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Abstract (in English)

Colorectal cancer (CRC) is one of the most prevalent cancer types. Patients suffering
from inflammatory bowel disease (IBD) have an increased risk of CRC development. IBD is
manifested by extensive intestinal inflammation, associated with perturbations in the
intestinal epithelial barrier (IEB). Functional IEB relies on intestinal epithelial cells (IECs) and its
integrity is dependent on cellular cohesion secured by cell-cell junctions such as adherens
junctions (AJs) and desmosomes (Ds). IECs thus form epithelial sheets, which are integrated
into a structural and functional continuum with subjacent dense extracellular matrix (ECM),
also called basement membrane (BM), through cell-ECM adhesions called hemidesmosomes
(HDs). The formation of functional Ds and HDs relies on the association of their
transmembrane constituents with keratin filaments (KFs). Anchorage of KFs to junctions is
mediated by plectin, a versatile cytolinker protein that integrates intermediate filaments (IFs)
with cellular junctions and other cell structures, including the nucleus, thus providing
mechanical stability to cells and tissues. Although mutations in plectin have previously been
shown to negatively impact the integrity of skin tissue, its precise function in intestinal
homeostasis has not been documented. Using a mouse model carrying constitutive (Ple?'t¢) or
inducible (Ple*E¢ERT2) |EC-specific plectin deletion, we characterized the role of plectin in
cytoskeletal architecture of IECs and IEB homeostasis. Moreover, our data reveal higher
propensity of Ple?’E¢ mice for development of colitis and colitis-associated CRC (CA-CRC). We
also determined how altered cytoarchitecture impacts colorectal carcinogenesis and how
mechanical forces threaten genome integrity, driving the oncogenic potential of plectin-

deficient cells.

Our results reveal that plectin expression negatively correlates with the severity of
inflammation in ulcerative colitis (UC) patients. Ple?¢ mice spontaneously develop colitis
characterized by extensive detachment of IECs from the BM, increased intestinal permeability,
hyperproliferation, and inflammatory lesions. Such compromised epithelial barrier integrity,
coupled with chronic inflammation, promotes spontaneous CRC development in Ple?¢ mice.
Mechanistically, plectin deficiency leads to disorganized KF networks, dysfunctional HDs, and
intercellular junctions. Strikingly, expression profiling of UC patients reveals significant
downregulation of plectin, KFs, and components of associated junctions. Consistent with these

findings, plectin knock-out (KO) Caco-2/RPE cells exhibit reduced mechanical stability and



adhesion capacity. Spontaneous carcinogenesis in Ple?t¢ mice is associated with increased
susceptibility to DNA damage. In cell monolayers, plectin deletion is associated with delayed
adaptation to mechanical stress, resulting in increased nuclear deformability, DNA damage,
and chromosomal instability, which together increases susceptibility to oncogenic
transformation. Plectin-controlled architecture thus protects the genome from damage

induced by mechanical stress.

Our study demonstrates that plectin-controlled cytoarchitecture is essential for
maintaining the mechanical homeostasis of IECs, thereby protecting intestinal epithelia against

DNA damage and carcinogenesis.
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Abstrakt (v cestiné)

Kolorektalni karcinom (CRC) je jednim z nejcastéjSich typu ndadoru. Pacienti trpici
zanétlivym onemocnénim strev (IBD) maji zvySené riziko vzniku kolorektalniho karcinomu. IBD
se projevuje rozsahlym zanétem strev, ktery je spojovan s narusenim stfevni epitelové bariéry
(IEB). Funkéni IEB je tvorena stfevnimi epitelovymi burikami (IECs) a jeji integrita zavisi
predevsim na bunécné soudrinosti, kterou zajistuji mezibunécné spoje, jako jsou adhezni
spoje (AlJs) a desmosomy (Ds). IECs takto tvofi epitelové vrstvy, které jsou zaclenény do
strukturalniho a funkéniho kontinua spolu se spodni hustou extracelularni matrix (ECM), také
nazyvanou bazalni membranou (BM), pomoci bunécénych spojl propojujicich buriky s ECM,
nazyvanymi hemidesmosomy (HDs). Tvorba funkénich Ds a HDs zdavisi na spojeni jejich
membranovych sloZek se siti keratinovych filament (KF). Upevnéni KFs do bunéénych spoju je
umoznéno plectinem, mnohostrannym vazebnym proteinem, ktery propojuje bunééné spoje
s intermediadlnimi filament (IFs) a s rlznymi bunéénymi strukturami, véetné jadra, ¢imz
poskytuje burikdm a tkanim mechanickou stabilitu. Ackoliv bylo dfive ukazano, ze mutace v
plectinu negativné ovliviuji integritu kozni tkdné, jeho presna funkce ve stfevni homeostaze
dosud nebyla zdokumentovéna. PouZitim mysiho modelu nesouciho konstitutivni (Ple?t¢)
nebo indukovatelnou (Ple?E<ERT2) |EC-specifickou deleci plectinu, jsme popsali roli plectinu na
architekturu cytoskeletu IECs a na homeostdzu IEB. Navic, nase data odhalila vyssi nachylnost
Ple*E¢ mysi pro vyvoj kolitidy a s kolitidou-asociovanym CRC (CA-CRC). Také jsme zjistili, jak
zménénda bunécéna architektura ovliviuje kolorektdlni karcinogenezi a jak mechanické sily

