved in cell culture on micro
patterned substrate, immunostaining, fluorescent imaging, image analysis, RNAI,

gPCR and RNAseq analysis.

Introduction

Cells within in vivo systems continually undergo various cellular state transitions,
including differentiation, trans-differentiation, and dedifferentiation, which are vital in
processes such as embryonic development, tissue repair, and disease progression,
including cancer (D. H. Kim et al. 2017; Przybyla, Muncie, and Weaver 2016; Thiery
et al. 2009). These transitions are orchestrated by complex signaling pathways and
transcription factors that guide cell fate determination and lineage commitment during
development and tissue homeostasis. Moreover, these processes can be disrupted,

contributing to pathological conditions.

Embryonic development relies on precise differentiation programs that give rise to
diverse tissues and organs. Similarly, tissue repair involves trans-differentiation events
that allow cells to adapt to injury-induced changes, such as the transformation of
keratinocytes into fibroblasts or myofibroblasts during skin wound healing.
Dedifferentiation, conversely, refers to mature cells reverting to a more stem cell-like
state, facilitating tissue regeneration and repair. However, when dysregulated,
dedifferentiation can promote cancer progression by conferring stem cell-like
properties to cancer cells, which may lead to therapeutic relapse (Walcher et al. 2020).
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Therefore, understanding and controlling these cellular transitions are pivotal for both

physiological and pathological processes.

In 2006, Shinya Yamanaka's ground-breaking discovery revolutionized stem cell
research by demonstrating that the constitutive expression of four transcription factors
- Oct4, Sox2, KlIf4, and cMyc - could reprogram somatic cells into induced pluripotent
stem cells (iPSCs) in vitro (Takahashi and Yamanaka 2006). iPSCs are similar to
embryonic stem cells (ESCs) in their ability to differentiate into any cell type in the
body, but they are generated from adult cells rather than embryos, circumventing the
ethical issues associated with the use of embryos. Since this discovery, researchers
have made significant progress in understanding the molecular mechanisms
underlying reprogramming, and have developed new methods to improve the
efficiency and safety of iPSC generation. For example, researchers have identified
additional transcription factors and small molecules that can enhance reprogramming
efficiency or replace the need for some of the original factors, and have developed
new delivery methods, such as non-integrating viral vectors or modified mRNA, to
reduce the risk of genomic integration and tumorigenesis (Hou et al. 2013; Deng et al.
2015). Additionally, iPSCs have been used for a wide range of applications, including
disease modelling, drug screening, and cell therapy. iPSCs can be generated from
patients with genetic diseases or disorders, allowing researchers to study disease
mechanisms and test potential therapies in vitro. iPSCs can also be differentiated into
specific cell types, such as neurons or cardiomyocytes, for drug screening or cell
replacement therapies. Overall, the discovery of iPSCs has opened up new avenues

for stem cell research and has the potential to revolutionize regenerative medicine.

While the discovery of induced pluripotent stem cells (iPSCs) has revolutionized the
field of stem cell research, it is important to note that in vivo, various types of cell-state
transitions occur in the absence of exogenous Yamanaka factors. Recent studies have
shown that the local mechanical microenvironment can play a crucial role in the
modulation of cell-state transitions (Shivashankar 2019). The stiffness of the
extracellular matrix can affect gene expression and cellular response, leading to
changes in cell state. Studies have shown that increased matrix stiffness can activate
the Yes-associated protein (YAP)/transcriptional coactivator with PDZ-binding motif
(TAZ) pathway, which promotes cell proliferation and differentiation (Cai, Wang, and
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Meng 2021; Dupont et al. 2011). Epithelial cells can undergo a transition to a
mesenchymal state in response to mechanical cues such as substrate stiffness,
tension, or compression, a process known as epithelial-mesenchymal transition (EMT)
(Rice et al. 2017). During EMT, cells lose their polarity and cell-cell contacts, and
acquire migratory and invasive properties. The reverse process, mesenchymal-
epithelial transition (MET), can occur in development, allowing cells to regain epithelial
characteristics (D. Pei et al. 2019). Overall, the local mechanical microenvironment
plays a critical role in the modulation of cell-state transitions in vivo, highlighting the
importance of considering the physical cues in the design of regenerative therapies
and tissue engineering strategies.

A recent study from our lab demonstrated that fibroblasts cultured in laterally confined
microenvironments may acquire stemness-like properties after multiple cell divisions
(Roy et al. 2018). In that study, we used microfabrication techniques to create laterally
confined rectangular patterns on a 2D substrate, which restricted the growth of
individual cells in XY direction. After several divisions, the confined fibroblasts showed
changes in gene expression and nuclear reprogramming, leading to the acquisition of
stemness-like properties. Importantly, this reprogramming occurred in the absence of
exogenous biochemical factors, suggesting that mechanical cues alone were sufficient
to drive the cell-state transition. However, the wunderlying nuclear

mechanotransduction pathways driving such cell-state transitions are unclear.

Recent single-cell experiments have revealed how cells undergo dedifferentiation in
three steps upon constitutive expression of Yamanaka factors (Schiebinger et al.
2019). In the initiation phase, cells gradually repress somatic cell genes and undergo
mesenchymal-to-epithelial transition via complex biochemical regulatory pathways. In
the maturation phase, cells rapidly acquire an iPSC gene expression profile, coupled
with the sequential activation of Oct4, Nanog, and Sox2 (Stadhouders et al. 2018).
Finally, in the stabilization phase, cells gain an endogenous pluripotency network
(Theunissen and Jaenisch 2014). Given the important role of reprogramming factors
in rewiring the genome and establishing the stem cell gene expression profile, we
speculated that in fibroblasts grown under lateral confinement, somatic transcription
factors would be required to activate the endogenous factors to induce cell-state
transitions. Supporting this hypothesis, previous studies have shown that altering cell
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geometry can mechanically induce epigenetic modifications in somatic cells and
activate downstream transcription factors such as YAP, mRTFA, and p65 (Downing et
al. 2013; Dupont et al. 2011; Jain et al. 2013). Since the fibroblast cell-state transitions,
using lateral confinement, is controlled by cell geometry changes, we hypothesized
that matrix dependent mechanotransduction pathways must exist to ensure the

regulation of genome programs.

In this study, we utilized time-lapse RNA-seq analysis and a network optimization
method based on Prize-Collecting Steiner Trees to investigate the mechanisms
underlying lateral confinement induced fibroblast cell-state transition. Specifically, we
identified Lef1-dependent pathways as critical regulators of this transition. To further
investigate this pathway, we used ChIP-qgPCR to show that Lef1 directly interacts with
its target promoter during cell-state alterations. Additionally, we analyzed the upstream
activation pathways of Lef1 and identified Smad4 and Atf2 as potential upstream
regulators. These findings have important implications for understanding the coupling
between nuclear mechanotransduction and cell-state transitions, and suggest a
potential role for Lefl1-dependent pathways in regulating these transitions.
Furthermore, this research provides insight into the molecular mechanisms that drive
cellular reprogramming and could inform the development of new approaches for

regenerative medicine.

Material and Methods

Microcontact printing

To create micro-patterned substrates, we fabricated polydimethylsiloxane (PDMS)
stamps following a previously described protocol (Jain et al. 2013). Subsequently, we
used these stamps to pattern fibronectin (0.1 mg/ml working solution, Sigma F1141)
onto uncoated hydrophobic polymer dishes (lbidi 81151), generating rectangular
fibronectin islands measuring approximately 19 x 95 ym (approximately 1800 um*2).
To prevent cell adhesion outside of these islands, we passivated the dish with 0.2%

Pluronic acid for 5 minutes and washed it three times with PBS.

Lateral confinement growth of NIH 3T3 cells
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Fibroblast growth was performed as per the protocol described previously (Roy et al.
2018). NIH 3T3 cells were obtained from ATCC and maintained in standard NIH 3T3
cell culture medium, consisting of DMEM high glucose (Gibco, Thermo Fisher
Scientific 11965092) supplemented with 10% (vol/vol) FBS (Gibco; Thermo Fisher
Scientific 16000044) and 1% (vol/vol) penicillin-streptomycin (Gibco; Thermo Fisher
Scientific 15140122). For this study, cells between passages 10 and 20 were used
and cultured at 37°C in a humidified atmosphere with 5% CO2. Individual NIH 3T3
fibroblast cells (at a concentration of 7000 cells per mL) were seeded onto the
fibronectin-patterned islands. Unattached cells were washed off after approximately
30 minutes. Standard NIH 3T3 cell culture medium was used for the initial 6 days,
followed by a switch to mouse ES medium (Merck Millipore, ES-101-B). Medium
changes occurred every 48 hours. To block the interaction between Beta-catenin and
TCF family transcription factors, we employed 25 yM iCRT3, using an equivalent
volume of DMSO as a control.

Quantitative real-time PCR (qRT-PCR)

We utilized gRT-PCR to quantify the mRNA levels of genes of interest. After removing
the cell culture medium, we lysed the cells and isolated total RNA using the RNeasy
Plus Mini Kit (Qiagen 74134). Reverse transcription was carried out with an iScript
cDNA synthesis kit (Bio-rad, 1708891) on a thermal cycler (Bio-rad C1000).
Subsequently, quantitative PCR was performed on a real-time PCR system (Bio-rad
CFX96) for 40 cycles, using Evagreen supermix (Bio-rad 1725200). To determine the
fold changes in mRNA levels compared to the control sample, we employed the AACt
method, normalizing to Polr2a levels. The primer sequences used are listed below
(Table 2-1).

Genes Forward Reverse

Lef1 GTAGCTGAGTGCACGCTAAA TAATTGTCTCGCGCTGACC

Oct4 AGACCACCATCTGTCGCT CAATGCTAGTTCGCTTTCTC
Nanog CAAACCAAAAAGAGCCATTCAAGCTT | GTCGGCTTCTGTGTATAAGCAGA
Promoter
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Oct4 CTTTGAGGAGAGGTGGAGAGCT GCCTTGGCTGGACAATCCT

Promoter

Table 2-1. Primers used for qRT-PCR and ChIP-qPCR.

RNA interference

Lef1 siRNA and control siRNA (Dicer-Substrate siRNA) were designed by Integrated
DNA Technologies. The sequences of the siRNAs used are listed in Table 2-2.
Transfection was carried out using Lipofectamine 3000 (Thermo Fisher L3000015)
along with reduced serum medium (Opti-MEM, Thermo Fisher 31985070). Cells,
initially seeded in Ibidi dishes with 1 mL of cell culture medium for 3 hours, were treated
with 1.5 pL Lipofectamine and 10 pmol siRNA. The same medium-changing schedule
as described under "Lateral Confinement Growth of NIH 3T3 Cells" was followed.

Dicer substrate | Sequence Target exon
siRNA (for
NM_010703)

Lef1 siRNA 1 GUGCGUCAAUGCUCAUUUUAACAACUG | 12
GUUGUUAAAAUGAGCAUUGACGCAC

Lef1 siRNA 2 CAUGAAAGCAUUCAGAGGCUUCUUAAU | 8
UAAGAAGCCUCUGAAUGCUUUCATG

Lef1 siRNA 3 GGCAUCAUUAUGUAGCCAGAGUAACUG | 3
GUUACUCUGGCUACAUAAUGAUGCC

Table 2-2. Sequences of the Dicer substrate siRNA and target exons.

Immunostaining

For immunostaining, cells were cultured in polymer dishes as described previously
(Roy et al. 2018). Cells were fixed for 20 minutes using a 4% (by weight) formaldehyde
solution (Sigma-Aldrich 252549). Subsequently, cells were permeabilized with 0.5%
(by volume) Tween 20 (Sigma-Aldrich P1379) in PBS for 20 minutes and then blocked
with 1% (by weight) bovine serum albumin (BSA, Sigma-Aldrich A7906) and 22.5
mg/mL glycine in PBST (0.1% by volume Tween 20 in PBS) for 30 minutes. Cells were
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incubated with primary antibodies diluted in 1% BSA in PBST at 4°C overnight,
followed by incubation with secondary antibodies in 1% BSA at room temperature for
1 hour. Finally, nuclei were stained with DAPI or Hoechst (Thermo Fisher Scientific
R37606 or R37605) fluorescent dyes. The primary antibodies used included Atf2
(Abcam ab32019), Beta-Catenin (Abcam ab19381), GEF-H1 (Abcam ab155785), Lef1
(Abcam ab137872 and ab52017), Oct4 (Abcam ab19857), RNA pol Il (Abcam ab5408),
and Smad4 (CST 46535).

Live cell imaging setup

We conducted imaging using a Nikon A1 confocal laser scanning microscope
equipped with a 40X water immersion objective. Samples were imaged every 8
minutes for approximately 7 hours. Within each 8-minute time window, we selected 17
colonies for imaging. We captured 31 z-stack images covering 30 um with a step size
of 1 ym to fully encompass each colony. The incubator covered the entire microscope
body, maintaining a 5% CO2 and 37°C temperature. Nuclei stained with DAPI are
shown in blue, and colony shape was imaged using a 640 nm laser in Differential
Interference Contrast (DIC) mode.

To assess cell death under the lateral confinement cell culture conditions, we stained
all the nuclei with Hoechst and the dead nuclei with DRAQ7. DRAQ7 is non-permeant
to live cells and is then used for the staining of dead cells. After incubating the samples
with both Hoechst and DRAQ7 dyes for 30 minutes, we imaged them in live condition

to determine the number of dead cells.

Imaging for quantifying size of the colonies

Green fluorescence images stained by actin were acquired using a Nikon A1 confocal
microscope with a pinhole size of 8 Airy units (AU). To quantify spheroid size,
individual spheroids were segmented from the background using the Otsu
thresholding method in Fiji, and their projected areas were measured.

Fix cell imaging setup

Samples were imaged using Nikon A1R or Nikon A1 confocal laser scanning
microscopes. Confocal images were acquired using a 20X 0.75 NA objective, a 60X
1.4 NA oil objective, or a 100X 1.4 NA oil objective. Confocal z-stack images were
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captured with 1 or 2 micron z-steps, with the z-depth no more than 60 microns from
the bottom of the dish. DIC images were also acquired using the Nikon A1 confocal

microscope.

To measure nuclear fluorescence intensity for proteins of interest, each DAPI-stained
nucleus was segmented in 3D from the background and separated from other nuclei.
Rough 3D segmentations were obtained by combining local and global Otsu
thresholding in 2D for all z-planes. For each segment in each z-plane, watershed
segmentation was used to separate spatially overlapping nuclei (due to imaging
resolution limitation), using a rough nuclear diameter of 10 microns. An in-house
software was used to link the segmented 2D nucleus planes in the z-axis by finding
the segments with the closest centroid distance. From the distribution of the closest
center distance, a threshold of 1 micron was selected to determine whether two 2D
segments belonged to the same or different nuclei in neighboring z-planes. A second
threshold of 100 cubic microns was used to filter out 3D segments derived from the
previous steps with volumes that were too small. Fluorescence intensity within the
nucleus was normalized to the volume of the segmented 3D nucleus. We also used

Imaris software to obtain nuclear fluorescence intensities for proteins of interest.

ChIP-qPCR and Epitect assay

ChIP-gPCR was performed as described previously (Roy et al. 2018). Cells were
crosslinked with formaldehyde and quenched with glycine. After cell lysis, chromatin
was digested using Hindlll restriction enzyme (Thermo Fisher FD0505). A ChlP-grade
anti-Lef1 mouse antibody (Merck 17-604) was coupled with Dynabeads coated with
sheep anti-mouse antibody (ThermoFisher 11201D). Beads were added to the
chromatin to isolate DNA associated with Lef1. Following immunoprecipitation (IP),
precipitated chromatin was treated with Proteinase K (Thermo Fisher 4333793), and
DNA was isolated using the sodium acetate method. PCR primers were either
obtained from the Epitect array (Qiagen 334211) or reported in Table 2-1.

RNA-seq analysis

RNA-seq data were generated in a previous study in our lab (Roy et al. 2018). The
study included four conditions: 3 hours, 3 days, 6 days, and 10 days after cell seeding,
each with three biological replicates and four technical replicates. We used the tophat
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(v2.1.1) sequence alignment software to map sequencing reads to the mouse genome
(GenBank Assembly ID GCA_000001635.8), downloaded from Ensembl, with default
parameters (D. Kim et al. 2013; Zerbino et al. 2018). Genome annotation files were
also obtained from Ensembl. The four technical replicates were combined after
sequence alignment. The cufflinks (v2.2.1) software was used to calculate the number
of reads for each RNA isoform (Trapnell et al. 2010). To obtain the count number for
each gene, we combined the number of reads for RNA isoforms from the same gene,
deriving reads per million (RPM) values. These values were used in the differential
gene expression analysis tool DESeq2 (v1.20.0) (Love, Huber, and Anders 2014).
Genes showing significant differential expressions had adjusted p values (Benjamini—
Hochberg) below 0.01. Additional RNA-seq datasets for analysis were downloaded
from the NCBI-SRA database, with accession IDs listed in Figure 2-5A.

Prize-Collecting Steiner Tree analysis

Prize-Collecting Steiner Tree analysis is a network analysis method used to identify
critical functional contexts for specific genes of interest within the global interaction
network (S. -s. C. Huang and Fraenkel 2009). It takes input in the form of an interaction
network with assigned values to nodes (prizes) and edges (costs). To represent
transcriptional regulatory pathways in mice (Mus Musculus), we utilized protein-protein
interaction (PPI) data from the STRING database, containing 15,564 proteins and
975,722 interactions. Additionally, we incorporated transcription factor (TF)-target
gene relationships from 13 sources, including the TRANSFAC and JASPAR
databases, comprising 387 TFs and 19,790 protein-coding gene targets collected from
the Harmonizome and Enrichr database (Rouillard et al. 2016; E. Y. Chen et al. 2013).
Proteins from the PPl datasets and TFs from the TF-target gene relationships were
represented as protein nodes, while target genes in TF-target gene relationships were
represented as RNA nodes. Prizes for protein nodes were defined as log2 fold change
in gene expression level comparing 3 days to 3 hours, while prizes for RNA nodes
were defined as log2 fold change in gene expression level comparing day 3 to day 6.
Edge costs represented the reliability of the relationships as defined in the PPI dataset.
The Prize-Collecting Steiner Tree method determined a tree that maximized the prizes
of the nodes in the tree minus the costs of the edges in the tree, enabling the prediction
of the underlying transcriptional regulatory network.
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Statistics and Reproducibility

All boxplots are presented as mean £ SD, with the box indicating the 25-75 percentile
range and whiskers representing 1.5 times the interquartile range. Each experiment
was conducted in at least three replicates. Statistical significance in mean differences
was evaluated using Student’s unpaired two-tailed t-test between the sample of
interest and the corresponding control, with significance levels denoted as follows: *P
<0.05; **P < 0.01; ***P < 0.001.

Results

Morphological changes during the 10 days culture

To explore the mechanisms underlying mechanically-induced changes in fibroblasts,
we cultivated mouse embryonic fibroblasts (NIH 3T3 cell line) within lateral
confinement, without introducing any exogenous biochemical factors. This model
system involves microcontact printing, cell culture and seeding, and a strategy for
changing the cell culture media during lateral confinement. Detailed methods are
presented in the Method section.

The cells were cultivated and allowed to divide under lateral confinement conditions
for a span of 10 days (Figure 2-1). By the 2nd day, the cells were predominantly
located at the surface of the dish bottom. By the Day 4 time point, elongated colonies
had formed as a result of continued cell division. At this time point, cells start to grow
into a multi-layered colony and the rectangular bottom surface is still covered by the
cells. After Day 4 time points, the circularity of the colonies start to change. During a
live cell imaging experiment on the 5th day, we observed a transition in colony shape
from elongated to more rounded (Figure 2-1). This change was accompanied by cells
at the bottom surface losing attachment to parts of the rectangular island. These
observations hinted at alterations in cell contractility within the colonies at the bottom
surface.
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Figure 2-1. Cell and colony morphological changes during lateral confinement induced
reprogramming. Top row: Bright Field image showing the cells growing on the
rectangular pattern at Day2, Day4 and Day6 time points. Rectangular pattern is 19*95
um size. Scale bar is 200 um. Bottom two rows: 2 hours live cell imaging of one

colonies at Day5 time points.

On the 6th day, the majority of colonies had taken on a rounded spheroid shape,
indicating that cells continued to proliferate and adapt to their environment. Over the
course of the 10-day confinement, spheroid size steadily increased. We quantified
spheroid size by measuring the projected area of individual spheroids, which we
segmented from the background using bright field images obtained with an EVOS
microscope. By Day 10, these fully grown spheroids had an average projected area of
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about 12,000 um? and contained approximately 200 cells (Figure 2-2 B). In summary,
this experiment tracked the behavior of cells grown under lateral confinement for 10

days.