ohrozuji integritu genomu, vedouci k onkogennimu potencidlu u bunék s deleci plectinu.

Nase vysledky ukazuji, Ze exprese plectinu negativné koreluje se zavazinosti zanétu u
pacientd s ulcerdzni kolitidou (UC). Ple?’t¢ mysi spontanné vyvijeji kolitidu, ktera se vyznacuje
rozsahlym oddélenim IEC od BM, zvySenou stfevni propustnosti, nadmeérnou proliferaci a
vyskytem zanétlivych loZisek. Toto naruseni integrity epitelidlni bariéry, spolu s chronickym
zanétem, podporuje spontanni vyvoj kolorektalniho karcinomu u mysi s deleci plectinu.
Mechanisticky vede absence plectinu k dezorganizaci KF siti, dysfunkénim HDs a
mezibunéénym spojim. Pozoruhodné, podrobna analyza u pacientd s UC ukazala vyznamné
snizeni exprese plectinu, KFs a komponent asociovanych s mezibunénénymi spoji. V souladu s
témito zjisténimi, Caco-2/RPE bunky s deleci plectinu (KO) vykazuji snizenou mechanickou

AIEC

stabilitu a kapacitu adheze. Spontanni karcinogeneze u Ple?’* mysi je spojena se zvySenou

11



nachylnosti k poskozeni DNA. V bunécénych kulturach je delece plectinu spojena se zpozdénou
adaptaci na mechanicky stres, coz vede ke zvySené deformovatelnosti jadra, poskozeni DNA a
chromozomalni nestabilité, kterd ddle zvySuje nachylnost bunék k onkogenni transformaci.
Plectinem fizend architektura tedy chrani genom pred poskozenim zplsobenym mechanickym

stresem.

Nase studie ukazuje, Ze cytoskeletdlni architektura zprostfedkovana plectinem je nezbytna
pro udrZzeni mechanické homeostdzy stfevniho epitelu, a tim chrani stfevni epitel proti

poskozeni DNA a karcinogenezi.
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1 Introduction

1.1 Intestinal tract

The intestine is the longest part of the digestive system. In mammals, the intestine is
divided into the small intestine (SI) and the large intestine, also known as colon. The SI,
approximately 7 meters long in humans (40 cm in mice), is responsible for most digestive and
secretory functions and nutrient absorption. In contrast, the colon is about 1.5 meters in
humans (10 cm in mice) and ensures water, vitamins, and minerals absorption [reviewed in
(Azzouz and Sharma, 2024; Houtekamer et al., 2022; Kiela and Ghishan, 2016)]. The Sl consists
of three parts: duodenum, jejunum, and ileum, while in the colon are distinguishible proximal
and distal parts. As the digestive tract reaches its terminus, the colon transitions into the
rectum and anus. The intestinal wall consists of four layers (Figure 1): mucosa consists of the
epithelium, which comprises various cell types, the lamina propria composed of connective
tissue, and the muscularis mucosae, a layer of smooth muscle. Submucosa is a layer of

connective tissue formed by blood, neural, and lymphatic systems. Muscularis propria consists

of inner circular and outer longitudinal layers of smooth muscle. Alongside the enteric nervous
system, known as Auerbach’s plexus, the muscularis propria orchestrates coordinated
contractions, termed peristalsis. To withstand the mechanical strain from the passage of feces,
the longitudinal muscle layer of the colon features three distinct longitudinal bands known as

the teniae coli. Serosa or adventitia_envelops the intestinal tube with a layer of connective

tissue and mucus, protecting adjacent organs against mechanical harm resulting from the

movements of the intestinal wall during digestion [reviewed in (Fish et al., 2024)].
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Figure 1 Architecture of the intestinal wall. The intestinal wall is composed of four layers: mucosa, submucosa, muscularis
propria and serosa.

1.1.1 Intestinal epithelium

The distinct functions of the SI and colon are reflected in the epithelial structure of
these organs. The mucosa of the S| forms protrusive structures called plicae circularis and villi,
which increase the surface area for absorption. Glands known as crypts of Lieberkihn
invaginate the underlying ECM in the SI. Conversely, the mucosa of the colon consists solely of

crypts [Figure 2; reviewed in (Clevers, 2013)].

Figure 2 Histological compartmentalization of small intestine (SI) and colon. (A,B) The Sl epithelium is structured into plicae
circularis (A); scale bar 1mm; adopted from (AMBOSS, 2023) consisting of multiple finger-like projections villi and invaginations
crypts of Lieberkiihn (B). (C) The colonic epithelium if formed solely by crypts. Scale bar 100 um.

The intestinal epithelium is formed by a single layer of columnar epithelial cells (Figure
3). There are 3 types of columnar epithelial cells: stem cells, transit-amplifying (TA), and
differentiated cells. The intestinal environment poses significant challenges to epithelial cells,
particularly to those, which are facing harmful mechanical and toxic luminal content [reviewed

in (Watson and Hughes, 2012)]. Therefore, continuous renewal of epithelial cells is necessary
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to maintain the integrity of the intestinal barrier. During the process of epithelial renewal,
damaged/apoptotic epithelial cells are extruded from the villi tip/luminal area of crypts via
intricate cytoskeletal remodeling, concurrently sealing the gap to preserve barrier integrity
[reviewed in (Watson and Hughes, 2012)]. The intestinal crypt must produce millions of new
epithelial cells daily to counterbalance the substantial cell loss. Regeneration primarily occurs
at the crypt base, where adult stem cells divide regularly, yielding highly proliferative
progenitor cells. These cells further undergo 2-3 divisions and differentiate as they ascend
towards the villus base. Proliferation halts upon exit from the crypt as fully differentiated
epithelial cells continue their upward migration. It takes 3 to 5 days to renew the entire

crypt/villus.

1.1.1.1 Stem cells

As has been stated above, the crypt renewal process is enabled by crypt base columnar

cells (CBCs), which serve as stem cells (SCs; Figure 3). These CBCs are characterized by their
constant cycling, persistent throughout an individual’s lifespan, and possession of the ability
to self-renew, giving rise to all intestinal cell populations (Barker et al., 2007; Cheng and

Leblond, 1974).

In addition to CBCs, another type of SCs known as +4 stem cells (Figure 3) has been
identified. These +4 stem cells are situated at position 4, above the population of CBCs (Potten
and Loeffler, 1990; Takeda et al., 2011). +4 cells share key marker genes with CBCs, indicating
stem cell properties (Munoz et al., 2012). On the other hand, following an intestinal injury, the
sensitive population of CBCs is eliminated, while the resistant +4 stem cells serve as a resilient
source of epithelial regeneration and take over the role of the main pool of SCs (Metcalfe et

al., 2014; Yan et al., 2012).

1.1.1.2 Proliferative cells
The intestinal epithelium undergoes rapid turnover, with a cell having a lifespan of 3-5

days. When SCs divide, they give rise to a population of TA cells (Figure 3). TA cells possess the

ability to proliferate and eventually differentiate into specific cell types. During this process,
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cells migrate upwards along the crypt-villus (SlI) or crypt (colon), where they eventually

undergo anoikis and are shed into the lumen [reviewed in (Gehart and Clevers, 2019)].