We observed that by Day 10, the spheroid cells had acquired stem cell-like properties,
consistent with previous studies (Figure 2-2A). We characterized this change by
assessing the expression of the stem cell transcription factor Oct4, widely used as a
marker for fibroblast de-differentiation. Our experiment revealed an increase in Oct4
protein expression in Day 10 spheroid cells, confirming their de-differentiation.
However, the intensity of Oct4 expression varied among nuclei, as seen in Z-plane
imaging (Figure 2-2C). These low Oct4 level nucleus tend to locate at the inner part of
the spheroid, which suggest that the location of cells in the spheroid may affect the

dedifferentiation process.

Day4
Day10
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Figure 2-2. Immunostaining of stem cell marker Oct4 showed cells progression to the
dedifferentiated state. (A) Differential interference contrast images of cells grown
under lateral confinement for 4, 6, or 10 days. The insets show fluorescence images
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of Oct4 staining (in red) and nuclei (in blue). Inset scale bar is 20 um. (B) The box plot
of spheroid sizes on days 4, 6, and 10 reveals that cells organize into a spheroid on
the micropattern, which progressively increases in size. *** P < 0.001; n= 499, 440,
153 for day4, 6, and 10 respectively; two-sided Student’s t-test was used. (C) Confocal
z-stack images of one day10 spheroid showing heterogeneity in Oct4 nuclear staining;
scale bar is 20 um.

The growing of the spheroid may create a hypoxic environment for inner located cells,
which has been reported in different spheroid culture system (Schmitz et al. 2021).
This hypoxia might contribute to cell death, potentially explaining the heterogeneous
Oct4 staining. To assess cell death under lateral confinement conditions, we stained
all the nuclei with Hoechst and the dead nuclei with DRAQ7, a dye that selectively
labels dead cells (Figure 2-3A). We observed very few dead cells in Day 2 colonies,
suggesting that lateral confinement conditions did not induce significant cell death at
this early stage. However, as colonies grew denser, the number of dead cells
increased. Around Day 4, approximately 10% of the cells within the colonies were
dead (Figure 2-3B). By Day 10, this number had risen to approximately 30%, with most
dead cells located in the inner part of the spheroid. This pattern of cell death suggests
that cells in the central region of the spheroid might be more susceptible to cell death

due to factors such as nutrient deprivation or the accumulation of waste products.
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Figure 2-3. Live and dead cells during the lateral confinement induced de-
differentiation process. (A) X-Z projection of colonies at Day2/4/10 time point. Hoechst
33342 (DNA) in cyan, DRAQ7 (dead cell) in magenta. (B) Boxplot showing increase
of dead cell fraction in colonies during laterally confined growth. * P < 0.05, *** P <
0.001.

Global gene expression analysis of fibroblast cells grown under lateral

confinement reveals their de-differentiation

We conducted time-lapse RNA-seq analysis during lateral confinement-induced
growth of fibroblasts at four time points: 3 hours, 3 days, 6 days, and 10 days. We use
the transcriptome at 3 hours when cells were elongated on the micropattern as the
starting point of the reprogramming process. The transcriptome began to change on
Day 3 as cells started forming spheroids on the fibronectin micropattern. The most
substantial shift in the transcriptome occurred between Day 3 and Day 6, with
approximately 4,000 genes identified as up-regulated with a fold change exceeding 4
(FDR < 0.01) during this period. This suggests that cells experienced a significant
change in their gene expression profile during this timeframe. From Day 6 to Day 10,
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fewer than 100 differentially expressed genes were detected, even though cells had
transitioned into mouse ES medium. This indicates that the process of cell state

transition had already begun by Day 6 and was largely complete by Day 10.

Stem cell markers Oct4, Nanog, and Sox2 are known for their role in maintaining
pluripotency in embryonic stem cells (ESCs). In this study, we investigated the
expression levels of these markers in fibroblast cells reprogrammed during 10 days of
lateral confinement. Our results demonstrate that the expression levels of these
markers significantly increased from Day 3 to Day 6, rising further by Day 10. Notably,
the expression on Day 6 and Day 10 more closely resembled previously published
mouse ESC data than fibroblast cells (see methods) (Figure 2-4A-C).
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Figure 2-4. Global gene expression analysis of fibroblast cells grown under lateral
confinement reveals their de-differentiation. (A) Venn diagram showing the number of
up-regulated genes over the four time points during de-differentiation. For example,
there are 4024 genes up-regulated on day6 and day10 compared to the 3 hours and
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day3 timepoints. Up-regulated genes have FDR (adjusted p-value) < 0.01. (B) MA plot
showing log fold-change versus mean expression between 3 days sample and 6 days
sample. Positive value of log 2 fold change indicates genes upregulated in 3 days
condition. (C) Bar plot graphs of Oct4, Nanog, or Sox2 gene expression (RPM) over
four time points during de-differentiation and how it compares to other cell types. MEF:
mouse embryonic fibroblasts; E3.5ICM: E3.5 inner cell mass; E4.51CM: E4.5 inner cell
mass; F123: F123 cell line; E14: ES-E14TG2a cell line cultured in mouse ES cell
media; E14_2i: ES-E14TG2a cell line cultured in 2i condition. Error bars represent +
SD. (D) Functional annotation of genes that are overexpressed on the day3 timepoint
(207 genes), at both 3hours and day3 timepoints (420 genes), and at both day6 and
day10 timepoints (4024 genes).

To investigate changes in cellular pathways and functions during de-differentiation, we
annotated and clustered the differentially expressed gene lists from the four time
points (from Figure 2-4A) using the DAVID tool (D. W. Huang, Sherman, and Lempicki
2008) (Figure 2-4D). Among the 420 DE genes down-regulated in both the Day 6 and
Day 10 time points, 26 were focal adhesion genes, including Talin (TIn1) and Integrin
(e.g., Itga2, Itgav), suggesting that cells were progressively losing fibroblast properties
while forming spheroid-like colonies. Among the 4,000 DE genes up-regulated in later
time points (Day 6 and Day 10), over 200 transcription factors were annotated,
including POU domain proteins (Pou2f1, Pou3f1, Pou5f1, etc.), Kruppel-like factors
(KIf2, KIf5, KIf11, etc.), and SOX gene family proteins (Sox2, Sox3, Sox6, etc.). This
suggests that cells acquired stem cell-like properties, consistent with Oct4 staining
(Figure 2-2A: inset).

To understand potential changes in cell types over the 10-day culture period, we
included published RNA-seq datasets from various mouse cell types for comparison
(additional 12 conditions, 29 samples) (Figure 2-5A) (Barutcu et al. 2018; Joshi et al.
2015; Y. Zhang et al. 2018; Yan et al. 2018). Focusing on the 3,959 DE genes (FDR
< 0.01 and |log2 Fold change| > 2) identified in our RNA-seq dataset, we conducted a
principal component analysis (PCA), reducing dimensions from 3,959 to 2. The
resulting visualization (Figure 2-5B) revealed that global gene expression on Day 6
and Day 10 more closely resembled that of mouse embryonic stem cells. These
findings collectively suggest that cell growth under lateral confinement can induce the
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de-differentiation of fibroblasts (NIH 3T3 cell line), with the most significant changes

in gene expression occurring between Day 3 and Day 6 of confinement.

A
SRAID Description SRAID Description
SRR3083897 | RNASeqg-E3.51CM_rep1 SRR2658589 | RNASeq-E14_rep1
SRR3083898 | RNASeq-E3.5ICM_rep2 SRR2658612 | RNASeq-E14_rep2
SRR3083901 | RNASeq-E4.0ICM_rep1 SRR2173784 | RNASeq-E14_serum_rep1
SRR3083902 | RNASeq-E4.0ICM_rep2 SRR2173785 | RNASeq-E14_serum_rep2
SRR3083903 | RNASeq-E5.5Epi_rep1_part1 [SRR2173786 | RNASeq-E14_2i rep1
SRR3083904 | RNASeq-E5.5Epi_rep1_part2 [SRR2173787 | RNASeq-E14_2i rep2
SRR3083905 | RNASeq-E5.5Epi_rep2 part1 |SRR5227280 | RNASeq-F123 rep1
SRR3083906 | RNASeq-E5.5Epi_rep2_part2 [SRR5227281 | RNASeq-F123_rep2
SRR3083907 | RNASeq-E5.5VE_rep1 SRR6117986 | RNASeq-MEF_Female_rep1
SRR3083908 | RNASeq-E5.5VE_rep2 SRR6117987 | RNASeq-MEF_Female_rep2
SRR3083909 | RNASeq-E6.5Epi_rep1 SRR6117988 | RNASeq-MEF_Female_rep3
SRR3083910 | RNASeq-E6.5Epi_rep2 SRR6117992 | RNASeq-MEF_Male_rep1
SRR3083911 | RNASeq-E6.5VE_rep1_part1 [SRR6117993 | RNASeg-MEF_Male_rep2
SRR3083912 | RNASeq-E6.5VE_rep1_part2 |SRR6117994 | RNASeqg-MEF_Male_rep3
SRR3083913 | RNASeq-E6.5VE_rep2
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Figure 2-5. Mapping global gene expression pattern to known cell states using public
available RNAseq dataset and PCA method. (A) RNAseq datasets from NCBI-SRA
databased used in this study. (B) Principal Component Analysis of the gene
expression profile shows change of cell states through de-differentiation. Genes
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involved in this analysis are differentially expressed with adjusted p-value < 0.01 and
|log2 Fold change| > 2.

Prize-Collecting Steiner Tree analysis highlights Lef1 dependent signaling
during laterally confined growth of fibroblasts

To identify regulatory mechanisms that lead to gene expression changes from day3 to
day6, we analyzed the functions of the genes up-regulated on day3, compared to
3hours. Our hypothesis posited that these genes might play a pivotal role in mediating
the gene expression transitions observed between day 3 and day 6. To elucidate their
functions, we performed gene ontology enrichment analysis on the 675 up-regulated
differentially expressed (DE) genes at day 3 using pantherDB (Mi et al. 2019). This
analysis linked these genes to processes governing cell motility, proliferation, and
histone acetylation, all exhibiting a false discovery rate (FDR) less than 0.05.
Intriguingly, among these genes, we identified thirty transcription factors, including
Lef1 and KIf11, six of which possessed enhancer binding capabilities (Figure 2-6 A-
D).

To gain further insight into the reprogramming process, we examined the expression
patterns of established reprogramming factors — Nanog, Sox2, and Oct4 — at later time
points (Theunissen and Jaenisch 2014). found that all but c-Myc showed significant
up-regulation at either the day6 or day10 timepoint (Figure 2-6 E). Our analysis
revealed significant up-regulation of all these factors at either day 6 or day 10 (Figure
2-6 E), suggesting their role in driving the shift toward a de-differentiated gene
expression profile. However, the mechanical cues triggering the activation of these

reprogramming factors remained elusive.
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Figure 2-6. Gene expression changes during lateral confinement growth. (A-D) The
heatmaps show the expression changes of transcriptional regulators which were found
by gene ontology annotation. They contain the terms GO0:0044212 (transcription
regulatory region DNA binding), GO:0035326 (enhancer binding), GO:0008301 (DNA
binding and bending), and GO:0001047 (core promoter binding). The values refer to
the log2 fold change compared to the 3 hours sample. (E) Heatmap showing log2 fold

changes in gene expression of reprogramming factors.

Moving forward, we constructed a comprehensive transcriptional regulatory network
to uncover potential regulatory events transpiring between day 3 and day 6. To
establish the transcriptional regulatory network, we employed the Prize-Collecting
Steiner Tree analysis method (S. -s. C. Huang and Fraenkel 2009). This method
identifies a subnetwork that elucidates the gene expression changes characterizing
the de-differentiation process. Within this method, proteins from the PPI dataset and
TFs from the TF-target gene relationships represented protein nodes. Target genes
from TF-target gene relationships were designated as RNA nodes. Prizes for protein
nodes were defined by the log2 fold change in gene expression between day 3 and
the 3-hour time point, while prizes for RNA nodes were determined by the log2 fold
change between day 3 and day 6. Edge costs represented the reliability of
relationships in the PPI dataset. The Prize-Collecting Steiner Tree method then seeks
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to maximize the prizes of nodes in the network while subtracting the costs of edges,
enabling us to predict the underlying transcriptional regulatory network.

We first evaluated gene expression changes between the 3-hour and day 3 time points,
identifying proteins up-regulated at day 3 and representing them as nodes (depicted
as orange, red, and pink nodes in the left and middle sections of Figure 2-7 A). These
proteins were connected based on PPl data. Subsequently, we added genes up-
regulated between day 3 and day 6 as RNA nodes (depicted as blue and turquoise
nodes on the right side of the network), connecting them based on TF-target gene
relationships. By optimizing trees from the global interactome (comprising both PPI
and TF-target data), we constructed the transcriptional regulatory network by
connecting edges in the optimized trees, an advantage over PPI networks filtered
solely by differentially expressed genes. This approach allowed us to include important
intermediate genes in the Prize-Collecting Steiner Tree network, even if no expression
changes were detected, as seen with Beta-catenin and Smad4 (see Figure 2-7 B).

In this constructed network, transcriptional regulators were represented by protein
nodes with direct relationships with RNA nodes. These regulators encompassed
transcription factors, such as Lefl and Myc, and genes involved in epigenetic
modification, such as Ep300 and Hdac1. Among these transcriptional regulators, we
identified those that targeted reprogramming factors (depicted as turquoise nodes in
Figure 2-7 C). Prioritizing this subset of transcriptional regulators based on their gene
expression changes between the 3-hour and day 3 time points, we pinpointed Lef1 as
a potential key regulator of fibroblast de-differentiation. Lef1 stood out not only for its
high up-regulation but also for its potential control over thousands of genes that exhibit
up-regulation between day 3 and day 6 (see Figure 2-7 D). Intriguingly, the up-
regulation of Lef1 preceded that of reprogramming factors, hinting at an early
dedifferentiation stage when cells primed themselves for the expression of

reprogramming factors.
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Figure 2-7. Prize-Collecting Steiner Tree analysis highlights Lef1 dependent signaling
during laterally confined growth of fibroblasts. (A) Transcriptional regulatory network
derived using the Prize-Collecting Steiner Tree method. Nodes in orange, red, and
pink represent genes up-regulated on day3 and important intermediates that connect
them. Nodes shown in red and pink are transcriptional regulators. Nodes in blue and
turquoise represent genes up-regulated on day6. Within these, turquoise nodes
represent reprogramming factors. (B, C) Enlarged pictures of (A) showing
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transcriptional regulators (in pink and Lef1 and its interactors with turquoise border)
that can regulate the expression or bind to the gene loci of reprogramming factors (in
turquoise). (D) Ranking of the transcriptional regulators (pink nodes in (A)). (E) This
rearranged network from (A) shows the importance of Lef1 in the early de-
differentiation stages. Proteins physically interacting with Lef1; the target genes of
Lef1 were shifted up and separated from the remaining proteins by dashed lines.
Transcriptional regulators that can be regulated by Lef1 are represented by blue
borders.

To delve deeper into Lefl's role, we scrutinized its interactions with other
transcriptional regulators. Fifteen out of seventy-six transcriptional regulators,
including Beta-catenin, Smad4, and Ep300, physically interacted with Lef1.
Additionally, thirty-eight transcription regulators were identified as potential Lef1
targets (depicted as red and pink nodes with blue borders in Figure 2-7 E). Collectively,
these findings emphasize the pivotal role of Lef1 as a key transcription factor in the

early de-differentiation induced by lateral confinement and fibroblast growth.

Knockdown of Lef1 and time course studies of Lef1 and Oct4 reveal Lef1’s

critical role in fibroblast de-differentiation

To dissect the characteristics of early de-differentiation, we closely examined the
dynamic changes in the transcription factor Lef1 and the stem cell marker Oct4.
Quantitative PCR assays were used to measure the RNA levels of these two genes.
In line with the RNA-seq data, we observed significantly higher expression levels of
Lef1 on days 2, 4, and 6 compared to control cells in 2D culture (Figure 2-8 A). Notably,
Oct4 also exhibited an upregulation trend starting from day 4 (Figure 2-8 B).

To visualize the heterogeneity in marker expression within the cell population during
the early de-differentiation stage on day 4, we performed immunostaining for Lef1 and
Oct4 (Figure 2-8 D, F). The results indicated an increase in the number of nuclei with
a high Oct4 concentration, defined by an average Oct4 fluorescence intensity
exceeding 300 per pixel, throughout the de-differentiation process. Specifically, 10%
of all nuclei exhibited high Oct4 concentration on day 4, which increased to 20% on
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day 6 and 22% on day 10 (Figure 2-8 C). On day 6, a significant increase in the
population mean of the Oct4 signal was also observed (Figure 2-8 G). Concerning
Lef1 staining, a significant upregulation was noted on day 4 in comparison to earlier
time points (Figure 2-8 E).
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Figure 2-8. Time course studies of Lef1 and Oct4. (A, B) Bar plot graphs of Lef1 and
Oct4 mRNA expression level over time, error bars represent + SD. (C) Boxplot
showing increase of Oct4 positive nucleus in colonies during laterally confined growth.
*** P < 0.001. (D) The fluorescence images of Lef1 (in red) and nucleus (in blue) for
cells at day2, 4, 6, and 10. Scale bar is 20 um. (E) The box plot shows the
quantification of average nuclear Lef1 intensity over time; n=244, 279, and 673
respectively. (F) The fluorescence images of Oct4 (in red) and nucleus (in blue) for
cells at day2, 4, 6, and 10. Scale bar is 20 um. (G) The box plot shows the
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quantification of average nuclear Oct4 intensity over time; n=481, 1486, 1248 and
2472 respectively.

To validate the role of Lef1 in the de-differentiation process, we knocked down the
expression of Lef1 using siRNA. When Lef1 siRNA was added two hours after cell
seeding, a considerable reduction in Lef1 nuclear fluorescence intensity was observed
up to five days post-seeding compared to cells without Lef1 siRNA (Figure 2-9 A-C).

A Lef1 B

o3 Lef1 Merge

Control.

Intensity

Lef1 siRNA.

Day5-Ctrl Day5-Lefl-siRNA

Figure 2-9. Efficiency of Lef1 siRNA knockdown experiments. (A) Quantitative qRT-
PCR showing reduction in mRNA levels of Lef1 after siRNA knockdown. (B)
Immunostaining and imaging of Lef1 shows reduction in protein levels on day5 under
siRNA knockdown conditions. Scale bar is 20 um. (C) Boxplot showing significant
reduction in Lef1 nuclear fluorescence intensity after siRNA knockdown as compared
to control siRNA sample on day5; *** P < 0.001; n= 628, 722 nuclei for control and
knockdown conditions, respectively.

We examined the de-differentiation efficiency through immunostaining of Oct4 at
day10. The distribution of Oct4 nuclear intensity for cells with or without negative
control (NC) siRNA (i.e. no recognized sequences in the mouse and human
transcriptomes) treatment appeared nearly identical, with no significant difference in
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the mean Oct4 intensity between these two conditions (Figure 2-10 C). However, cells
subjected to Lef1 siRNA knockdown displayed significantly lower Oct4 intensity
compared to those treated with NC siRNA (Figure 2-10 A, B, D, E). Notably, the
distribution of Oct4 nuclear intensity between these two conditions showed distinct
differences, with a greater proportion of nuclei displaying high Oct4 staining following
NC siRNA treatment than with Lef1 siRNA treatment. qPCR experiments further
supported these findings, indicating a reduction in Oct4 RNA levels in Day 10
spheroids under Lef1 siRNA treatment (Figure 2-10B).