1.1.1.3 Differentiated cells
Based on their properties, mature differentiated cells are classified as either absorptive

or secretory (Figure 3):

Absorptive lineage. Enterocytes and colonocytes represent the predominant

differentiated cells in small and large intestines, respectively. These cells feature microvillar
structures on their apical surfaces, collectively forming brush borders. These brush borders
enlarge the surface area of these cells, facilitating absorption processes [(Cheng and Leblond,

1974); reviewed in (Snoeck et al., 2005)]. Microfold (M) cells are a type of immune cell

characterized by their morphology resembling the letter “M”. Unlike other intestinal cell types,
M cells typically lack or have shortened microvilli on their apical surface and possess unique
pocket-like invaginations at the basal side. Their primary role involves antigen sampling: M
cells capture antigens and microorganisms from the intestinal lumen and facilitate interaction
with the underlying mucosal immune system, thereby facilitating immune responses. Due to
their function, M cells are often located in follicle-associated epithelium near lymphoid
follicles, such as Peyer’s patches in the small intestine, as part of the gut-associated lymphoid

tissue [reviewed in (Jung et al., 2010; Mabbott et al., 2013; Ohno, 2016)].

Secretory lineage. The intestinal tract harbors a vast population of bacteria (Gu et al.,

2013; Yuan et al., 2020). Paneth cells (PCs) play a crucial role as the primary producers of

antimicrobial and immune molecules, aiding in the regulation of immune homeostasis and
defending the intact intestinal epithelium against pathogenic invasion [(Wilson et al., 1999);
reviewed in (Porter et al., 2002)]. Located within the crypts of the small intestine, PCs are
intermingled with CBCs, which also contribute to stem cell homeostasis (Sato et al., 2011). In

addition to PCs, another key player in antimicrobial protection are the Goblet cells (GCs).

Unlike PCs, GCs are distributed throughout the epithelium of both the small and large
intestines and are scattered along the entire crypt-villus or crypt axis. These cup-shaped cells
are characterized by their large apical vacuoles filled with mucin glycoprotein granules (Zhou

et al., 2020). Upon secretion, these mucin glycoproteins form a protective mucus layer
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separating the epithelium from mechanical challenge and microbial agents. Recent studies
indicate that GCs also participate in goblet cell-associated antigen passages, contributing to
immune response homeostasis by transporting antigens from the lumen to underlying

immune cells (Knoop et al., 2017a; Knoop et al., 2017b). Enteroendocrine cells (EECs)

constitute less than 1% of the intestinal epithelium yet are the most abundant hormone-
expressing cells in mammals. These chemosensory cells are distributed throughout the
gastrointestinal tract [reviewed in (Gribble and Reimann, 2017; Worthington et al., 2018)].
Depending on the luminal content they sense, EECs secrete various hormones, cytokines, or
neurotransmitters, thereby regulating physiological processes such as appetite, digestion, gut
motility, and mucosal immunity [reviewed in (Gribble and Reimann, 2016; Yu et al., 2020)].
Tuft cells are dispersed throughout various organs, including the gastrointestinal tract. Upon
encountering protists, helminths, bacteria, and viral infections, tuft cells release
immunomodulatory molecules and play a role in regulating the immune response (Drurey et

al., 2022; Howitt et al., 2016; Wilen et al., 2018; Xiong et al., 2022).
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1.1.1.4 Barrier homeostasis

In various organs, specialized epithelial cells are of critical importance in forming
protective barriers that separate organisms from the external environment. In the
gastrointestinal tract, a vast population of commensal bacteria, known as the microbiome,
resides within the intestinal lumen. Under normal conditions, these bacteria aid in developing
the intestinal structure, provide essential nutrients to the host, facilitate digestion, and bolster
the host's defense against pathogenic bacteria. Furthermore, the microbiome has been
demonstrated to stimulate the immune system (Mazmanian et al., 2005). However,
commensal bacteria, as well as various pathogens, represent a threat to the internal tissue.
The intestinal barrier, therefore, ensures the physical segregation of luminal content, thus
reducing the risk of infection and inflammation. There are three components essential for the
integrity of the intestinal barrier. The epithelium strictly depends on a tightly sealed monolayer
of IECs, which form the physical barrier. It maintains two important functions. First, to uphold
the integrity of the barrier, thus restricting the entry of pathogens and toxins, and second, to
permit the selective passage of vital nutrients and water into the tissue. This selective
permeability is enabled by tight junctions [TJ; reviewed in (Suzuki, 2013)]. Junctional

complexes are discussed in more detail (Chapters 1.2.3, 1.2.4).