Additionally, we conducted alkaline phosphatase staining to assess stem cell-like
properties. The staining procedure was performed as described in reference (Roy et
al. 2018). Notably, we observed a significant reduction in spheroid number under Lef1
siRNA treatment (Figure 2-10 F-H), with a decreased ratio of positively stained
spheroids. These results suggest that Lef1 is an important regulator in the fibroblast
de-differentiation process.
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Figure 2-10. Knockdown of Lef1 shows the critical role of Lef1 in fibroblast de-
differentiation. (A) The fluorescence images of Oct4 (in magenta) and nucleus (in cyan)
for control and Lef1 siRNA treated cells. Scale bar is 50 um. (B) Quantification of Oct4
nuclear intensity shows distinct distributions for control and Lef1 siRNA samples; ***
P <0.001; n=2708 and 3171 respectively. (C) Histogram showing no difference in de-
differentiation efficiency in control samples (without siRNA added) (n=1724) as
compared to NC siRNA treatment (n=2109) measured by Oct4 nuclear fluorescence
intensities. (D) Boxplot showing changes in de-differentiation efficiency (measured by
Oct4 nuclear intensities) between Lef1 siRNA and control siRNA samples in another
repeat experiment; n=2109, 2144, respectively. This siRNA targets exon 7 and 8. (E)
Boxplot showing changes in Oct4 nuclear intensities between a different Lef1 siRNA
and control siRNA samples. This siRNA targets exon 10 and 12. (F) staining of the
Day10 spheroid on the dishes. (G) higher resolution image showing that positive
spheroids can be distinguished from negative stained ones. (H) Barplots shows the
quantification of number of spheroids, area of the spheroids and the ratio of positive
stained spheroids in control and Lef1 siRNA samples (data for three replicates are
shown). Barplots shows standard deviation and the mean.

Lef1 binds to the gene loci of the reprogramming factors during the

mechanically induced fibroblast de-differentiation

Next, we studied whether Lef1 could directly regulate the expression of
reprogramming factors. We used the commercially available Chromatin
Immunoprecipitation (ChIP) gPCR primer array designed for the promoter regions of
mouse stem cell transcription factors (in collaboration with Dr. Prasuna Ratna). This
array contains homeobox genes, GATA binding proteins and TFs that could induce
de-differentiation. Based on our TF-target gene relationship data, 23 genes in this

array were identified as potential targets of Lef1.

Using a ChlP-grade antibody (Merck 17-604) to precipitate Lef1-bound genomic DNA
fragments, we set out to identify which of these stem cell transcription factors were
directly regulated by Lef1. Our analysis unveiled that Lef1 directly bound to the
promoter regions of six genes, most notably Nanog and Oct4 (also called Pou5f1),
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which exhibited consistent and significant promoter occupancy during the early de-
differentiation stage (Figure 2-11 A, B). To further validate these findings, we designed
primers targeting the Nanog and Oct4 promoter regions and performed ChIP-qPCR
experiments. The results corroborated our earlier observations, confirming that Lef1
exhibited increased binding to the promoter regions of Nanog and Oct4 during the
course of lateral confinement culture from Day 2 to Day 4 (Figure 2-11 C, D).
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Figure 2-11. Lef1 binds to the gene loci of the reprogramming factors during the
mechanically induced fibroblast de-differentiation. (A) The heatmap shows binding of
Lef1 to the promoter regions of selected genes in Day4. Control cells grown on 2D
culture are also shown. The unit is percentage of input. (B) Fold change of Lef1
promoter occupancy comparing Day4 sample to control sample. *P < 0.05. (C/D) The
bar plot shows the increase of binding of Lef1 to Nanog and Oct4 promoter regions at
3hrs, Day2 and Day4.
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We extended our investigation by examining the spatial distribution of Lef1 in
correlation with histone modifications within the cell nucleus. Our analysis revealed a
significant decrease in Lef1's colocalization with the inactive histone mark H3K9me3
and a simultaneous increase in colocalization with the active histone mark H3K4me3
on Day 4 comparing to 2D cultured fibroblasts as the control (Figure 2-12 A, B).
Additionally, Lef1 showed a significant increase in colocalization with RNA polymerase
Il (RNA pol Il) (Figure 2-12 C). Collectively, these findings suggest that Lef1 plays a
direct role in regulating the expression of key reprogramming factors, Oct4 and Nanog,

during fibroblast de-differentiation.
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Figure 2-12. Colocalization studies of Lef1 with histone modifications. (A-C)
Correlation coefficient on pixel wise basis for Lef1 and H3K9me3, Lef1 and H3K4me3,
Lef1 and RNA pol II. ***P < 0.001.

Lef1 activation is potentially regulated by Smad4 and Atf2 pathways

To understand the molecular mechanisms governing Lef1 activation during early de-
differentiation, we explored the expression and localization of potential Lef1 activators.
Previous studies have indicated that Lef1 requires association with other DNA-binding
proteins for transcriptional regulation (Giese, Cox, and Grosschedl 1992; Hsu,
Galceran, and Grosschedl 1998). Hence, we focused our investigation on
transcriptional regulators that can interact with Lef1. Based on the collected TF-target
gene relationships and constructed transcriptional regulation network mentioned
above, we identified 15 transcriptional regulators that not only interacted with Lef1 but

also shared many up-regulated targets at day6 as compared to day3 (Table 2-3,
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Figure 2-13). Three of the identified regulators, Smad4, Atf2, and Beta-catenin, can

activate Lef1 transcription (Nawshad and Hay 2003; Lim and Hoffmann 2006;

Grumolato et al. 2013). Interestingly, only Smad4 and Atf2 had Nanog, Oct4 or Sox2,

as shared targets with Lef1 (Table 2-3).

TF Shared Targets |[Shared Reprogramming Factors

Myc 1200 KIf4,KIf5,Lin28a,Mycl,Mycn,Nanog,Pou5f1,Sox2
Ep300 [1192 KIf4,KIf5,Lin28a,Mycl,Mycn,Nanog,Sox2
Gata3  [950 Klf4,KIf5,Lin28a,Mycl,Pou5f1,Sox2
Hdac1 [725 Klf4,KIf5,Lin28a,Mycn

Fos 703 KIf4,KIf5,Mycl,Nanog

Smad4 679 Klf4,KIf5,Mycl,Nanog,Pou5f1

Atf2 561 Lin28a,Mycl,Mycn,Sox2

Mybl2 502 KIf5,Mycn,Nanog,Sox2

Nfkb1 462 Klf4,Lin28a,Mycl,Mycn

Myod1 455 Klf4,KIf5,Lin28a,Mycl,Sox2

Cdx2 415 Klf4,Lin28a,Mycn

Sox17  [231 Klf4,Lin28a,Mycn,Sox2

Ctnnb1 [119 -

Crebbp 69 --

Cdchl 32 Kif4

Table 2-3. List of investigated transcription factors, which could physically interact with

Lef1. The number of targets and number of reprogramming factors as targets shared

between each transcription factor and Lef1.
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Figure 2-13. Bar plot showing the number of genes up-regulated or down-regulated
from day3 to day6. Up (Shared): shared targets with Lef1 that are up-regulated. Down
(Shared): shared targets with Lef1 that are down-regulated. These targets are

differentially expressed with adjusted p-value < 0.01.

We immunostained Lef1 with the three identified regulators in cells from the day4
timepoint to observe their localization. Smad4 and Atf2 both co-localized with Lef1 in
the cell nucleus, whereas Beta-catenin remained mostly in the cytoplasm (Figure 2-
14 A, C, E). This co-localization was quantified at the cellular level by segmenting
individual nuclei using the DAPI staining, followed by calculation of the average
fluorescence intensity for each protein of interest. The correlation was 0.88 between
Smad4 and Lef1 and 0.68 between Atf2 and Lef1, while the correlation between Beta-
catenin and Lef1 was only 0.2 (Figure 2-14B, D, F). These results suggested that Lef1
was more likely to be associated with Smad4 and Atf2 than with Beta-catenin in the
de-differentiation stage. However, quantifying the nuclear fractions of Beta-catenin will

not be sufficient to exclude the roles of Beta-catenin in Lef1 dependent signaling.
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Figure 2-14. (A, C, E) The staining of Lef1, Smad4, and Nucleus; Lef1, Atf2 and
Nucleus; and Lef1, Beta-catenin and Nucleus in day4 sample. Scale bar is 20 um. (F,
G, H) Scatter plots showing the averaged nuclear fluorescence intensity of Lef1 and
Smad4; Lef1 and Atf2; and Lef1 and Beta-catenin along with linear fits and the
corresponding Pearson correlation coefficients.

To explore the role of Lefl association with Atf2 or Smad4, we co-stained
Lef1/Atf2/RNA pol Il or Lef1/Smad4/RNA pol Il. The reasoning of this colocalization
studies is the following: the colocalization of a transcription factor and the
phosphorylated RNA polymerase Il C-terminal domain (activated form) indicates the
transcriptional activity of this current transcription factor. When a transcriptional factor
and its coactivator colocalize with active RNA pol Il, it gives further evidence of the
activation mechanisms of the transcription factor. Using confocal imaging, we found
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the colocalization of Lef1 and its coactivator (Atf2 or Smad4) with active RNA pol I
(Figure 2-19 AB). When comparing the colocalization among these transcription
factors and RNA pol Il for 2D cultured fibroblasts sample and Day4 colonies, we found
that RNA pol Il tends to significantly localize to the Lef1 and Smad4 on Day 4 (Figure
2-19 C).
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Figure 2-19. Colocalization studies of Lef1, Atf2, Smad4 and RNA polymerase Il. (A)
Representative images of co-staining with Lef1/Smad4/RNA pol Il. (B) Representative
images of co-staining with Lef1/Atf2/RNA pol Il. The insets are the zoom of small white
box regions from the respective images. (C) Barplot shows the change of
colocalization from 2D culture conditions to D4 (Day4 sample). The unit is the ratio of
colocalized volume and the nucleus volume. Each dot represents one nucleus. The
first two bars are the colocalization of Lef1 and RNA pol Il. The middle two bars are
the colocalization of Lef1, Atf2 and RNA pol Il. The last two bars are the colocalization
of Lef1, Smad4 and RNA pol II.

We conducted gPCR experiments to evaluate the combined effect of Lef1, Atf2, and
Smad4 on reprogramming. The results indicated that the triple knockdown led to a
more pronounced reduction in Oct4 mRNA levels compared to Lef1 knockdown alone
(Figure 2-20).
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Figure 2-20. gPCR experiments on the knockdown effect of Lef1, Atf2 and Smad4. (A)
Barplot showing the fold change of Lef1 mRNA level under Atf2 and Smad4 siRNA
treatment (at first two days) for the Day4 colonies sample. (B) Barplot showing the fold
change of Oct4 mRNA level under Lef1 siRNA knockdown or Lef1 together with Atf2

and Smad4 siRNA treatment (at first two days) for the Day10 colonies sample.

To further test the role of Beta-catenin in Lef1 activation, we blocked the interaction
between Lef1 and Beta-catenin using the inhibitor iCRT3. To block the interaction
between Beta-catenin and TCF family transcription factors, 25 uM iCRT3 was used
(using the same volume of DMSO as control). Interestingly, iCRT3 inhibition led to a
significant increase in de-differentiation, as measured with Oct4 staining at the Day10
timepoint, suggesting that the Beta-catenin pathway may play a distinct role in
mechanically induced fibroblast de-differentiation (Figure 2-21 A, B). Collectively,
these results identified Smad4 and Atf2 as potential activators of Lef1.
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Figure 2-21. Testing Beta-Catenin, NFkB pathway using pharmaceutical compound.
(A, B) The effect of ICRT3 on de-differentiation efficiency measured by nuclear Oct4
fluorescence intensity (day10); n=1971, 1589, 7251, 3693 respectively. (C) The effect
of NFkB inhibitor SN50 on de-differentiation efficiency (day10); n= 1724, 2320
respectively.

Other regulatory mechanisms in laterally confined growth induced

reprogramming

Next, we also explore other possible mechanisms leading to reprogramming in this
laterally confined growth process. Based on RNAseq data analysis, we observed a
downregulation of several genes associated with the actin cytoskeleton (as depicted
in Figure 2-21 D). Conversely, we observed an upregulation of various genes related
to cell-cell junctions (as illustrated in Figure 2-22 E). Furthermore, our investigation
unveiled an upregulation of several genes involved in the Wnt signaling pathway (as
shown in Figure 2-22 F).

To determine whether the activation of Lef1 is associated with microtubule alterations,
we employed immunostaining techniques to examine the abundance of cellular
microtubules and nuclear Lef1 within the same cells. To calculate the mean intensity
of microtubule for each cell, we performed an 8 um expansion of the segmentation
mask around each nucleus. Our staining protocol involved Lef1, a-tubulin, and GEF-
H1. Intriguingly, this analysis revealed a strong correlation between the level of nuclear
Lef1 and the cytoplasmic abundance of GEF-H1 (as depicted in Figure 2-22 A).
However, the correlation between Lef1 and a-tubulin, as well as GEF-H1 and a-tubulin,
was relatively weak (as shown in Figure 2-22 BC).
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Previous studies have highlighted the sensitivity of NFkB to local mechanical
perturbations and its potential role as an upstream transcription factor for Lef1 (Jain et
al. 2013; Yun et al. 2007). In our investigations, we observed that the inhibition of p65,
a subunit of NFkB, using 50 pg/mL of SN50 led to a reduction in the efficiency of
dedifferentiation (as illustrated in Figure 2-21 C). This effect could arise from NFkB's

ability to either inhibit Lef1 or directly control the expression of downstream factors.
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Figure 2-22. (A-C) the scatterplot shows the correlation among nucleus level of Lef1,
cytoplasm level of GEF-H1 and a-Tubulin. Heatmap of gene expression changes of
proteins in (D) actin cytoskeleton regulation pathway, (E) cell adherence junction
pathway, and (F) WNT signaling pathway. Values are log2 fold change. (G) The effect
of NFKB inhibitor SN50 on de-differentiation efficiency (day10); n= 1724, 2320
respectively.
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Discussion

The process of nuclear reprogramming, which involves the introduction of exogenous
transcription factors or the use of small molecules, has shed light on the remarkable
plasticity of cell-states (Theunissen and Jaenisch 2014). Surprisingly, recent findings
have demonstrated that cell-state transitions can also be triggered solely by
mechanical changes in the extracellular environment, without the need for external
transcription factors (Roy et al. 2018). This phenomenon is realized through the use
of micropatterns that impose geometric constraints, acting as boundary conditions,
thereby facilitating changes in both the mechanical and transcriptional profiles of cells
during laterally confined growth. These observations strongly suggest a close
relationship between the extracellular mechanical environment and somatic
transcription factors, which can activate mechanotransduction pathways and induce

cell-state transitions.

To identify the key somatic factors responsible for mechanically induced fibroblast cell-
state transitions, we employed time-course RNA-seq data. Through an integrated
analysis combining RNA-seq data with the STRING protein interaction database and
the TRANSFAC and JASPAR transcription factor-target gene databases, we
employed the Prize-Collecting Steiner Tree network optimization method (Schiebinger
et al. 2019; Szklarczyk et al. 2015; Rouillard et al. 2016; S. -s. C. Huang and Fraenkel
2009). The gene ontologies data provides candidates of transcriptional regulators
showing upregulation on Day3. Since some of the potentially important transcriptional
factors enhancing dedifferentiation may not change at mRNA level, we used the Prize-
Collecting Steiner tree method to identify them. This method combined PPl and TF-
target datasets to identify transcription factors when three time points of RNAseq data
were considered. The genes upregulated on Day3 which appears as protein nodes
can link genes upregulated on Day6 which appears as RNA nodes through
transcriptional regulators which may or may not show expression changes. Lef1 was
selected based on the expression fold change and number of upregulated
downstream targets. Intriguingly, we also uncovered potential coactivators of Lef1,
specifically Atf2, Beta-Catenin, and Smad4, despite the absence of significant
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changes in their expression profiles. Subsequent validation experiments supported
the role of Lef1 in orchestrating fibroblast cell-state transitions, as evidenced by the
reduced efficiency observed upon Lef1 downregulation. Furthermore, many

reprogramming genes were identified as putative targets of Lef1.

Recent research has uncovered additional facets of Lef1's activity, including its role in
enhancing oncogenic effects in hepatocellular carcinoma (HCC) cells through the
Notch signaling pathway (Fang et al. 2019). In addition, Lef1 has been implicated in
promoting the tumorigenicity of esophageal squamous cell carcinoma (ESCC) through
the TGF-f3 signaling pathway (Zhao et al. 2019). Furthermore, Lef1 has been shown
to regulate Nanog and Oct4 expression in mouse embryonic stem cells (C. Huang and
Qin 2010; C. G. Kim et al. 2011). Earlier experiments related to lateral inhibition in cell
specification mediated through mechanical signalling highlighted the role of YAP and
TAZ (Xia et al. 2019). However, in our experiments, we did not observe significant
changes in the gene expression of YAP and TAZ in 3-day cultures compared to the
control, and these genes were notably absent in the network model. Notch4, which
exhibited upregulation on Day 3 and demonstrated potential interactions with Atf2 and
Beta-catenin, could serve as an upstream factor for Lef1 activation. Since the
dedifferentiated cells tend to locate at the outer layer of the colonies, the cell state
transitions could be driven by both mechanical as well as spatial signals. The outer
cells, during laterally confined growth, are in privileged positions without being fully
surrounded by other cells which could also be a potential spatial signal for outer cells
to undergo dedifferentiation. Collectively, these studies suggest that Lef1 could
enhance dedifferentiation through distinct pathways in different functional contexts
including the laterally confined dedifferentiation of fibroblast.

Furthermore, ChIP-gPCR promoter occupancy assays revealed not only the nuclear
localization of Lef1 but also its direct binding to the promoter sites of Nanog and Oct4,
two pivotal reprogramming factors. Time-course analysis of Lef1, Oct4, and Nanog
provided support for the hypothesis that Lef1 activation precedes the downstream
expression of Nanog and Oct4. These findings emphasize the significant role played

by somatic transcription factors in mechanically induced cell-state transitions.
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To delve into the molecular pathways governing Lef1 activation, we scrutinized the
involvement of the NFkB, Beta-catenin, Smad4, and Atf2 pathways. Previous
investigations had indicated that NFkB is responsive to local mechanical perturbations
and can function as an upstream transcription factor for Lef1 (Jain et al. 2013; Yun et
al. 2007). In our experiments, inhibiting p65, an NFkB subunit, using SN50 led to a
notable reduction in dedifferentiation efficiency. This effect could be attributed to NFkB
either inhibiting Lef1 or directly controlling the expression of downstream factors.
Additionally, Beta-catenin is known to bind and activate Lef1 through the Wnt signaling
pathway, potentially facilitated by cadherin junctions (Behrens et al. 1996; J. Sun and
Weis 2011; Howard et al. 2011). However, our time-course correlation analysis
between Beta-catenin and Lef1 revealed only weak nuclear localization correlation.
Furthermore, inhibiting their physical interaction failed to establish a significant link
between Beta-catenin and Lef1 in the regulation of downstream pathways.
Nevertheless, the upregulation of the Wnt signaling pathway during the
reprogramming process suggests that Lef1's role may be independent of the Beta-

catenin/Wnt signaling pathway.

Previous studies suggested that Lef1 can switch partner from Beta-catenin to other
activators (Aloysius, DasGupta, and Dhawan 2018). Intriguingly, a meticulous analysis
of Lefl's upstream interaction partners pinpointed Smad4 and Atf2 as potential
candidates for the regulation of Lef1 activation during fibroblast cell-state transitions.
Earlier studies have demonstrated that Smad4 and Atf2 can activate Lef1 (Lim and
Hoffmann 2006; Grumolato et al. 2013). Consistent with this, we found that Smad4
and Atf2 were colocalized with Lef1 in the nucleus during mechanically induced cell-
state transitions. The TGF-beta/SMAD pathway has been shown to be regulated by
mechanical signals in the environment, such as ECM perturbations (X. Xu et al. 2018).
In addition, activated Smad proteins can interact with different DNA binding cofactors,
which might include Lef1, to target a unique group of genes (Kang, Chen, and
Massagué 2003). These results collectively suggest that Lef1 dependent pathways, in
consort with Atf2/Beta-Catenin/Smad4, are transiently activated to regulate the
downstream transcription factors. The non-monotonic kinetics of Lef1 might be
determined by the differential role of upstream signaling, e.g. Wnt pathway, in
dedifferentiation process as reported in some studies (Ho et al. 2013).
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Considering that fibroblast identity wanes as cell-cell contacts are established, we also
explored the potential role of cytoskeleton-related processes. Intriguingly, we
observed a strong correlation between nuclear Lef1 levels and cytoplasmic GEF-H1
levels. In addition, a recent study from our lab unveiled the regulatory role of
actomyosin contractile forces in cell-fate decisions during laterally confined growth-
induced reprogramming (Venkatachalapathy et al. 2022). These findings collectively
suggest that multiple mechanotransduction pathways may converge to activate Lef1,

initiating the expression of downstream transcription factors.

In conclusion, this project has illuminated the capacity of the local mechanical
microenvironment, in the absence of exogenous factors, to induce cell-state
transitions through Lef1-dependent signaling pathways. The application of the Prize-
Collecting Steiner Tree analysis has unveiled other somatic transcriptional regulators
that could be pivotal in driving cell-state transitions. These findings imply that somatic
cells in vivo downregulate key somatic transcription factors or their regulatory
pathways as a mechanism to maintain cellular homeostasis. The aberrant activation
of these transcriptional regulators over multiple cell divisions may serve as precursors
for dedifferentiation and transdifferentiation pathways. Given that fibroblast
dedifferentiation necessitates a biphasic cell-state transition, it is conceivable that
these transitions, though infrequent, may contribute not only to dedifferentiation
programs but also to the development of various disease states.
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Chapter 3: Cytoskeleton pathways and chromatin reorganization in

mechanically induced reprogramming and rejuvenation

This part of the result section is adapted from two papers:

Bibhas Roy, Luezhen Yuan, Yaelim Lee, Aradhana Bharti, Aninda Mitra, G.V.
Shivashankar, Fibroblast rejuvenation by mechanical reprogramming and
redifferentiation, PNAS 2020.

DOI: 10.1073/pnas.1911497117

Trinadha Rao Sornapudi*, Luezhen Yuan*, Jana Muriel Braunger, Caroline Uhler and

G.V. Shivashankar, Transcription-associated chromatin reorganization during cellular
rejuvenation, under review 2023. (*equal first author)

As a second author, | contributed to the PNAS publication by planning and conducting
experiments and data analysis, including live cell imaging, image analysis, RNAseq
analysis and statistical analysis.

| contributed to the second publication equally with T.R.S. (Postdoctoral fellow in our
group) by planning and conducting experiments, data analysis and writing the
manuscript. | carried out cell culture, immunostaining and imaging experiments related
to chromatin organization and gene expression at the nuclear envelope region and
imaging-based cytoskeleton-heterochromatin colocalization analysis. The data
analysis that | contributed to included image analysis, RNAseq analysis and HiC

analysis.

Introduction

In complex organisms like humans, cells undergo two types of aging: chronological
aging and replicative aging. Chronological aging at the organismal level encompasses
the natural, time-driven aging process, while replicative aging arises from cell division
and the gradual erosion of replicative capacity. Aging is accompanied by epigenetic
changes, such as accumulation of DNA damage, telomere attrition, increased reactive
oxygen production (ROS) and mitochondrial dysfunction (Lépez-Otin et al. 2023;
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Rossi et al. 2007; H.-W. Lee et al. 1998; Correia-Melo et al. 2016). These changes
collectively culminate in the decline of cellular function and cell-cycle arrest. Recent
studies have revealed the alteration of links between the cytoskeleton and the nuclear
envelope during aging, with young cells primarily featuring actin-nuclear envelope
links, while their older counterparts exhibit relatively more microtubule-nuclear

connections (Chang et al. 2019).

A concrete illustration of this aging process is observed in the dwindling population of
skin fibroblasts, accompanied by their diminished capacity to proliferate and
synthesize essential components of the dermal extracellular matrix. The extracellular
matrix plays a pivotal role in upholding the skin's mechanical integrity and homeostasis.
However, as aging advances, both the quantity and quality of the extracellular matrix
undergo a steady decline (Lopez-Otin et al. 2013; Dimri et al. 1995; A. S. Wang and
Dreesen 2018).

Fibroblasts are indispensable constituents of the skin, tasked with facilitating the
remodeling of the extracellular matrix. Conventional approaches to skin rejuvenation
involve the injection of autologous dermal fibroblasts into the skin. Nevertheless,
emerging personalized cell therapies are garnering attention as more stable treatment
options. These innovative therapies leverage autologous stem cells and induced
pluripotent stem cells (iPSCs) to rejuvenate the skin (Takahashi and Yamanaka 2006;
Dinella, Koster, and Koch 2014). By harnessing the regenerative potential of these
cells, it becomes possible to reinstate the youthful characteristics of the skin. It is worth
noting that while these interventions rejuvenate cells, they are not exempt from
acquiring genomic mutations that might elevate the risk of cancer development.
Consequently, extensive efforts are currently underway to enhance the safety and
address the limitations of these methods.

In the quest for effective therapeutic strategies, an ideal approach would involve
resetting the aging process through non-genetic means while preserving the cell's
differentiation program. This approach holds the promise of reversing aging-related
changes without introducing potentially harmful genetic modifications. By focusing on
non-genetic interventions, researchers aspire to develop safer and more precise

methods to combat the effects of aging.
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Moreover, aging is often accompanied by epigenetic changes, such as the integration
of histone variants into the genome, global DNA methylation alterations, and global
heterochromatin modifications at the nuclear envelope (Robin and Magdinier 2016;
Bollati et al. 2009). Furthermore, chromosomal abnormalities tend to increase rapidly
during aging, contributing to the induction of cellular senescence. Numerous studies
have demonstrated that global chromatin organization undergoes alterations during
replicative senescence and oncogene-induced senescence (OIS) (Criscione, Teo, and
Neretti 2016). Specifically, it has been observed that Lamina-associated domains
(LAD), typically tethered to the nuclear periphery in young cells, tend to relocate more
towards the interior of the nucleus in aging cells due to a partial loss of Lamin proteins.
This phenomenon leads to the formation of senescence-associated heterochromatin
foci (SAHF) (Criscione et al. 2016). Apart from changes in chromatin spatial
organization, aging is also associated with global alterations in transcriptional
programs (Ibafez-Solé et al. 2022; Y. Lee and Shivashankar 2020).

Recently, our research group unveiled an intriguing discovery: sustained laterally
confined growth of fibroblasts on micropatterned substrates could induce their
reprogramming into stem cell-like cells, all without the need for any genetic or
biochemical interventions (Roy et al. 2018). However, it's unclear that whether we can
adapt this approach to reverse the aged cellular phenotype. While these partially
reprogrammed cells displayed stem cell-like characteristics, they may retain elements
of their differentiation states, making them a potential model for rejuvenating
fibroblasts in connective tissues. In this chapter, with RNA sequencing, we uncovered
a shift in the transcriptome, transitioning from a fibroblastic state to an intermediate
reprogrammed state upon lateral confinement, which subsequently reverted to the
fibroblastic transcriptome, marked by enhanced expression of genes related to
contractile cytoskeletal pathways, upon redifferentiation within the collagen matrix.
Regarding changes in nuclear architecture, the partially reprogrammed cells exhibited
a relatively more open chromatin compaction state, termed the "chromatin poise state",
in contrast to the parental fibroblasts. Such open chromatin cell state renders them
more prone to differentiate into contractile fibroblasts in response to cues from the
extracellular matrix (ECM) present in the 3D-collagen matrix.
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Furthermore, it's unclear that whether mechanical-induced rejuvenation can reset
epigenetic changes in aging. We embarked on a thorough analysis, characterizing the
3D chromatin alterations during cellular aging and rejuvenation induced through
mechanical reprogramming. To achieve this, we employed patient-derived human
dermal young fibroblasts (10 years old), aged fibroblasts (75 years old), as well as
rejuvenated aged fibroblasts. Through experiments involving cellular contractility,
cytoskeletal-nuclear links, chromatin morphometric analysis, and RNA sequencing,
we observed highly efficient rejuvenation of aged fibroblasts. Immunofluorescence
analysis illuminated an augmented colocalization of microtubules and heterochromatin
during aging, a phenomenon mitigated through cellular rejuvenation. For a global-
scale analysis of chromatin reorganization during rejuvenation, we conducted
chromatin conformation capture (Hi-C) experiments. Several recent works have
shown the alteration in global chromatin structure and promoter-enhancer interactions
in aging (Meng et al. 2023; Yang et al. 2023). However, the detailed investigation on
chromatin organization at nuclear envelope in aged fibroblasts is still lacking. The
amalgamation of publicly available DAM-ID data with Hi-C and gene expression data
revealed aging-dependent alterations in LAD regions at the nuclear envelope, which
were subsequently reset during rejuvenation. These findings paint a promising picture
of mechanically rejuvenated cells, with far-reaching implications in the realm of

regenerative medicine.

Material and Methods

Partial reprogramming of fibroblasts and redifferentiation

In this project, we used NIH3T3 mouse embryonic fibroblasts, human primary old skin
fibroblasts (GM08401, 75 years old, male origin) and young skin fibroblasts (GM09503,
10 years old, male origin) to explore the potential of cellular rejuvenation. NIH3T3 cells
were cultured in high-glucose DMEM (Gibco) supplemented with 10% (vol/vol) FBS
(Gibco) and 1% penicillin-streptomycin (Gibco). Human primary skin fibroblasts were
sourced from the NIGMS Human Genetic Cell Repository at the Coriell Institute for
Medical Research and expanded in minimum essential medium (MEM) containing 15%
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FBS, 1% non-essential amino acids (NEAA), 1% penicillin-streptomycin, and 1%
glutaMax, all maintained under 5% CO2 conditions at 37°C.

For the mechanical rejuvenation of NIH3T3 mouse embryonic fibroblasts, our
experimental procedures encompassed microcontact printing, cell seeding, partial
reprogramming, collagen gel embedding for dedifferentiation, and the subsequent
retrieval of cells from the collagen gel using collagenase.

These cells were cultured on fibronectin micropatterns and grown under laterally
confined conditions as described in previous chapter (Roy et al. 2018). To elaborate,
rectangular micropatterns with an aspect ratio of 1:5, measuring 1,800 pm2 and
spaced 150 ym apart, were established on uncoated Ibidi dishes (81151) through the
stamping of fibronectin (F1141, Sigma)-coated PDMS micropillars, a product of soft
lithography.

Approximately 7,000 cells were seeded on a fibronectin-micropatterned dish to attain
a density of one cell per fibronectin island. These single cells were cultured under
laterally confined conditions for 6 days in the previously mentioned culture medium,
with fresh media replacements every alternate day, unless specified otherwise. To
initiate redifferentiation, spheroids or cells derived from trypsinized spheroids were
embedded in a 3D rat tail Collagen-I gel at a concentration of 1 mg/mL following the
manufacturer's protocol (Thermofisher). In this 3D collagen matrix, cells were cultured

for 48 hours in the aforementioned medium for rejuvenation assays.

For partial reprogramming and rejuvenation of human old fibroblasts, cells were
exposed to 10,000 ym2 (58*174 um2, spaced 174 um apart) micropatterns with an
aspect ratio of 1:3. Subsequently, the micropatterned dish was surface-passivated
with 0.2% Pluronic acid (Sigma P2443) for 10 minutes. Approximately 7,000 cells were
seeded per dish. Single cells were grown for 8 days in the cell culture medium to
achieve the partially reprogrammed state. The old medium was replaced with fresh
medium every other day, taking care not to disrupt the spheres until day 8. On day 9,
the spheres were carefully collected in a fresh complete growth medium using a sterile
scrapper. The spheres were subsequently centrifuged at 800 rpm for 3 minutes at

room temperature, and excess growth medium was removed. Finally, these spheres
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were embedded in a 3D rat-tail collagen type | gel at a concentration of 1 mg/ml for
their redifferentiation. Cells were then cultured in the collagen gel for 2 days.

To retrieve cells from the 3D collagen matrix for RNAseq sample preparation or
imaging studies for 2D cultured cells, collagenase was employed to digest the collagen
matrix. After 48 hours in the collagen, gels were subjected to digestion with 2 mg/ml
collagenase enzyme for 25 minutes in a 37°C culture incubator. The cells were
subsequently collected in a fresh complete growth medium to inactivate or dilute the
collagenase activity and then centrifuged at 1000 rpm for 4 minutes. The cells were
resuspended in 1 ml of fresh complete growth medium in a 60 mm petri dish coated
with collagen (50 pg/ml). Control GM09503 and GMO08401 cells were cultured as
monolayers on collagen-coated petri dishes on the same day when the rejuvenated
cells were collected.

RNA-seq sample preparation and analysis

For the mouse cell sample, total RNA was isolated from cells grown on patterns for
varying durations using the RNeasy Plus Micro Kit (Qiagen). Cells grown in 3D
Collagen-| gel were treated with collagenase for 15 minutes prior to RNA isolation.
mMRNA libraries (lllumina Stranded) were prepared, and sequencing was conducted
on a HiSeq 2000 platform at the Genome Institute Singapore. In essence, four
conditions were examined: FC (3T3 clumps grown overnight on micropatterns without
gel), FCG (3T3 clumps grown in Collagen-l gel for 48 hours), PR (partially
reprogrammed spheroids without gel), and RF (6-day samples grown in Collagen-I gel
for 48 hours). Each condition comprised three biological replicates and four technical
replicates (run on four different lanes).

Reads were aligned to Mus musculus GRCm38.p6 soft-masked genomic DNA (with
GenBank Assembly ID GCA_000001635.8, downloaded from Ensembl) using the
tophat sequence alignment tool (D. Kim et al. 2013). The annotation file (GTF format)
used for tophat sequence alignment was downloaded from Ensembl (for GRCm38.p6
assembly) (Martin et al. 2023). Default parameters were used in Tophat (v2.1.1) (D.
Kim et al. 2013). Following alignment, four technical replicates for each biological
sample (accepted_hits.bam files from Tophat output) were combined for downstream
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analysis. The Cufflinks (v2.2.1) software was employed to assemble transcripts and
determine the number of reads for each transcript (Trapnell et al. 2013). The number
of reads for transcripts from the same gene were summed to get the count number
(reads per million, RPM). Count numbers for all expressed genes were used in
differential expression analysis via DESeqg2 (Version 1.20.0) (Love, Huber, and
Anders 2014). Differentially expressed genes were defined as those with adjusted p
values (Benjamini—-Hochberg) below a 0.1 false discovery rate.

For human cell sample, total RNA was isolated from replicates of young, old and
rejuvenated cells cultured on 2D collagen coated surface using Qiagen RNeasy mini
kit according to manufacturer's protocol. RNA quality was measured with a high
sensitivity RNA kit using the agilent Bioanalyzer. lllumina paired-end library was then
prepared using NEBNext® Ultra™ RNA Library Prep Kit. All samples were sequenced
in the D-BSSE facility at ETH Zurich in a single flow cell with a yield of 350-450 million
reads with a read length of PE 38*2.

Paired end reads were aligned to Homo sapiens GRCh38.84 reference genomic
indexes using the HISAT2 sequence-alignment tool (version 2.2.1) (D. Kim et al.
2019). The cloud indexes (grch38_trans) for HISAT2 were accessed on June 25th
2020 from https://registry.opendata.aws/jhu-indexes. Four technical replicates for
each biological sample (in batch 2) were combined as input of HISAT2. Default
parameters were used in HISATZ2. Single aligned reads were counted by htseqg-count
(1.99.2). Count numbers for all expressed genes were used in differential expression
analysis using DESeq2 (Version 1.36.0) . Differentially expressed genes had adjusted
P values (Benjamini-Hochberg) below a 0.1 false discovery rate (FDR) and fold
change higher than 1.4. Enrichment analysis was conducted using the David database
using a gene list with log2 fold change = 1 and p-adjusted value < 0.05 for upregulated
genes (Sherman et al. 2022). Similarly, for downregulated genes, log2 fold change <
-1 and p-adjusted value < 0.05 was used.

Chromatin transcriptional activity

To assess the transcriptional activity of each chromosome, we leveraged RNA-seq
data obtained from young and old fibroblasts cultured in 2D and followed the
methodology outlined in our lab's previous work (Y. Wang et al. 2017). Initially, we
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computed the Transcripts Per Million (TPM) values for each gene using the Salmon
software, which achieved a mapping rate of approximately 90%. Subsequently, we
calculated the z-scores for the TPM values of each gene, normalizing them across all
biological conditions and replicates. The chromosome activity for each biological
sample was determined by summing the z-scores of genes located on that specific
chromosome and dividing by the total number of genes on the chromosome. This
calculated chromosome activity provided an average measure of the transcriptional

activity of genes within that chromosome.

Prize-Collecting Steiner Tree analysis

Network analysis was done as previously described with enlarged human network
dataset. Human protein-protein interaction data were downloaded from the STRING
database (version 11.5), comprising 17,804 genes and 937,906 interactions
(Szklarczyk et al. 2015). Transcriptional regulator and target genes relationships were
combined from both the hTFtarget database and previous datasets (downloaded from
Harmonizome and Enrichr database as described in previous chapter), including 774
transcriptional regulators, 19,382 protein-coding genes as targets and 4,419,504
interactions (Rouillard et al. 2016; Z. Xie et al. 2021; Q. Zhang et al. 2020).
Transcriptional regulators with protein-protein interaction information were designated
transcriptional regulator nodes, while other proteins in the protein-protein interaction
data were classified as protein nodes. Target genes of the transcriptional regulators
were termed RNA nodes.

The costs on the edges of the network (representing interactions between nodes) were
calculated as -log(score/1000), with the score being derived from the quality of links
between proteins stored in the STRING database (multiplied by a factor of 1000 upon
download). Edges linking transcriptional regulators and targets were assigned a cost
of zero. For the analysis in Figure 3-13, prizes were given to 1210 genes upregulated
in young fibroblasts compared to the old cells. For the analysis in Figure 3-15, prizes
were allocated to 1974 protein and transcriptional regulator nodes based on their log2
fold change for upregulated genes in rejuvenated cells compared to old fibroblasts.
Prizes were also assigned to 167 RNA nodes, utilizing their averaged log2 fold change
comparing young fibroblasts with old fibroblasts and rejuvenated cells with old
fibroblasts based on RNA-seq analysis. Network optimization using Prize-Collecting
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Steiner Tree was performed to derive a regulatory network connecting potential
upstream protein and transcriptional regulator nodes with their targets (S. -s. C. Huang
and Fraenkel 2009).

Hi-C processing

Hi-C sequencing reads were mapped to the human genome (GRCh38) downloaded
from the ensemble database (release 104) using the bwa software (version 0.7.17)
(Martin et al. 2023; Heng Li and Durbin 2009). Pairtools software (version 0.3.0) was
used to filter Hi-C mapped reads, removing PCR/optical duplicates and retaining UU,
UR, RU reads (U refers to unique mapped reads, R refers to rescued multiple mapped
reads coming from sequencing through the ligation junction).

Chromatin organization at the nuclear periphery

The pairtools file output (i.e., .pairs file) was binned into a 10 kb resolution contact
matrix using the cooler python library (Abdennur and Mirny 2020). Genomic regions
belonging to nuclear Lamina-associated domains (LADs) were obtained from the
UCSC genome browser (Guelen et al. 2008; Karolchik 2004). These LAD regions were
extended by 0.5 Mb upstream and downstream. For each 10 kb bin within an extended
LAD region, we calculated the contacts between the bin and all non-LAD regions on
the same chromosome. This value represented the contact strength for each bin within
an extended LAD region. The number of LAD loci with increased or decreased contact
strength with non-LAD in young and/or rejuvenated cells compared to old samples
was determined. The DESeq2 package (version 1.36.0) with padj < 0.01 was used to
obtain the contact bins that significantly differed between the different states (Love,
Huber, and Anders 2014). In this analysis, the values of the summed contacts were
used as the count input to DESeq2. Differential contact LAD loci were analyzed in
conjunction with RNA-seq data to identify LAD genes exhibiting transcriptional
changes. Functional annotation using the DAVID database was performed to identify
pathways associated with these selected LAD genes. Transcriptional regulatory
pathways were studied using the Prize-Collecting Steiner tree method.

Immunostaining on 2D and 3D culture conditions
Cells from 2D culture were fixed with 4% paraformaldehyde prepared in PBS for 15
minutes followed by three PBS washes for 5 minutes each. Similarly, cells embedded
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in 3D collagen-| gels were fixed for 25 minutes and then washed with PBS containing
100mM glycine three times, each wash lasting 5 minutes. Subsequently, cells were
permeabilized using 0.5% Triton X-100 for 15 minutes (2D) or 20 minutes (3D) and
washed with PBS three times. For 2D cells, a blocking solution consisting of 1% BSA
in PBS with 0.1% tween was applied and incubated for one hour at room temperature.
For 3D dishes, a blocking solution consisting of 10% goat serum and
immunofluorescence (IF) wash solution (0.2% Triton X100, 0.2% tween in PBS) was
used and incubated for three hours at room temperature. Primary antibodies were
diluted in a 1% BSA blocking solution for 2D samples, while for 3D samples, primary
antibodies were diluted in 5% goat serum and incubated overnight, followed by three
IF washes of 10 minutes each. Secondary antibodies for 2D samples were diluted in
a 1% BSA blocking solution, and for 3D samples, they were diluted in 5% goat serum
in IF solution. After secondary antibody staining, stained dishes were washed with IF
solution three times each for 10 minutes and the nuclei were stained with Nucblue
from Thermo Scientific readymade solution by dissolving one drop of it in 1ml PBS
and incubating it for 10 minutes at room temperature. Filamentous actin labeling was
done using actin green from Thermo Scientific by dissolving one drop of itin 1 ml PBS
and incubating it for three hours at 4°C.

Imaging and image analysis

All fluorescent images of cells cultured on 2D and 3D embedded in collagen-I gel were
acquired using a Nikon A1 confocal laser scanning microscope with 20x magnification,
60x magnification or 100x magnification with the following acquisition settings. For
imaging whole cells, a x-y pixel size of 0.43 ym with 1 or 2 ym z step size was used.
For 2D cultured cells, the z-direction was captured for a thickness of 5 ym, whereas
cells embedded in 3D collagen-I gel were imaged up to the thickness of 25 ym. With
these settings, confocal images of either 512x512 or 1,024x1,024 pixels were
obtained. Nuclei were segmented based on the Otsu thresholding method. Nuclear
features were calculated on the DAPI stained nuclei images using tools published

previously by our group (https://github.com/GVS-Lab/chrometrics)

(Venkatachalapathy, Jokhun, and Shivashankar 2020). For the quantification of
cytoskeleton features, the cytoskeleton was segmented using the Otsu thresholding
method. The volume of cytoskeleton close to the nucleus (2 um expansion of the
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segmented 3D nucleus masks) was calculated. The mean intensity of the cytoskeleton

close to the nucleus was also measured.

Nuclear dynamics were analyzed from the decorrelation of the nuclearimages in time.
Time-lapse live-imaging of nucleus stained with Hoechst 33342 (ThermoFisher
Scientific) was done in confocal mode with time intervals of one minute for up to 32
minutes in PR, FC and FC+TSA conditions. Pearson correlation coefficient (PCC)
value was calculated from two lists of pixel intensity of the same nucleus captured in
different time points with a certain time lag. For each cell, one PCC curve was drawn
which connecting all PCCs (as y) with the increasing time lags (as x) as represented
in dim color in Figure 3-14A. The mean PCC curves for all cells in each condition, were
drawn in bright color in Figure 3-14A. The mean PCC curves in each condition were
fitted by equation y = (1-a) + a exp(-t/1) - n, where y refers to PCC value, t is time lags,
fitting parameter a is drop rate, T is time constant, n is noise.

To study the colocalization of the cytoskeleton and heterochromatin or telomere
markers, we used the 60X objective NA1.4 with a pixel size of 0.08 ym and z step size
0.2 ym. Chromatic aberration (in 3D) was corrected based on the images of 100 nm
fluorescent beads under the same imaging settings. Nucleus (DAPI) was segmented
to get a 3D volume mask using the Otsu thresholding method. To study the top surface
of the nucleus, a projected (flattened) image for the top surface (1 voxel per xy
coordinate) on the segmented 3D volume of the nucleus with corresponding
cytoskeleton and heterochromatin or telomere marker channels was derived. A similar
process was performed to study the bottom surface of the nucleus (using the bottom
surface on the segmented 3D volume). The mean intensity of the chromatin markers
in the top and bottom surface images was measured. Next, in the images of top or
bottom surfaces, actin, microtubule, HP1a and TRF2 within the segmented nucleus
mask were further segmented using the Otsu thresholding method to get their
localization. To quantify the colocalization of cytoskeleton and chromatin markers, two
ratios were measured. First, the number of overlapping pixels from the two segmented
masks (i.e., the region of cytoskeleton and the region of chromatin marker that are
overlapping) divided by the number of pixels in the cytoskeleton mask was calculated.
Second, the number of overlapping pixels from the two masks divided by the number

of pixels in the chromatin marker mask was calculated.
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Chromosome painting of interphase chromosomes

Cells from the three cell states (young, old and rejuvenated) were cultured with
complete growth medium up to 70% confluence. Cells were then trypsinized and fixed
using carnoy fixation as described in the previous section. Finally the cell number was
adjusted and a few drops of cells were spotted on the slide and left for air drying.
Metasystem Xcyting FISH probes for chromosomes chr4 (green) and chr18 (red) were
premixed in a Eppendorf tube and spotted exactly on to the slide without bubbles. A
cover slip was placed and sealed with rubber cement and incubated for a denaturation
step at 75°C for 2 minutes. The slides were kept in a humidified chamber protected
from light for hybridization overnight at 37°C in a water bath. For post hybridization on
the next day, rubber cement was carefully removed and the slides were washed with
0.4x SSC buffer (3M sodium chloride and 30mM sodium citrate adjusted pH-7.2) at
72°C for 2 minutes followed by 2X SSC buffer with 0.05% triton X-100 for 30 seconds
at room temperature. Finally, the slides were washed with water once and allowed to
air-dry for a few minutes followed by adding antifade mounting medium with DAPI. All
slides were scanned under a confocal microscope with 100X objective for

chromosome spots.

Results

Redifferentiation of fibroblasts from partially reprogrammed spheroids

In our preceding investigation into mechanically-induced nuclear reprogramming,
conducted in the absence of exogenous biochemical factors, we observed that mouse
embryonic fibroblasts subjected to laterally confined growth on micropatterns for 6
days (as described in the previous chapter) began to exhibit partially stem cell-like
gene expression. These 6-day-old spheroids were subsequently embedded in
collagen gels and cultured for an additional 2 days (Fig 3-1). Remarkably, within mere
hours, cells derived from these spheroids initiated a progressive invasion of the
collagen matrix. They migrated individually as unicellular sprouts or collectively formed
complex capillary-like structures. In addition to cell invasion, we noted morphological
alterations in the spheroid core itself. While the spheroids initially presented as
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compact structures, subsequent cell migration led to spheroid expansion and
breaches in the spheroid core.

Day 6 Collagen hydrogel

: 48hrs .
N IRG  PL>
3D hydrogel ) k—’/ ¢ N
Fibroblasts Spheroids Isotropic compression Re-differentiation Fibroblast network

Figure 3-1. Schematic representation of the effect of geometry-driven laterally
confined growth of fibroblasts on reprogramming, followed by their redifferentiation
within the embedded 3D collagen matrix.

Redifferentiated fibroblasts are characterized by activation of cytoskeleton

pathways and enhanced cell contractility

To comprehensively assess the gene expression profiles in redifferentiated fibroblasts
(RF) and compare them to various control conditions, including partially
reprogrammed cells obtained from 6 days of laterally confined growth on
micropatterns (PR), fibroblasts grown overnight on micropatterns and forming clumps
(FC), and fibroblasts grown in clumps overnight and subsequently embedded in

collagen for 48 hours (FCG), we conducted RNA-seq experiments.

Thousands of genes, including key pluripotency markers Bmp4, Cdx2, Fgf4, Gdf3,
Nanog, Nodal, NtSe, Sall4 and Sox2, were solely upregulated in the PR cells (Figure
3-2A). When the gene expression profiles in these four conditions were analysed
together with a previous RNAseq dataset generated for the reprogramming process,
two drastically different cell states were revealed by clustering analysis (Figure 3-2 B).
PR cells shifted away from the parental fibroblast-like state (FC) to a stem-like state
from day 6 to day10, as a result of lateral confinement. Embedding these day 8
partially reprogrammed cells in a 3D collagen environment resulted in a reversion of
their gene expression profiles back to the parental 3T3 fibroblast-like state, as
observed in RF cells.
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Figure 3-2. Differential expression analysis for partially reprogrammed cells (PR) and
redifferentiated cells (RF). (A) Venn diagram showing the number of upregulated
genes in 14 (2" — 2, n is 4 conditions) comparisons. FDR (adjusted p value) < 0.1. (B)
Heatmap showing the similarities between the samples based on the sample-to-
sample Euclidean distance defined on gene expression profiles, calculated on the

count matrix.

Based on the comparisons outlined in the Venn diagram above, we identified two sets
of genes: those selectively overexpressed (23 genes) and those downregulated (53
genes) in RF compared to all the other conditions. The genes upregulated in RF
formed a molecular interaction network characterized by several central nodes,
including proteins such as Rab25, Cdc42bpa, Rhoj, and Iqgap1, which are known to
enhance cell migration and cell contractility (Figure 3-3 A). The network was generated
using the known protein-protein interaction data from STRING databased combined
with a gene list which showed upregulation in RF condition compare to the FCG control
condition. The pink color nodes represent the genes which are expressed higher in
RF than FCG condition. The first neighbour of these pink nodes were labeled in blue
color. The hexagon nodes are ones with degree (i.e. the number of neighbours) higher
than 5. The expression of selected genes regulating cell contractility was up-regulated
in RF compared to FCG (Figure 3-3 B). These experiments show that PR cells can be
redifferentiated into a fibroblast-like (RF) state by embedding them into a 3D collagen
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matrix, and these cells are characterized by elevated expression of contractility- and
fibroblast-related genes.
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Figure 3-3. Upregulated genes in RF compared to FCG. (A) Protein-protein interaction
network showing the upregulated genes in RF compared to FCG. Pink: upregulated
genes. Blue: the first neighbours of the pink nodes. Hexagon shape: nodes with
degree (the number of neighbours) higher than 5. (B) Pathway map showing the
differentially expressed genes in the regulation of actin cytoskeleton pathway (KEGG:
hsa04810). Pink: upregulated in RF. Cyan: downregulated in RF. Green: no

expression changes.

Consistent with the RNA-seq results, Figure 3-4 A-C clearly demonstrates that RF
exhibit enhanced actomyosin contractility compared to control fibroblasts (FCG). This
observation is based on immunostaining of phosphorylated myosin light chain (pMLC)
and actin staining, along with the quantification of mean pixel intensity per cell.
Remarkably, this trend was similarly observed in redifferentiated partially
reprogrammed human primary cells (Figure 3-4 D-F). When we examined cell
contractility using pMLC immunostaining, we discovered that old fibroblasts exhibited
significantly lower pMLC intensity than young fibroblasts, consistent across both 2D

and 3D culture environments.
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Figure 3-4. Immunostaining experiments showing the increased cell contractility in
mouse redifferentiated fibroblasts (RF) and human rejuvenated cells (RJ). (A)
Representative actin and pMLC immunofluorescence micrograph of RF and FCG
embedded in 1mg/ml collagen matrix. (B and C) Corresponding box plots for cellular
mean intensity of actin and pMLC; n=81 and 67 for FCG and RF conditions,
respectively. ***P < 0.001; Two-sided Student’s t-test were used. (D) Representative
immunofluorescence images of actin (green) and pMLC (red) of young, old, RJ cells
from 2D cultured (top panel) and 3D cultured in Tmg/ml collagen matrix (bottom panel).
Scale bar is 100 um. (E and F) Box plot representing corresponding cellular mean

pMLC intensity (A.U.) for these three cell states in the 2D and 3D culture condition.

To further investigate the relationship between the cytoskeleton, nuclear morphology,
and transcriptional regulation in the context of aging and rejuvenation, we focused on
human primary cells, specifically, young fibroblasts, old fibroblasts, and rejuvenated
fibroblasts (RJ). Using 3D confocal microscopy, we examined the morphological
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differences in the nucleus among these three cell states. As shown in the figures, the
height of the nucleus averaged around 5.2 ym, with significant differences observed
in the nucleus volume across these three cell types (Figure 3-5 A and B). Such
variations may be attributed to alterations in cytoskeleton organization and could
potentially impact chromatin compaction..
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Figure 3-5. Nucleus size in young fibroblasts, old fibroblast and rejuvenated cells (RJ)
in 2D culture condition. (A) Boxplot showing the nucleus height distribution in micron

unit. (B) Boxplot showing the nucleus volume (um?® unit).

Cytoskeleton reorganization in proximity to the nucleus

To explore potential correlations between changes in cytoskeletal contractility and
chromatin organization, we employed high-resolution 3D confocal microscopy to
visualize actin, microtubules, the heterochromatin marker HP1a, and the telomere
marker TRF2 (Figure 3-6 A, D, E). Our analysis revealed that the amount of
microtubules in close proximity to the nucleus (within a 2 ym distance) increased
during the aging process but decreased in rejuvenated fibroblasts (Figure 3-6 B).
Additionally, the amount of heterochromatin decreased during aging but increased in

the rejuvenated state (Figure 3-6 C).
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Figure 3-6. Representative 2D projected immunofluorescent images of actin (green),
microtubule (red) and nucleus (blue). Scale bar is 10 um. (B) Boxplot showing the
volume of microtubule close to the nucleus (within 2 um distance) (n = 105 nuclei for
young, 111 nuclei for old, 113 nuclei for RJ, combined from three biological replicates).
(C) Boxplot showing the mean intensity of HP1a per nucleus (n = 105 nuclei for young,
111 nuclei for old, 113 nuclei for RJ). (D) Representative immunofluorescence images
of actin (red), microtubule (green), heterochromatin protein HP1a (gray) of the three
cell states. Scale bar is 10 um. (E) Representative immunofluorescence images of

actin (red), microtubule (green), telomere marker TRF2 (gray). Scale bar is 10 um.
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Figure 3-7. Linear discriminant analysis showing changes in cytoskeleton amount and
heterochromatin amount in young, old and rejuvenated cells. (A) Distribution of Linear
Discriminant Analysis (LDA) scores for classifying young and old cells based on
cytoskeleton, DAPI and HP1a staining features. The classification accuracy was 73 %
(balanced dataset). Nine features were used: HP1a mean intensity, DAPI mean
intensity, nuclear volume, volume close to the nucleus (2 um distances), height of the
nucleus, actin volume close to the nucleus, microtubule volume close to the nucleus,
mean actin intensity close to the nucleus, mean microtubule intensity close to the
nucleus. 100 nuclei for each condition were used in the analysis. (B) Top features

used for classifying young and old fibroblasts used in (A).

For a more comprehensive understanding of the roles played by cytoskeletal and
nuclear phenotypes within the context of aging and rejuvenation, we quantified the
mean fluorescence intensity and volume of the actin and microtubule cytoskeleton,
DAPI-stained nucleus, and HP1a-stained heterochromatin, using 3D fluorescent
images rather than 2D projected images. Employing the Linear Discriminant Analysis
(LDA) model, trained with derived features obtained from young and old fibroblast
data, we identified the utmost significance of the actin cytoskeleton, 3D nuclear
volumes, and heterochromatin intensity in distinguishing between young and old
fibroblasts (Figure 3-7 B). Applying this trained model to previously unseen 3D images
of rejuvenated cells revealed that their distribution fell between that of young and old
cells (Figure 3-7 A). Collectively, these findings indicate that aging corresponds to
alterations in cytoskeletal quantity, nuclear morphology, and chromatin arrangement,

which are subsequently reversed in rejuvenated cells.
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Nuclear morphometric features revealing the similarities between rejuvenated

and young fibroblasts

To delve deeper into the chromatin organization within these three distinct cell states,
we conducted an analysis of 2D projected DAPI-stained nuclear images. This
comprehensive assessment encompassed various aspects, including nuclear shape
features (e.g. the aspect ratio of the nucleus), nuclear boundary features (e.g. the
length of the nuclear boundary with positive or negative curvature), chromatin texture
features (e.g. the correlation coefficient of DAPI pixel intensity within a fixed distance)
and chromatin intensity features (e.g. the amount of heterochromatin) (Figure 3-8 B).
For the classification of nuclear images from young and old fibroblasts, we employed
a Linear Discriminant Analysis (LDA) model. Post-training, LDA scores were
computed for previously unseen nuclear images from rejuvenated fibroblasts.
Interestingly, these rejuvenated cells exhibited a distribution of LDA scores akin to that
of young fibroblasts (Figure 3-8 A). The selection of the top 15 crucial features for
distinguishing between young and old fibroblasts encompassed nuclear shape
features (e.g., aspect ratio denoted as "a_r"), nuclear boundary characteristics (e.g.,
"frac_peri_w_neg_curvature" representing the ratio of boundary length with negative
curvature to total perimeter), chromatin texture properties (e.g., "correlation_5"
indicating correlation of co-occurrence matrix for a 5-pixel lag), and chromatin
condensation attributes (e.g., "hc_content_dna_content" representing the ratio of
summed intensity in heterochromatin regions normalized by total area, and
"hc_area_nuc_area" denoting heterochromatin content area normalized by total area)
(Figure 3-8 B). Notably, the aspect ratio of the nucleus, a significant indicator of
mechanical stretching, was examined for rejuvenated cells, revealing their more
elongated morphology compared to old cells and a similarity to young cells (Figure 3-
8 C).
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Figure 3-8. Linear discriminant analysis showing the nuclear morphometric features
changes in aging and rejuvenation. (A) Distribution of Linear Discriminant Analysis
(LDA) scores for classifying young and old cells based on the nuclear features derived
from 2D projected nuclear images. Classification accuracy (young and old samples)
was 70% (balanced dataset). Sample size was 400 cells per condition. 46 chromatin
features were used for the analysis (see Methods). (B) Top nuclear features used for
classifying young and old cells based on the LDA model. (C) Boxplot showing the
aspect ratio per nucleus for these three cell states (n = 448 nuclei for young, 429 nuclei
for old, 562 nuclei for RJ).

Differential colocalization of the microtubule cytoskeleton with

heterochromatin and telomeres

To explore whether chromatin organization correlated with cytoskeleton localization,
we examined the top and bottom surfaces of the nucleus for colocalization of
cytoskeleton (outside the nucleus) with heterochromatin and telomere markers (inside
the nucleus) (Figure 3-6 D and E, Figure 3-9). Both top and bottom surfaces of the
nucleus showed decreased amounts of heterochromatin of old fibroblasts compared
to the young and the rejuvenated fibroblasts (Figure 3-10 | and J). Even though the
amount of telomere at the top and bottom surfaces of the nucleus did not change
(Figure 3-10 D and H), the ratio of heterochromatin and telomere associated with
microtubules increased in the old cells (Figure 3-10 C/G/K). In addition, the density of
telomeres colocalized with actin and microtubule on both, the top and bottom nuclear
surfaces, increased in the old fibroblasts (Figure 3-10 A/B/E/F). This indicated that the
differential colocalization of the cytoskeleton with heterochromatin and telomeres
during aging and rejuvenation may contribute to changes in 3D chromatin organization

at the nuclear envelope.
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Figure 3-9. Colocalization of cytoskeleton and heterochromatin in fibroblasts. (A)
Representative images of the colocalization of heterochromatin (H3K27me3 in cyan),
actin (magenta) and microtubule (yellow). These images were from the z-plane of the
corresponding nuclei surface. (B) Representative image showing the montage of the
colocalized heterochromatin region (stained with HP1a antibody) and microtubule for
one nucleus. Different number showing different z planes. (C) Representative images
of the top and bottom surfaces of the nucleus stained with DAPI, actin, microtubule (a-

Tubulin) and telomere (TRF2). Scale bar is 10 um.
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Figure 3-10. Quantification of the cytoskeleton and chromatin features in young, old
and rejuvenated cells. (A) Boxplot showing the ratio (i.e. density) of the telomeres on
the actin at the top nuclear surface for young (n = 113), old (n = 111) and RJ cells (n
= 108) combined from three replicates. (B) Boxplot showing the ratio (i.e. density) of
the telomeres on the microtubule at the top nuclear surface for these three cell states.
(C) Ratio of heterochromatin HP1a colocalized with microtubule compared to the
overall amount of HP1a region at the top nuclear surface. n = 105, 111, 113 combined
from three replicates. (D) Intensity of telomere at the top nuclear surface. (E) Ratio (i.e.
density) of the telomeres on the actin at the bottom nuclear surface for young, old and
RJ cells. (F) Ratio (i.e. density) of the telomeres on the microtubule at the bottom

nuclear surface for these three cell states. (G) Ratio of heterochromatin HP1a
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colocalized with microtubule compared to the overall amount of HP1a region at the
bottom nuclear surface. (H) Intensity of telomere at the bottom nuclear surface. (I)
Amount of HP1a at the bottom nuclear surface. (J) Boxplot showing the mean intensity
of HP1a per nucleus at the top nucleus surface for three cell states. (K) Boxplot
showing the ratio of TRF2 stained telomere region colocalized with microtubule at the
top nucleus surface compared to the overall TRF2 region at the top nucleus surface
(n = 113 nuclei for young, 111 nuclei for old, 108 nuclei for RJ, combined from three

replicates).

Chromatin reorganization at the nuclear periphery

In light of the observed changes in heterochromatin associated with aging, we
embarked on a comparative analysis of chromatin transcriptional activity and radial
localization between young and old fibroblasts. Using differential expression gene lists
obtained from RNAseq dataset and quantification on chromatin transcriptional activity,
we wanted to measure changes of gene transcription at the chromosome level (see
method). A comparison of the chromatin transcriptional activity between old and young
fibroblasts revealed notable differences, with chromosome 6 and 17 exhibiting higher
activity in young cells, while chromosome 16 displayed lower activity in the same cells
(Figure 3-11D). To delve deeper into these observations, we explored the correlation
suggested by our lab's prior research between chromosome activity and radial
distance from the nuclear centroid, which led us to conduct fluorescence in situ

hybridization (FISH) on these chromosomes (Y. Wang et al. 2017).

Through confocal 3D imaging, we discerned distinct patterns of chromosomal
localization. Particularly noteworthy was the relocation of chromosome 4 and 17,
which were inclined to occupy central positions in young fibroblasts but shifted towards
the nuclear periphery in old fibroblasts. Conversely, chromosome 16 exhibited a
tendency for central localization in old fibroblasts but displayed peripheral positioning
in young fibroblasts. Furthermore, we unveiled variations in the copy number of
chromosomes 4 and 17, with certain imaged old fibroblasts showcasing 3 copies of
chromosome 4 and 1 copy of chromosome 17. We proceeded to quantify the
normalized radial distance of each chromosome within the imaged nuclei, achieved
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by segmenting the labelled chromosomes and calculating their volume within 2/3 of
the nucleus divided by their whole volume (Figure 3-11 B). Our results indicated that
chromosomes 4 and 17 tended to localize closer to the nucleus's inner regions in
young fibroblasts compared to older ones. In contrast, chromosomes 13, 16, and 18
exhibited a propensity for peripheral localization in young fibroblasts when contrasted
with their positions in older fibroblasts. These findings strongly indicate changes in the

radial localization of chromosomes as cells undergo aging.

Yellow: nucleus. Green: inner nucleus (2/3 volume). Pink and grey: chromosomes.
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Figure 3-11. Radial distribution changes of chromatin in old fibroblasts compared to
young fibroblasts. (A) Representative images of the painted chromatin 4, 16 and 17 in
young and old fibroblasts. Z project image and X projected image for the same nucleus
are shown. Dark yellow color region is the nucleus, blue color region is 2/3 volume of
the nucleus shrinking to the center of the nucleus, pink color regions are the painted
chromosomes. (B) Boxplot showing the radial localization of painted chromosome 4,
13, 16, 17, 18, 21 for old and young fibroblasts. (C) Venn graph showing the
differentially expressed genes comparing old and young fibroblasts. 1210 genes are
upregulated in young cells, 1186 genes are upregulated in old fibroblasts. (D) Barplot
showing the normalized chromosome transcriptional activity for young and old

fibroblasts.
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To delve even deeper into the chromatin organization in aging and rejuvenation, Dr.
Triandha Rao Sornapudi generated and sequenced in-nucleus Hi-C libraries from the

three cell states using approximately 200 thousand cells and the low-input Hi-C

method (Diaz et al. 2018) (Figure 3-12 A, Table 3-1).

sample Total Mapping |mapped to[Number of reads|Ratio off
number  offrate (bwa) [different chrjafter filteringjremaining
sequences (mapQ>5) |(pairtools) reads
Old_B1R1 652329304 [0.99231 [0.075973  |375287436 0.57530366
Old_B2R2 797125811 ]0.98945 [0.077163 444355982 0.55744774
Young_B1R1 [553876884 |0.99359 [0.077738  [272124166 0.49130804
Young_B1R2 (528030894 [0.99317 [0.087871 295413589 0.5594627
RJ_B1 581092062 [0.98994 |0.064834  |202706128 0.34883651
RJ_B2 37052694 |0.99307 [0.088438  |20647182 0.55723835

Table 3-1. Descriptive table of Hi-C data for young, old and rejuvenated cells in
replicates. The table shows the total number of sequences, the mapping rate, the
number of reads that were mapped to different chromosomes (i.e. trans-chromosomal
interactions), the number of reads after filtering, as well as the percentage of reads
that remained after filtering.

The correlation of expression changes with alteration in LAD gene

organization.

In light of our previous findings regarding the changes in heterochromatin organization
at the nuclear envelope during aging and rejuvenation, we turned our attention to the
genomic regions at the nuclear periphery in the three cell states. To pinpoint chromatin
regions in proximity to the nuclear periphery, we employed Lamina-associated
domains (LADs) data obtained from Lamin B1 DamlD-seq of human fibroblasts
(Guelen et al. 2008) (Figure 3-12 B).
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The genomic regions within nuclear Lamina-associated domains (LADs), defined by
the Lamin B1 DamlD track, were extended by 0.5 Mb upstream and downstream. For
each 10 kb bin within these extended LAD regions, we calculated the contacts
between the bin and all non-LAD regions on the same chromosome, resulting in a
contact strength value for each 10 kb bin within the extended LAD region. This
approach facilitated the determination of contact strengths for the extended LAD
regions while compensating for the absence of many potential contacts in the 10 kb
resolution Hi-C matrix (Figure 3-12 C and D). The contact strength distribution
appeared relatively smooth considering the high resolution of the 10 kb Hi-C data.
Notably, in this analysis, an increase in the contact strength of a LAD locus with inner
located chromatin (non-LAD locus) suggests its potential detachment from the nuclear

Lamina.

Interestingly, statistical testing of the contact strength using the DEseq2 software,
based on the Hi-C data, showed significantly changed LAD loci, which we call
differential contact (DC) loci (Figure 3-12 E). To gain a comprehensive understanding
of the transcription-dependent reorganization of LAD loci, we conducted an integrated
analysis that included Hi-C, DamID-seq, and RNA-seq data. In young cells, we
identified 516 genes that were transcriptionally upregulated and exhibited higher
contact strength within LAD regions (Figure 3-12 F). Functional annotation of these
516 genes using the DAVID database revealed their involvement in pathways
regulating cell migration, cytoskeleton organization, BMP signaling, and TGFb
signaling (Figure 3-12 H) (D. W. Huang, Sherman, and Lempicki 2008). On the other
hand, in old cells, we detected 165 genes that were transcriptionally upregulated and
exhibited higher contact strength within LAD regions associated with cell adhesion
pathways. Notably, most LAD loci with increased contact strength in young fibroblasts
also exhibited increased contact strength in rejuvenated cells (Figure 3-12 G).
Similarly, LAD loci with decreased contact strength in young cells also displayed
decreased contact strength in rejuvenated cells compared to old fibroblasts. These
results suggest that chromatin reorganization at the nuclear Lamina may play a role
in the activation of cell type-specific pathways, particularly in the context of aging and

rejuvenation.
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To delve deeper into the potential transcriptional regulators of LAD loci at the nuclear
periphery, we employed the Prize-Collecting Steiner Tree method as described
previously. Prizes were assigned to protein nodes, transcriptional regulators, and RNA
nodes that were transcriptionally upregulated in young fibroblasts compared to old
fibroblasts (Figure 3-13). Among the genes belonging to the LAD gene list (516 genes)
identified earlier for young cells, a small group of those associated with the annotated
pathways in Figure 3-12H were designated as RNA nodes in the constructed network's
bottom right section (Figure 3-13C). Among the identified transcriptional regulators for
these LAD genes, the top hit was PPARG (Table 3-3). This finding aligns with previous
studies highlighting the role of PPARG in aging (Miard et al. 2009). In summary, our
analysis of chromatin reorganization at the nuclear periphery, integrating DamID-seq,
Hi-C, and RNA-seq, sheds light on a significant transcriptional regulatory mechanism
for LAD genes in aging and rejuvenation.
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Figure 3-12. Spatial reorganization of Lamina-associated domains are reset in
rejuvenation. (A) Differential HiC matrix showing the log2 fold change of the Young
and Old’s observed divided by expected HiC matrix (obtained using FAN-C software).
(B) The contact matrix of chromosome 17 along with annotated LAD regions (left red
bar) using resolution 10 kb. (C) Percentage of locus-locus interactions in the
chromosome 17 intrachromosomal contact matrix that has zero value (y axis) with the
change of HiC resolution (x axis). (D) The distribution of the sum of contacts between
each LAD locus and all non-LAD loci in the same chromosome 17 using resolution
10kb. (E) MA-plot of HiC differential contacts of the LAD region. The top blue nodes

refer to the LAD loci with significantly increased contact strength in the young cells
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compared to the old ones (adjusted p value < 0.01). The bottom blue nodes refer to
the LAD loci with decreased contact strength in the young cells. (F) Upset-plot showing
the number of LAD genes with differential expression and/or differential contacts
comparing young and old cells. For example, there are 516 LAD genes (within 0.5 MB
upstream and downstream of the annotated LAD region) that show increased contact
strength and are transcriptionally upregulated. (G) Upset-plot showing the number of
shared LAD loci with increased contact strength or decreased contact strength in both
RJ and young cells compared to the old cells. (H) Upset-plot showing the functional
annotation of LAD genes with increased contact strength in young cells and
transcriptional upregulation compared to the old ones. Numbers of LAD genes in the

corresponding pathways are shown.

Gene name |Gene description
ANK1 ankyrin 1

ERBB3 erb-b2 receptor tyrosine kinase 3
PLXNA2 plexin A2

TCF7 transcription factor 7

EPB41L4B |erythrocyte membrane protein band 4.1 like
4B

ZNF423 zinc finger protein 423
HOXD3 homeobox D3

ITGA7 integrin subunit alpha 7

MYO10 myosin X

ATOHS8 atonal bHLH transcription factor 8
AQP1 aquaporin 1 (Colton blood group)

Table 3-2. Subset of selected genes identified in Figure 3-12 H.
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Figure 3-13. Constructed transcriptional regulatory network highlighting the regulation
on LAD genes (Blue color nodes in the bottom right) and their corresponding

transcriptional regulators (Pink color nodes in the bottom left).

TF log2foldchange  |num of targets
PPARG 2.74 27
AR 1.30 24
GATA2 1.05 23
GATA3 2.17 18
FOXP2 2.65 17
WT1 5.19 17
MYB 1.79 11
GATAG6 2.13 10
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Table 3-3. Top transcriptional regulators in (A) ranked by the expression changes
comparing young and old fibroblasts and the number of targets belonging to the
selected LAD genes (chosen from Figure 3-12H).

Chromatin Poised State in Partially Reprogrammed Cells

Given our observations of chromatin organization differences between young and old
fibroblasts and the subsequent reset of some of these differences during rejuvenation,
we delved into the role of cellular reprogramming in driving the rejuvenation process.
To investigate chromatin organization changes in cellular reprogramming, we
employed live cell imaging. The pluripotent genome is known for its unique epigenetic
features and decondensed chromatin conformation (Gaspar-Maia et al. 2011).
Therefore, we hypothesized that rejuvenation of fibroblasts might be linked to the
chromatin poised state in partially reprogrammed (PR) cells. We analyzed nuclear
dynamics through the decorrelation of nuclear images over time, as previously
described (Makhija et al. 2014).

We conducted time-lapse live imaging of nuclei stained with Hoechst 33342 in
confocal mode, with one-minute time intervals for up to 32 minutes, across PR cells,
fibroblast clumps (FC), and FC+TSA conditions. TSA, a histone deacetylase (HDAC)
inhibitor known to induce chromatin decondensation, was included as a positive
control for comparing nuclear dynamics changes in the PR condition and FC condition.
We calculated the Pearson correlation coefficient (PCC) from two lists of pixel intensity
within the same nucleus, captured at different time points with specific time lags. A
PCC curve was generated for each cell, connecting all PCC values with increasing
time lags, as depicted in a subdued color in Figure 3-14A. The mean PCC curves for
all cells in each condition were illustrated in a vivid color in Figure 3-14A. Intriguingly,
we observed that Day6 and FC + TSA conditions exhibited a faster decline in PCC
values over time. The mean PCC curves for each condition were fitted using the
equation y = (1-a) + a exp(-t/1) - n, where y represents the PCC value, t is the time lag,
a is the drop rate, T is the time constant, and n is noise. The drop rate quantification
revealed that Day6 cells underwent more significant nuclear changes compared to the
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other two conditions, suggesting that chromatin organization in Day6 cells is more
open and flexible (Figure 3-14 B).
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Figure 3-14. Chromatin Poised State in Partially Reprogrammed Cells. (A) Pearson
correlation coefficient (PCC) curve of projected nuclear area as a function of time with
mean and confidence interval of mean (as error bar). n = 38, 138, 122 for Partially
reprogrammed cells (PR), fibroblasts clumps (FC) and FC+TSA conditions,
respectively. (B) Drop rate obtained by fitting the nuclear area PCC curves of (A)
indicating the rapid change of nuclear morphology and DNA organizations in PR and
FC+TSA conditions.

Transcriptional regulation in rejuvenation process

To further explore potential transcriptional regulatory mechanisms driving rejuvenation,
we employed the Prize-Collecting Steiner Tree method to analyze differentially
expressed gene lists obtained from RNA-seq data (Figure 3-15A). Specifically, genes
significantly upregulated in the rejuvenated cells compared to the old fibroblasts were
treated as protein and transcriptional regulatory nodes (1974 genes) (Figure 3-15B).
Genes significantly upregulated in both young and rejuvenated cells compared to the
old ones were treated as RNA nodes (167 genes). These 167 genes are likely to be
closely related to young cell state. All these nodes were used in the Prize-Collecting
Steiner Tree method to create a network based on protein-protein interaction data and
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transcriptional regulator-target gene relationships. Functional annotation of these
three types of nodes highlighted the potential significance of NFKB and pluripotency-
regulating pathways in rejuvenation (Figure 3-15E). Since rejuvenated cells undergo
partial reprogramming, the upregulation of factors associated with de-differentiation
may play a role in inducing rejuvenation. This hypothesis was supported by Steiner
tree analysis, which identified several of these factors, such as LIF and HOXD1, as
potential regulators acting upstream of a group of transcriptional regulators, including
LEF1 and SOX4, known to regulate the young-specific RNA nodes described earlier
(Figure 3-15C/D). These findings align with previous studies demonstrating the role of
LEF1 in skin regeneration (Phan et al. 2020). In conclusion, our results shed light on
potential regulatory pathways triggered by dedifferentiation, contributing to cellular

rejuvenation.

Regulating
pluripotency

C D Young

SMARCB1 SOX10 CRY1 TRIM28 PIAS1 RYBP SMAD4 WDR5 STAT3

ISL1  WNT3A JAK1 PCGF6 @ FZD8  WNT3

MAPK3 WNT7B BMPR1A FGFR2 MAP2K1 BMP4

SUMO2 EPAS1 FOXM1 ARNT ESR1 VDR SMAD3 EP300 YAP1
OTX2 PCGF1 HDAC6 SIN3A PPARD HDAC2 POUS5F1 GATA4 BCL6

PCGF5 WNT5A RAF1  DVL2 WNT9A | INHBA NKX2-5 NFATC2ONECUT1 SMAD2 ~ TP73 MARCA4 YY1  KMT2D
ACVR2B AKT1  AXIN1 SKIL BMPR2 DDX5 FOXO1 CTBP2 SUMO1 HES1 CREBBP PPARA
HOXD1| EGFR1 JAK2  EZD7 NRAS MYOD1 AR  TP53 LMO2 TEAD2 GATA1 PPARG RELA

RNF2 EGR1 ESR2 NFE2L2 HDAC1 CTNNB1 TBX3 @ SOX2 SP1

E2F6 OLIG2 SRC FOXP3  JUN PBX1

FZD1 FZD4 PIK3R3 AXIN2 GRB2

DL § IEFL QERECE] PSR | RRAS [BCL11A | SOX4 | KAT5 | CBX2 | TCF3 RXRA HIFIA BCOR CEBPB
IL6ST MAPK1 'WNT11 RINGA MEF2A SRF  CREB1 NFATC1
E
Protein nodes TF nodes

Focal adhesion p53 binding

0.

MAPK signaling pathway:
PI3K-Akt signaling pathway

Wnt signaling pathway

NF-kappa B signaling pathway

0 05 1.0 15
Regulating pluripotency - log10 adjusted p-value
Tight junction
. RNA nodes
p53 signaling pathway:
Growth factor

Wnt signaling pathway

cAMP signaling pathway: Intermediate filament

VEGF signaling pathway Cell junction

2.5 5.0 75 0.0 05 10
- log10 adjusted p-value - log10 adjusted p-value

o

0.

102



Figure 3-15. Transcriptional regulation for the rejuvenation process. (A) Constructed
transcriptional regulatory network in the rejuvenation process derived from the Prize-
Collecting Steiner Tree method. One upstream pathway (i.e. regulating pluripotency)
of the transcription factors was highlighted. Yellow colored nodes (left) are the protein
nodes. Pink colored nodes in the middle are the transcriptional regulators. Blue
colored nodes (right) are the RNA nodes. (B) Differential expression gene lists used
as the input of Prize-Collecting Steiner Tree. (C) Pathways regulating pluripotency in
the constructed transcriptional regulatory network in (A). Genes with upregulation
were marked with a red color border. (D) Transcriptional regulators in the main Figure
2 (H). Genes with upregulation were marked with a red color border. (E) Functional
annotation of protein nodes, transcriptional regulator nodes and RNA nodes in the

constructed transcriptional regulatory network.

Discussion

Rejuvenation of terminally differentiated cells can be achieved through various
approaches, involving environmental factors, genetic modifications, or
pharmacological interventions. Notably, techniques like somatic cell nuclear transfer
(SCNT) and the generation of induced pluripotent stem cells (iPSCs) have been
instrumental in reversing the aging process in a variety of cell types, including
fibroblasts, neurons, cardiac myocytes, T-cells, macrophages, and skin cells
(Takahashi and Yamanaka 2006; Gurdon 1962). While these methodologies hold
immense promise, their clinical applications are hampered by drawbacks such as low
efficiency and an increased risk of oncogenic transformations due to genomic
mutations acquired during the dedifferentiation process (Ghosh et al. 2011; Kimbrel
and Lanza 2015).

Over the past few decades, researchers have explored alternative approaches to
rejuvenation that do not involve genetic manipulation. These approaches encompass
environmental interventions, genetic modifications (e.g., downregulation of NF-kB
signaling), and pharmacological strategies (e.g., mTOR inhibition with rapamycin),
which have demonstrated the capacity to extend the lifespan of mice (Ladiges et al.
2009; Bitto et al. 2016). However, the potential of mechanically driven reprogramming,

103



as well as its ability to address the limitations associated with dedifferentiation,
remains to be thoroughly elucidated. Additionally, the rejuvenation of physically
dedifferentiated cells through their subsequent redifferentiation into a more youthful

cellular state has yet to be explored.

A recent study introduced a novel method whereby the lateral confinement of
fibroblasts on fibronectin micropatterns induced their reprogramming, endowing them
with embryonic stem cell (ES)-like characteristics (Roy et al. 2018). Beyond its
capacity to restore stem cell-like properties, this mechanical mode of reprogramming
also holds significant potential in the realm of rejuvenation (Shivashankar 2019). In
the present work, we harnessed these partially reprogrammed (PR) cells, which
exhibited a gene expression profile reminiscent of naive ES cells, and subsequently
redifferentiated them into young fibroblasts for potential applications in rejuvenation
therapies. This innovative approach highlights the advantage of decoupling
rejuvenation from complete dedifferentiation, with tissue microenvironment
mechanical properties augmenting the redifferentiation of stem cells into specific
lineages.

Our transcriptional analysis revealed the upregulation of markers associated with
contractility and rejuvenation, in redifferentiated fibroblasts (RF) compared to control
cells. This observation suggests that RF cells evolve into activated fibroblasts through
reprogramming. Additionally, we found that treating fibroblasts with agents that
promote chromatin decondensation, such as the histone deacetylase (HDAC) inhibitor
Trichostatin A, resulted in chromatin structures that were more poised for activation.
These cells exhibited increased contractility when exposed to extracellular matrix
(ECM)-related cues.

Fibroblast aging is characterized by a collection of features, including a loss of cellular
contractility, increased senescence, nuclear Lamina degradation, chromosomal
aberrations, and alterations in 3D chromatin organization and transcriptional outputs.
In the second part of our study, we subjected aged human fibroblasts to lateral
confinement, inducing partial dedifferentiation. Subsequent redifferentiation of these
cells within 3D matrix constraints led to the emergence of a rejuvenated cellular state
characterized by the reversal of many age-related hallmarks. Notably, the increased
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staining for phosphorylated myosin light chain (pMLC) in rejuvenated fibroblasts
indicated that partial reprogramming and redifferentiation resulted in enhanced acto-

myosin contractility.

Lamin-associated domains (LADs) are known to undergo alterations with aging and
require resetting in rejuvenated cells. By integrating DamID-seq, RNA-seq, and Hi-C
data, we identified that the majority of LAD sequences detached from the nuclear
Lamina in rejuvenated cells were also detached in young cells. Pathways enriched for
upregulated genes within these identified LAD regions included cell migration,
cytoskeletal organization, BMP signaling, and TGFb signaling. Within these LAD
regions, we also pinpointed transcription factors that regulate LAD genes, such as
PPARG. This indicates that aging-dependent reorganization of LADs can be reset

during the rejuvenation process.

Furthermore, our imaging-based methods allowed us to investigate the role of the
cytoskeleton in regulating chromatin organization at the nuclear periphery. We
analyzed the colocalization of the actin cytoskeleton or microtubules with
heterochromatin or telomeres. Previous research has shown that aged fibroblasts
exhibit increased association of microtubules with the nucleus and elevated levels of
the Linker of Nucleoskeleton and Cytoskeleton (LINC) component SUN1 (Chang et al.
2019). Our imaging results indicated that the rejuvenation process also reset the
colocalization patterns of chromatin and the cytoskeleton at the nuclear periphery.
Additionally, gene expression analysis confirmed the upregulation of cytoskeleton-

related pathways in the rejuvenated state.

In summary, our study has shed light on innovative approaches to rejuvenation that
harness physical reprogramming, thus avoiding the limitations associated with
complete dedifferentiation. The rejuvenation process involves the resetting of
transcription-dependent chromatin organization, including genes related to key aging
pathways and LADs. Additionally, our findings highlight the role of the cytoskeleton in
regulating chromatin organization at the nuclear periphery and its involvement in the
rejuvenation process. These insights open up new avenues for future research and

potential applications in rejuvenation therapies.
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Chapter 4: Rejuvenation of aged fibroblasts in human skin model

This part of the result section is adapted from the paper:
Bibhas Roy, Tina Pekec, Luezhen Yuan, G.V. Shivashankar, Implanting mechanically

reprogrammed fibroblasts for aged tissue regeneration and wound healing, Aging Cell
2023 (accepted).

| contributed to all the data analysis, including image analysis, RNAseq analysis, and
statistical analysis for this manuscript.

Introduction

Aging skin tissues undergo a reduction in fibroblast numbers within the dermis,
accompanied by alterations in extracellular matrix (ECM) deposition. These changes
result in diminished responses to tissue repair and wound healing (Cole et al. 2018;
Lopez-Otin et al. 2013; Freitas-Rodriguez, Folgueras, and Lopez-Otin 2017; Gunin et
al. 2011; Solé-Boldo et al. 2020; M. Li et al. 2021). In this context, cell-based therapies
have gained popularity as a means of regenerating aging tissues and promoting
wound healing clearance. Reprogramming cells holds substantial promise for cell
therapy, offering the potential to treat diseases and rejuvenate aged tissues. For
example, reprogrammed cells have been harnessed to enhance wound healing, a
complex process comprising multiple stages, including hemostasis, inflammation,
proliferation, and remodeling (Guo and DiPietro 2010). The initial phase of hemostasis
involves immediate responses to wounds, including vascular constriction and fibrin
clot formation to control bleeding. Subsequently, during the inflammatory phase,
neutrophils, macrophages, and lymphocytes are recruited to the wound site to clear
invading microbes and cellular debris. The release of cytokines activates keratinocytes,
fibroblasts, and angiogenesis, facilitating tissue regeneration, which leads to the third
phase of wound healing. Fibroblasts within the wound bed play a crucial role by
producing collagen, glycosaminoglycans, and proteoglycans - major components of
the ECM. Finally, the last phase involves ECM remodeling and the restoration of

vascular density, which can extend over several years.
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Three primary cell therapies have been applied for skin rejuvenation and facilitating
wound healing: a) autologous, b) allogenic, and c) iPSC-based therapies. In
autologous implantation, cells are derived from various tissue regions within the same
patient and used as cellular implants for tissue repair and wound healing (Grether-
Beck et al. 2020; B. K. Sun, Siprashvili, and Khavari 2014; Abdel-Sayed et al. 2019;
Guenou et al. 2009). However, this approach faces significant limitations in aging
cases due to challenges in obtaining a sufficient number of high-quality cells,
especially as aging cells become senescent and exhibit senescence-associated
secretory phenotypes (Wlaschek et al. 2021). Additionally, this approach involves two
clinical procedures - cell isolation and re-infusion - making it logistically complex
(isolation and re-infusion)(Uchida et al. 2000). Allogeneic cell therapies follow a similar
production process to autologous therapies but differ in that cells are derived from
healthy donors. Although allogeneic cell therapies offer numerous advantages, they
still face two major challenges: immunological rejection and elimination (Yu et al. 2019).

iPSC-based therapies have shown promise, as reprogramming aging cells can erase
aging hallmarks at the epigenetic level (Takahashi and Yamanaka 2006; Abraham E
2017). Implanting reprogrammed aging cells presents a unique opportunity for tissue
regeneration. However, the clinical applications of iPSC-based therapies have been
limited by the risk of oncogenic transformation upon implantation. While recent studies
aim to address some of these limitations, alternative cell-based approaches have the

potential to offer extra improvement in regenerative medicine.

In a recent study, we demonstrated that mechanically induced growth confinement of
cells resulted in their partial reprogramming (Roy et al. 2018). Subsequent
redifferentiation of these partially reprogrammed cells exhibited enhanced
rejuvenation properties (Roy et al. 2020). Specifically, these findings indicated that
laterally confined growth of fibroblasts on micropatterned substrates induced nuclear
reprogramming with high efficiency, in the absence of exogenous reprogramming
factors. We provided compelling evidence of the induction of stem cell-like properties,
as evidenced by various assays for pluripotent markers, and demonstrated their
redifferentiation potential into multiple lineages. Moreover, we efficiently
redifferentiated these partially reprogrammed spheroids into fibroblasts by embedding
them in three-dimensional (3D) collagen-l matrices with appropriate densities.
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Intriguingly, we found that these differentiated fibroblasts exhibited rejuvenation
properties, including enhanced ECM regeneration and remodelling, along with
reduced DNA damage when compared to parental fibroblasts. Importantly, we
successfully demonstrated this rejuvenation approach using primary human dermal
fibroblasts derived from aged individuals. Collectively, rejuvenating fibroblasts through
this approach holds significant promise for regenerative medicine, particularly in the

context of tissue rejuvenation.

In this chapter, we explore how mechanically induced partially reprogrammed cells
can serve as a robust avenue for tissue regeneration and wound healing responses.
To investigate this, we implanted mechanically reprogrammed cells derived from
primary aged human skin fibroblasts into in vitro reconstructed aged skin tissue
models and we analyzed the ECM secretion with the aim of rejuvenating aged skin to
a more youthful state and the spatial distribution of implanted cells. Additionally, we
assessed the wound healing potential of these partially reprogrammed cells by
implanting them into in vitro aged skin-based wound models. It has been shown that
in wound healing, fibroblasts align among themselves (Laufer et al. 1974). To evaluate
wound healing ability, we analyzed the spatial clustering of nuclear states. Finally,
through RNAseq assays, we attempted to identify upregulated genes and signaling
pathways involved in the wound healing process. Together, our findings demonstrate
a non-genetic approach to tissue repair with significant implications for regenerative

medicine.

Materials and Methods

Partial reprogramming of aged skin fibroblasts

Aged human primary skin fibroblasts were obtained from an aged donor (age 75)
(GM08401; Coriell Institute), and young human primary skin fibroblasts were obtained
from a young donor (age 11) (GM09503; Coriell Institute). All primary cells used in this
study were within passages 3-10. The old and young cells were cultured in minimal
essential medium (MEM) (Gibco) supplemented with 15% (vol/vol) heat-inactivated
fetal bovine serum (FBS) (Gibco), 1% non-essential amino acids (NEAA), and 1%

penicillin—streptomycin (Gibco). Partially reprogrammed cells derived from old cells
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were obtained under similar conditions as previously described (Roy et al. 2018). In
brief, old cells were cultured under laterally confined conditions on specific fibronectin
micropatterns (area 9,000 yum2 with an aspect ratio of 1:4) created on uncoated culture
dishes (catalog no. 81151, Ibidi) by stamping fibronectin-coated (catalog no. F1141;
Sigma) PDMS micropillars fabricated through soft lithography. After 8 days of culture
under laterally confined conditions in the above-mentioned culture medium, partially
reprogrammed spheroids were formed. These spheroids exhibited stem-like
properties and were previously characterized as partially reprogrammed (PR) cells
(Roy et al. 2020). Each batch of PR cells was subjected to alkaline phosphatase assay
for characterization of the reprogramming efficiency. Young and old fibroblasts were

used as respective control conditions.

In vitro skin models

In this study, we used reconstructed full thickness (FT) skin model (Phenion™). The
FT AGED skin model (short for AG model) mimics aged human skin and was
employed as an aged skin model in our experiments. It is characterized by connective
tissue with senescent fibroblasts, reduced synthesis of ECM proteins like collagen and
elastin, and elevated secretion of matrix metalloproteinases (MMPs).

Cryo-sectioning and immunohistology

After 10 days of culture, the tissues are cryopreserved according to the manufacturer's
protocol. Briefly, the skin model was first dissected into two nearly identical halves,
and then the tissue halves were again cut parallel to the first section plane. The
dissected tissues were placed in precooled cryo-tray and were frozen using tissue
freezing media (OCT). After the tissue-freezing medium was frozen completely, the
skin model stripes/pieces were stack side by side with the larger cutting edge facing
upwards and leaving a small space between each other. The fresh tissue-freezing
medium was added in time before the previous portion had been frozen completely.
OCT was added slowly around the tissue before waiting for it to freeze, thereafter
repeating this step until the tissues were completely embedded in the frozen medium.
The frozen tissues were cryosectioned at 7um thickness using cryomicrotome (Leica)
and transferred to Superfrost Plus slides (Thermo Scientific). Tissue sections were
dried after cutting and stored at -80°C until further use. For immunostaining, slides
were recovered from -80°C, let dry briefly and fixed in -20°C (ice cold) acetone for 15
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min. Then slides were dried for 5 minutes, and tissue sections were encircled with a
PAP pen and dipped in PBS for a few minutes. From this step all the subsequent steps

were performed in a humid chamber.

Tissue sections were blocked in 10% goat serum for 1 hour. The slides were incubated
with primary antibody solutions diluted in 1% BSA and 0.3% Triton in PBS at 4°C
overnight. Then, slides were washed in PBS three times with 5 minutes each. Then
slides were incubated with Alexa Fluor plus secondary antibodies prepared in 1% BSA
and 0.3% Triton. Again, slides were washed with PBS three times. After the wash,
samples were stained with Hoechst 33342 (NucBlue, ThermoFisher Scientific) in PBS
for 10 min at room temperature, and further mounted with mounting media (Gold
antifade, Thermo Fisher Scientific), after which a coverslip was placed on top of it.
Slides were left to dry for overnight at room temperature and stored at 4°C until
imaging. The following primary antibodies were used in this study: Elastin (abcam
ab21610), aSMA (sigma A5228), Fibronectin (abcam ab2413), Collagen | (abcam
ab6308).

Image acquisition and Image analysis

Fluorescent images of immunostained histological sections were acquired by using a
Nikon A1R laser-scanning confocal microscope (Nikon Instruments Inc.) at either 20x
magnification (Plan Apo 20x extra-long working distance, numerical aperture [NA] 0.8)
or 40x magnification (1.25-NA silicon objective) with identical acquisition settings and
with a step size of 3 or 1 ym, respectively. Confocal images of either 512 x 512 or
1,024 x 1,024 pixels were obtained with an XY optical resolution of 0.84 or 0.42 um,
respectively. The fluorescence intensity of cells at the implanted region was measured
for each protein in its respective channel using in-house code in Fiji (NIH). We
calculated the fold change in ECM protein levels and quantified the normalized mean
intensities of the PR cell-implanted region with respect to the mean normalized

intensity of the old cell-implanted regions.

Nuclear feature analysis and spatial clustering analysis
Local and global Otsu thresholding was employed to segment the nucleus from the
original DAPI images. Large, dim autofluorescent regions (especially in DAPI channel)

were eliminated based on size and fluorescent intensity. Nucleus features were
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extracted using tools previously established in our lab (https:/github.com/GVS-

Lab/chrometrics) (Venkatachalapathy, Jokhun, and Shivashankar 2020). Linear

discriminant analysis (LDA) was used to train a classifier to distinguish between
injected old and PR cells. For balanced training data, 3000-3500 nuclei were used
from each condition, with 75% of nuclei used for training and the remaining 25% for
testing. LDA1 values were normalized to a 0-1 range (Min-max normalization) to derive
a score for each nucleus to characterize cell states. To analyze the spatial distribution
of the injected cells based on nuclear features, Density-based spatial clustering of
applications with noise (DBSCAN) was utilized, using nuclear features and centroid
coordinates within the image. All features were normalized to the 0-1 range before
clustering analysis. Python hdbscan was employed for this purpose (Mclnnes, Healy,
and Astels 2017). Pairwise angular distances between nuclei were computed within a
range of 0 to 11/2 for every pair. The mean difference in angles was determined by
calculating the average value of pairwise angular distances within the spatial cluster
identified by the DBSCAN result.

RNA-Seq sample preparation and analysis

Total RNA was isolated from the implanted cells specifically in the wound regions.
After post implantation of 10 days of culture, the AG wound models were precisely
dissected to collect the tissue of the wound site and surrounding tissue regions. The
epidermis of the dissected tissue was removed and the remaining sections were
minced finely for further processing. The total RNA was isolated according to the
manufacturer’s protocol using the RNeasy Mini Kit (Qiagen, (Hilden, Germany). The
preparation of the mRNA library (lllumina's TruSeq Stranded protocol) and sequencing
on a HiSeq 2000 platform were performed at the Department of Biosystems Science
and Engineering (DBSSE), ETH Zurich. In summary, we had two conditions: PR
(implanted PR cells in AG tissue based wound model), Old (old fibroblast implanted in
the AG tissue based wound model) each condition had two biological replicates and
technical replicates (run on four different lanes).

RNA analysis was done as described previously (Roy et al. 2020). Paired end reads
were aligned to Homo sapiens GRCh38.84 reference genomic indexes using the
HISAT2 sequence-alignment tool (version 2.2.1). The cloud indexes (grch38_trans)
for HISAT2 were accessed on June 25" 2020 from https://registry.opendata.aws/jhu-
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indexes. Four technical replicates for each biological sample were combined as input
of HISAT2. Default parameters were used in HISAT2. Single aligned reads were
counted by htseg-count (1.99.2) (Anders, Pyl, and Huber 2015). Count numbers for all
expressed genes were used in differential expression analysis using DESeq2 (Version
1.34.0) (Love, Huber, and Anders 2014). Differentially expressed genes had adjusted
P values (Benjamini-Hochberg) below a 0.1 false discovery rate (FDR) and fold
change higher than 2. Enrichment analysis was done in DAVID database (Dec. 2021
version) (D. W. Huang, Sherman, and Lempicki 2008). Gene lists for each Gene
Ontology (GO) term were obtained from AmiGO (Carbon et al. 2009). Genes used in
the Principal Component Analysis (PCA) are from G0O:0009611, GO:0030198 and
G0:0042060. For each gene, z-score of TPM value normalized within each set of
experiment was used. Highly correlated genes (correlation coefficient >0.95 or <-0.95)
were removed in this PCA. Principal Component (PC) one was chosen as the

combined expression level.

Statistical analysis.

All data are expressed as mean + SD or £+ SEM as noted in figure legends. For box
plots, the box limit represents the 25th to 75th percentile and whiskers 1.5x
interquartile range. Each experiment was repeated at least three times. We evaluated
the statistical significance of the mean with the Student’s unpaired two-tailed t test,
performed between samples of interest and corresponding control. *P < 0.05; **P <
0.01; ***P < 0.001.

Results

Implanted partially reprogrammed spheroids showing rejuvenation properties
in aged skin model

In an earlier chapter of this thesis, we investigated fibroblast rejuvenation through
mechanical reprogramming and redifferentiation. We observed that primary aged skin
fibroblasts, when subjected to laterally confined growth and subsequent
redifferentiation within a 3D collagen matrix, exhibited phenotypic characteristics akin
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to young fibroblasts. These characteristics included enhanced cell size, contractility,
and extracellular matrix (ECM) remodeling. Importantly, these young fibroblast-like
traits are crucial for rejuvenating aged human skin by replenishing the fibroblast
population, regenerating ECM proteins, and facilitating matrix remodeling. To simulate
aged human skin, we utilized primary skin fibroblasts derived from an elderly donor
(age 75). These cells were cultivated under laterally confined conditions on Fibronectin
(FN) micropatterns for 8 days until they developed partial stem-cell-like properties,
resulting in the formation of spheroids with characteristics we previously termed
"partially reprogrammed cells" (PRs) (Figure 4-1A) (Roy et al. 2018; 2020).

To assess the rejuvenation potential of these PRs in human skin, Dr. Bibhas Roy and
Dr. Tina Pekec implanted them into a commercially available reconstructed aged skin
model (PhenionTM) and allowed them to differentiate and grow for 10 days (Figure 4-
1B and Figure 4-2A). The Phenion aged skin model closely mimics the structure and
physiology of mature aged human skin. Following 10 days of air-liquid culture, the skin

tissues were cryo-embedded and cryosectioned for subsequent immunohistological

analysis.
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Figure 4-1. Implanting partially reprogrammed (PR) cells in human skin model. (A)
Schematic representation of the in vitro skin model of tissue regeneration by
mechanically reprogrammed cells. Aged skin fibroblast were culture on rectangular
fibronectin coated patterns for 8 days to reach partially reprogrammed state. Collages
collected from the patterns and then were injected into the skin model and culture for
additional 10 days. (B) Extracellular matrix (ECM) production in aged skin by the
implanted cells using H&E staining of implanted and non-implanted region.

Interestingly, we observed a significant increase in collagen | protein regeneration in
the regions where PRs were implanted in the aged skin model compared to regions
implanted with control old fibroblasts (Figure 4-2B/C). Moreover, the regeneration of
other critical ECM proteins, such as elastin and fibronectin, was also substantially
higher in the regions implanted with PRs. Quantitative image analysis revealed
significantly elevated levels of collagen |, elastin, and fibronectin in the skin model
produced by the implanted PRs compared to that produced by the implanted old

fibroblasts.
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Figure 4-2. Extracellular matrix (ECM) secretion after implantation of young, old and
PR cells. (A) Representative fluorescent images (10X magnification) of histological
tissue sections of in vitro aged skin tissue with different implanted cells immunostained
with collagen | antibodies (red color) and Hoechst (cyan color). Scale bar: 500um.
(B/D/F) Representative fluorescent images (40X magnification) of the cell implanted
regions of histological in vitro aged skin tissue sections stained with collagen |, elastin,
and fibronectin antibodies. Scale bar: 50um if not mentioned. (C/E/G) Normalized
intensity plots of ECM proteins collagen |, elastin and fibronectin at the cell implanted
regions obtained from immunohistology of in vitro aged skin tissue sections. ***P <

0.001; two-sided Student’s t tests were used.

Cell population analysis using nuclear features reveals distinct states and
distribution of partially reprogrammed cells
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Upon implantation of PR cells into the skin tissue models, it is essential to assess the
different cell states and their spatial distribution during the rejuvenation and wound
healing processes. Previous work from our group demonstrated that nuclear
morphology and chromatin organization features can serve as biomarkers of cell
states, with changes in cell state detectable through nuclear features
(Venkatachalapathy et al. 2022). Based on linear discriminant analysis (LDA), we
found that a linear combination of four groups of features - chromatin textures, 2D
nuclear morphology features, global intensity profile, and nuclear boundary
characteristics - could accurately distinguish PR cells from old cells, with a high
accuracy rate (63%~67% for testing) for the rejuvenation process (Figure 4-3 B).
Chromatin textures and 2D nuclear morphology features emerged as critical factors in

this classification (Figure 4-3 C).

To study the spatial distribution of injected cells in different states within this skin
rejuvenation model, we employed the density-based spatial clustering of applications
with noise (DBSCAN) method to group nuclei with similar LDA scores (Figure 4-3 A)
(Mclnnes, Healy, and Astels 2017; Campello, Moulavi, and Sander 2013). Specifically,
for analyzing the spatial distribution of the injected cells, we used the nuclear features
and centroid coordinate within the image. All these features were normalized to the O-
1 range before the clustering analysis. The centroid coordinates were included to get

the spatial clustering of nucleus with similar nucleus features and close in space.

We observed that PR cells injected into the same local groups exhibited significantly
different LDA scores compared to groups of old cells in the skin rejuvenation models
(Figure 4-3 D). This indicates that injected PR cells are maintained at a different cell
states compared to old cells, consistent with previous findings of differences in ECM
secretion between these two cell types. Furthermore, there were no differences in cell
orientation within the clusters when comparing these two types of implanted cells
(Figure 4-3 E). Effective rejuvenation relies on the appropriate distribution of implanted
cells to maintain local cell density and facilitate effective matrix regeneration.
Interestingly, we found that implanted PR cells spread out uniformly over a larger area
of in vitro aged skin tissue for more efficient ECM regeneration compared to implanted
old fibroblast cells (Figure 4-3 A). Taken together, these results highlight the efficient
migration and redifferentiation of implanted PR cells in the in vitro skin environment.
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Figure 4-3. Implanted PR cells exhibit specific nuclear and chromatin features from
old cells in skin rejuvenation model. (A) Representative images of the implanted
regions in the skin rejuvenation model. First row: nucleus in cyan, Collagen | in red.
Second row: the corresponding spatial clustering of nuclei based on their LDA scores
from the same region. (B) Probability density histograms of the normalized LDA1 score

for nuclei from injected old (red) or PR (blue) cells. (C) Top nuclear features used in
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the LDA classifier and the related coefficients. Four groups of nuclear and chromatin
features as top loading features of LDA classifier are chromatin textures (yellow), 2D
nuclear morphology features (red), global intensity profile (green), nuclear boundary
characteristics (blue). (D) Barplot shows the mean of the LDA scores within the local
clusters for the injected old and PR cells. Each data point refers to one cluster
identified by DBSCAN algorithm. (E) Barplot shows the mean of the angular difference
among any two nuclei within the cluster for the implanted old and PR cells.

Implanted partially reprogrammed spheroids in wound healing model show
elevated ECM secretion

The enhanced regeneration of ECM proteins and cell redifferentiation properties of
PRs suggest their potential role in wound healing. To investigate this, we implanted
PRs into an aged skin wound model. The wound model was created by making a deep
incision in the aged skin model (Figure 4-4 A). Subsequently, PRs were implanted into
the wound bed and surrounding regions of the skin, followed by a 10-day culture period
and subsequent histological assays (Figure 4-4 C). The marked regions of the images
from the top surfaces of the aged skins show the wound region at day 0 and day 10
after cell implantation (Figure 4-4 B). These top view images revealed that wounds
with implanted PRs exhibited better healing compared to the wounds with implanted
old fibroblasts, as indicated by the yellow arrowheads (Figure 4-4 B). However, the
wound regions without implanted cells, marked with blue arrowheads, showed minimal
change even after 10 days. Furthermore, we observed that implanted cells facilitated
matrix regeneration at the wound site through immunohistological assays, whereas
ECM regeneration was absent in regions without implanted cells (Figure 4-4 C).
Similar to the tissue rejuvenation model, we also noted a significantly higher
regeneration of ECM proteins, including collagen |, elastin, and fibronectin, by PRs
compared to old cells within the wound bed (Figure 4-4 D). This heightened ability of
ECM regeneration by PRs in the wound bed is essential for facilitating the wound
healing process.
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Figure 4-4. (A) Schematic representation of the in vitro aged skin model for wound
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Implanted PRs at wound bed induce enhanced ECM and wound healing gene

expression

To gain further insights into the gene expression profiles during the wound healing
process, we extracted RNA from the wound bed after 10 days of implantation and
conducted global RNA-seq analysis.

. ratio of
_ uniquely .
sample total pairs uniquely
mapped
mapped

PR_B1 167596636 65699315 0.392009
PR_B2 131081918 74275364 0.566633
CNT_B1 165779715 80992197 0.488553
CNT_B2 127630179 77022710 0.603484

Table 4-1. Descriptive table of RNAseq data for implanted old and PR cells in wound

healing model. The table shows the total number of sequences and the mapping rate.

RNA-seq analysis revealed that more than two hundred genes (210 genes) were
significantly upregulated (fold change > 2, adjusted p-value < 0.1) and eight genes
were downregulated in PRs compared to the old cells (Figure 4-5 A). Remarkably,
among the upregulated genes in PRs, three predominant groups emerged: ECM-
related genes (GO:0031012), cytoskeleton-related genes (GO:0005856), and wound
response genes (GO:0009611) (Figure 4-5 B-D). In addition to the proteins observed
in the immunohistological assay, this gene ontology analysis identified other
upregulated genes, such as ACAN, COL4A1, LOXL2, MMPs, and TGFB1, which play
pivotal roles in ECM biosynthesis and remodelling (Figure 4-5 B). Several cytoskeletal-
related genes, including ACTA1/2, CDH2, ERMN, and KRT7, were also upregulated,
potentially facilitating matrix contraction during the wound healing process (Figure 4-
5 C). Furthermore, various other upregulated genes crucial for the wound healing
process were identified (Figure 4-5 D). Functional enrichment analysis of differentially
expressed genes further validated the upregulation of ECM biosynthesis and

remodeling, cytoskeletal contractility, and cytoskeletal regulation (Figure 4-5 E-G).
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Additionally, upregulation of the TGF@ pathway, a well-known regulator of wound

healing, was observed in PRs.

To understand the direction taken by implanted PR and old cells in the wound healing
model, we incorporated gene expression patterns from publicly available RNA-seq
datasets of wound healing processes into our analysis. Principal component analysis
(PCA) of RNA-seq data from various stages of in vivo wound healing, obtained from
the literature, revealed that our PR-implanted wound model exhibited a similar trend
of combined expression changes observed during in vivo wound healing (Figure 4-6).
These findings indicate that PR cells, upon implantation into the wound bed,
redifferentiate into a fibroblast-like state and exhibit molecular upregulation of ECM,
contractility, and wound healing pathways, resulting in faster and more efficient wound

healing.
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Figure 4-5. RNAseq results showing the differentially expressed genes and differential
regulated pathways comparing implanted old and PR cells in the wound healing model.
(A) MA-plot for the log2 fold changes shows the differentially expressed genes marked
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in red color. These significant differentially expressed genes have adjusted p values <
0.1 (the method of Independent Hypothesis Weighting implemented in DESeq2) and
fold change > 2. (B-D) Heatmaps show the log2 fold changes of the upregulated genes
in implanted PR cells compared to the implanted old cells in three GO annotated gene
lists. GO:0031012 refers to the cellular component extracellular matrix; GO:0005856
refers to the cellular component cytoskeleton; GO:0009611 refers to the biological
process response to wounding. (E-G) Barplot shows the number of significant
differentially expressed genes annotated by each significant enriched term from the
selected categories. For this enrichment analysis, significant enriched terms have the

Benjamini p value < 0.1.
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Figure 4-6. Comparison of wound healing response with other publicly available
wound healing RNAseq data. (A) The PCA plots of the different data sets (B) Box plot

of the combined expression levels (i.e. PC1).

Changes in cell states during wound healing

Similar nucleus feature-based analyses were also conducted on the wound healing
model to identify and characterize the implanted cell population throughout this
biological process (Figure 4-7A). LDA analysis demonstrated that a linear combination
of the four groups of features could effectively differentiate PR cells from old cells with
high accuracy (63%~67% for testing) during the wound healing process (Figure 4-7
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B). Chromatin textures and the global intensity profile emerged as critical factors in
wound healing (Figure 4-7C). Local clusters of injected PR cells exhibited significantly
different LDA scores compared to clusters of old cells in the wound healing models
(Figure 4-7D). Additionally, angular differences within the local clusters of injected PR
cells were smaller than those within old cell clusters in the wound healing model but
not observed in the skin rejuvenated model (Figure 4-7E and 4-3E). This suggests that
locally aligned injected PR cells may contribute to their enhanced wound healing
capabilities.
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Figure 4-7. Implanted PR cells exhibit specific nuclear and chromatin features from
old cells in wound healing model. (A) Representative images of the implanted regions
in the wound healing model. Dashed lines indicate approximately the previously
created wound regions. (B) Probability density histograms of the normalized LDA
score for nuclei from the implanted old (red) or PR (blue) cells. (C) Top nuclear
features used in the LDA classifier and the related coefficients. Four groups of nuclear
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and chromatin features as top loading features of LDA classifier are chromatin textures
(yellow), 2D nuclear morphology features (red), global intensity profile (green), nuclear
boundary characteristics (blue). (D) Barplot shows the mean of the LDA scores within
the local clusters for the implanted old and PR cells. Each data point refers to one
cluster identified by DBSCAN. (E) Barplot shows the mean of the angular difference
among any two nuclei within the cluster for the implanted old and PR cells.

Discussion

In summary, our study demonstrates the potential of implanting mechanically
reprogrammed aged fibroblasts for tissue regeneration and wound healing. To assess
this effect, we utilized an in vitro skin model that closely mimics the physiological
characteristics of young and aged skin tissues. As expected, when only aged
fibroblasts were implanted, the regeneration and remodelling of the extracellular
matrix (ECM) were minimal. However, the implantation of partially reprogrammed cells
(PRs) resulted in the differentiation of fibroblasts with a significantly rejuvenated state.
These PR-derived cells exhibited enhanced deposition of ECM components, including
collagen |, elastin, and fibronectin. Our findings suggest that direct implantation of PRs
leads to superior ECM regeneration and remodelling, making it a promising approach
for cell therapy models in skin rejuvenation.

Aging is closely associated with the loss of wound healing properties in skin tissue,
primarily characterized by a reduced number of fibroblasts in the dermis and impaired
ECM regeneration and remodelling properties (Cole et al. 2018; L6épez-Otin et al. 2013;
Freitas-Rodriguez, Folgueras, and Lépez-Otin 2017; Gunin et al. 2011; Solé-Boldo et
al. 2020; M. Li et al. 2021). In light of this, we investigated whether the implantation of
PR-derived aged fibroblasts at a wound site could offer novel cell-based therapies for
wound healing. To explore this, we induced sharp wounds in aged skin tissue and
implanted either aged fibroblasts or PRs derived from the same fibroblasts.
Interestingly, consistent with our previous results, PRs exhibited a substantial increase

in the production of ECM proteins at the wound site.
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To gain better functional insights into wound healing, we carried out RNA sequencing
on cells extracted from the wound site. Differential analysis of gene expression
showed the upregulation of ECM genes, cytoskeletal genes, and various signaling
pathways related to wound healing for PR cells compared to old cells. In particular,
we identified a cluster of 20 growth factors, including VEGFA, TGFBI, IGFBP3,
IGFBP6, and IGFBP7, exhibiting a significant RNA expression increase in the injected
PR cells when compared with the injected old cells. This underscores the pivotal role
of growth factor secretion in the process of tissue rejuvenation. Interestingly, MMP16
displayed marked upregulation in the PR cells in comparison to the old cells, although
other MMP genes did not display significant differences under the current
experimental protocol. In addition, our gene ontology analysis did not reveal
differentially expressed genes linked to extracellular matrix disassembly. Furthermore,
cytoskeletal genes such as ACTA1/2, N-cadherin, ERMIN, CTGF, GATAZ2, ID3, and
MIDKINE were differentially regulated in the injected PR cells. Previous studies have
shown that these cytoskeletal genes have important roles in wound healing (Momtazi-
Borojeni et al. 2018; 2023; Suresh and Diaz 2021; De Wever et al. 2004; M. Wang et
al. 2016; Brockschnieder et al. 2006; Rockey, Weymouth, and Shi 2013).

In the context of in vitro models, it is essential to acknowledge that while they capture
some aspects of aged skin tissue, they lack the full complexity of human skin with
other cell types, including immune cells. Nonetheless, our in vitro model demonstrates
the regenerative capabilities of partially reprogrammed aged fibroblasts when
implanted in aged skin tissue. The activation of fibroblasts and the involvement of
immune cells play critical roles in in vivo skin wound healing to maintain tissue
homeostasis (Mishra et al. 2019; Griffin et al. 2021; Park and Barbul 2004). Despite
this limitation, our study lays the foundation for understanding the behavior of
implanted PR cells and their contribution to tissue regeneration and wound healing.

In conclusion, our results reveal exciting possibilities for personalized cell-based
therapies by obtaining patient specific aged cells, reprogramming them in vitro and
subsequently implanting them back into the same patient for tissue regeneration and
wound healing applications.
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Chapter 5: Conclusions

This doctoral thesis represents a journey into the fascinating world of mechanical
reprogramming and rejuvenation of aged fibroblasts, offering novel insights and
promising avenues for regenerative medicine. We embarked on this exploration,
connecting the realms of mechanobiology, transcriptional regulation, and regenerative
medicine. Each chapter building upon the last to unravel the potential of mechanically
induced cell-state transitions.

Mechanical Reprogramming: Lef1's Central Role

Our journey commenced with an investigation into the phenomenon of mechanical
reprogramming. It has become increasingly evident that cells are remarkably plastic,
with the ability to transition between distinct states based on their microenvironment
(Huyghe, Trajkova, and Lavial 2023; Shen and Clairambault 2020). Traditionally, cell-
state transitions have been achieved through the introduction of exogenous factors or
genetic modifications (Takahashi and Yamanaka 2006; 2016). However, recent
discoveries have illuminated the possibility of mechanical cues alone inducing these
transitions (Engler et al. 2006; Roy et al. 2018).

In the initial chapter, we unravelled the central role of Lef1, a somatic transcription
factor, in orchestrating mechanically induced fibroblast cell-state transitions. This
transcription factor, previously implicated in diverse cellular contexts, e.g. stem cell
renewal and epithelial mesenchymal transition (Nawshad and Hay 2003; C. Huang
and Qin 2010). Through this study, it was identified as a key player in laterally confined
growth-induced dedifferentiation. Through a comprehensive network analysis
approach called Prize-Collecting Steiner Tree, we identified Lef1 and its potential
coactivators, Atf2, and Smad4, as pivotal players. Further experiments and validations
solidified Lef1's role in driving these transitions, expanding our understanding of its
versatility across different cellular contexts. The complex transcriptional regulatory
network also underscores the complexity of mechanotransduction and highlights the
importance of multiple pathways converging to activate Lef1 during cell-state
transitions induced by mechanical confinement. The interplay of these pathways not

129



only underscores the multifaceted nature of signalling transduction but also opens up
opportunities for further research into the molecular mechanisms governing these cell

state transitions.

Cellular rejuvenation through mechanical reprogramming: the role of

chromatin reorganization in transcriptional regulation

Moving beyond dedifferentiation, our study introduced the concept of rejuvenation
through partial reprogramming, which allows cells to regain youthful characteristics
while retaining specialized functions. The traditional approach to cellular rejuvenation
often necessitates complete reprogramming, a process laden with limitations,
including the risk of genomic mutations and low efficiency (Abad et al. 2013; Shibata
et al. 2018; Ohnishi et al. 2014). In our third chapter, we investigated the cellular
properties and mechanisms underlying redifferentiation of mechanically induced

reprogrammed cells.

We harnessed these partially reprogrammed cells (PRs) and redifferentiated them in
the 3D collagen matrix to unveil their rejuvenation potential. The redifferentiated cells
are active in extracellular matrix secretion and remodelling. Our investigations into the
transcriptional profiles and chromatin structures revealed epigenetic mechanisms
governing rejuvenation. A new HiC data analysis approach being developed, aiming
at measuring the contact strength between Lamina associated domains (LADs) and
non-LADs, provides unique insight into the chromatin organization at nuclear envelope.
Combining RNAseq data with measurements of the reorganization of LADs, we
identified a small lists of LAD genes associated with young cell state and their
corresponding transcriptional regulators. This insight into chromatin reorganization
provides a foundation for future research into the epigenetic mechanisms governing

rejuvenation.

Practical Applications: Tissue Regeneration and Wound Healing

Furthermore, our research extended to a practical application and we embarked on a
journey into the realm of tissue regeneration and wound healing (Atala et al. 2010;
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Nourian Dehkordi et al. 2019). We employed an in vitro skin model, designed to closely
mimic the physiological characteristics of young and aged skin tissues. The
implantation of mechanically reprogrammed aged fibroblasts, which we previously
highlighted for their rejuvenation potential, into this model revealed significant promise.
This application resulted in the differentiation of fibroblasts into a rejuvenated state,
marked by activated cytoskeleton and ECM secretion pathways, enhanced deposition
of critical extracellular matrix (ECM) components and uniform spreading into the tissue.
These results offer new horizons for tissue regeneration and wound healing, offering
insights into personalized cell-based therapies for skin rejuvenation.

Methods investigated in this journey

To support research in this doctoral thesis, multiple approaches were being
investigated, implemented or developed to help for the better measurement or giving
new insights in the transcriptional regulation, cell state transitions, chromatin
organization, etc.. For the imaging approaches, we utilized live cell imaging to
measure nucleus dynamics, which reflects global chromatin compaction states and
nucleus mechanical states (e.g. nucleus stiffness). High resolution confocal 3D
microscope was used to study colocalization of transcription factors, coactivators
and RNA polymerases. For the image analysis approaches, 3D nucleus
segmentation using Otsu thresholding method and machine learning-based stardist
segmentation model were tested in various sample conditions, including 2D cultured
fibroblasts, lung tissue slices, 3D cell culture model using collagen gel, etc.. For
giving new insights into transcriptional regulation, we extensively explored a new
way of using Prize-Collection Steiner tree method on RNAseq dataset and identified
several key transcriptional regulators or upstream signaling pathways important in

the cell state transition processes, including reprogramming and rejuvenation.

For project specific methods, we tried a new way of measuring chromatin
organization at nuclear envelope region combing HiC-seq, RNA-seq and DamlID-seq
data. Contact among LAD region and non-LAD region provides a unique angle of
identifying the role of LAD genes in transcriptional regulation. We also implemented
our lab developed nucleus morphometric features to study cellular changes in aging
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and rejuvenation processes. This highlights the potential usage of nucleus DAPI
image as biomarker of cell states.

Further perspectives

Elucidating Additional Mechanotransduction Pathways: While this research has
identified Lef1 as a key transcription factor in mechanically induced reprogramming,
there may be other yet-to-be-discovered mechanotransduction pathways. For
example, in the constructed transcriptional regulatory network, several transcription
factors (e.g. Maf and Mafa) and epigenetic modifiers (e.g. Hdac1) were also
identified. Besides, the upstream pathways of Lef1 and other transcriptional
regulators in the network have not been investigated. Apart from this, a construction
of similar transcriptional regulatory network based on RNAseq data from the
reprogrammed human fibroblasts will further advanced our understanding of the
mechanically induced reprogramming mechanisms. Future experiments could focus
on uncovering additional molecules and signaling pathways involved in this process.
This could involve conducting single cell RNAsegs in ten days’ lateral confinement
growth induced reprogramming of human fibroblasts and utilizing other advanced

omics techniques (e.g. HiC-seq) to identify novel players in mechanotransduction.

Enhancing the Efficiency of Fibroblast Rejuvenation: This work highlights the
potential for rejuvenating fibroblasts through mechanical reprogramming followed by
collagen embedding. To make this approach more practical for regenerative
medicine, further experiments could aim to better characterized the differentiated
state of the cells and optimize the efficiency of fibroblast reprogramming and
rejuvenation. This might involve fine-tuning the mechanical parameters, such as

confinement geometry or matrix stiffness.

Epigenetic Profiling and Manipulation: Further experiments could delve deeper into

the epigenetic mechanisms underlying cellular rejuvenation. For example, one could
explore the detailed changes in chromatin organization at the nuclear envelope and
the role of specific histone modifications. Additionally, we can develop strategies for
precisely manipulating these epigenetic marks to enhance the rejuvenation process.
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This could include using CRISPR-based epigenome editing techniques (Tadic et al.
2019).

Advanced Imaging and Analysis Methods: As the field evolves, integrating advanced
imaging and analysis methods will be crucial. This motivates the need for
experiments with cutting-edge techniques in microscopy, genomics, and
bioinformatics to gain a deeper understanding of cellular processes. For example,
single-cell RNA sequencing on mechanically induced reprogramming and
rejuvenation processes, super-resolution microscopy on measuring chromatin
organization at the nuclear envelope region, and Al-driven image analysis for better
nucleus, organelle, cytoskeleton and cell segmentation could provide valuable

insights into cell state transitions.

Incorporating these perspectives into future research can propel the field of
mechanobiology, transcriptional regulation, and regenerative medicine forward,
offering new horizons for clinical applications and advancing our understanding of

cellular plasticity.

As we stand at the crossroads of mechanobiology, transcriptional regulation, and
regenerative medicine, this work sets the stage for future research and clinical
applications, bringing us closer to realizing the full potential of mechanical
reprogramming and rejuvenation in the realm of healthcare and longevity. The journey
continues, and the possibilities are boundless.
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