Covering the epithelia, an additional protection in the form of a mucus layer is present.
This hydrated gel is primarily composed of mucin glycoproteins produced by GCs and acts as
the initial defense against luminal microorganisms. It physically separates the intestinal lumen
from the epithelium, restricting microbiota access to the epithelial surface [reviewed in
(Cornick et al., 2015)]. Furthermore, IgA antibodies can bind to mucus, thus facilitating
bacterial attachment. The mucus comprises two layers, with the inner layer typically devoid of
bacteria and the outer layer, where bacteria are highly abundant (Johansson et al., 2008). Mice
lacking mucin 2 (MUC2) display a reduced inner mucus layer, leading to direct contact between
microbiota and the epithelium. This contributes to the development of spontaneous colonic

inflammation, known as colitis (Van der Sluis et al., 2006).

Important guardians of the intestinal barrier are immune cells, such as tuft cells and M
cells, which interconnect the outer environment with the underlying immune system of the

tissue. The maintenance of intestinal homeostasis depends on the delicate balance of
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all - mucus, epithelial cells, and cells of the intestinal immune system. The altered function of

any of these factors predisposes the development of gastrointestinal diseases.

1.2 Mechanical resilience of intestinal epithelium

Mechanical forces play a pivotal role in the functioning of nearly all biological systems.
The early development, morphogenesis, and differentiation of cells are intimately connected
to the sensing of physical forces within the external microenvironment [reviewed in
(Mammoto and Ingber, 2010; Stooke-Vaughan and Campas, 2018)]. Cells perceive mechanical
forces from the surrounding environment, including the stiffness of the underlying ECM, shear
stress, stretch, and compression. Individual epithelial cells can transmit these forces via a
process called mechanotransduction and generate intrinsic mechanical forces, for example,
through actomyosin contractility. This may coordinate cell shape, proliferation, or motility and
eventually orchestrate the tissue architecture [reviewed in (Houtekamer et al., 2022; Iskratsch
et al., 2014; Murrell et al., 2015)]. With respect to the epithelial architecture of the intestine,
it is essential that forces generated by the epithelium itself are maintained to ensure a proper

balance in cell proliferation, maturation, crowding, and extrusion (Eisenhoffer et al., 2012).

The intestinal epithelium and intestinal tract experience and further propagate physical
stress relevant to its inherent function — digestion. Food consumption induces shear forces on
the epithelial surface as food particles move through the lumen. Additionally, it enhances
peristaltic smooth muscle contractions, causing mechanical distention and compression of the
intestinal wall [reviewed in (Beyder, 2018)]. The intestine’s capacity to sense and react to these
mechanical signals is essential for regulating digestive functions, such as promoting peristaltic
contractions and triggering the secretion of mucus and hormones [reviewed in (Alcaino et al.,

2017; Joshi et al., 2021)].

1.2.1 Cytoskeleton

The cytoskeleton is a structural framework that maintains cellular shape and mediates
its resilience to mechanical deformation. Given the physically demanding environment,
epithelial cells require robust and intact cytoskeletal support to withstand mechanical stress.

The cytoskeleton comprises three major components: actin microfilaments, IFs, and
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microtubules (MTs; Figure 4). Actin is one of the most abundantly expressed proteins in many
cells. The vertebrate genome encodes three different isoforms: a-actin (encoded by three
genes, in muscle cells), B-actin (one gene, in non-muscle cells), and y-actin [two genes, one in
smooth muscle cells, second in non-smooth muscle cells; (Hanson and Lowy, 1963); reviewed
in (Dominguez and Holmes, 2011; Pollard, 2016)]. Actin undergoes reversible polymerization
to form a dynamic network of polar filaments of 6 nm in diameter, which is rigorously regulated
by various actin-binding proteins [reviewed in (Buracco et al., 2019; Dominguez, 2009; Pollard,
2016)]. The formation of prominent actin filament bundles is essential for the creation of
various cellular structures, including intercellular junctions and apical microvilli in
differentiated epithelial cell monolayers, cell-matrix adhesions in migrating cells, and the
cleavage furrow in dividing cells [reviewed in (Braga, 2016; Crawley et al., 2014; Dekraker et
al., 2018; Rothenberg and Fernandez-Gonzalez, 2019)]. It has been demonstrated that
intestinal-specific dysfunction of B-actin in mice results in increased intestinal barrier
permeability and enhanced susceptibility to mucosal inflammation (Lechuga et al., 2020). This
observation documents that actin cytoskeleton plays an essential role in intestinal epithelial

homeostasis maintenance.
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Figure 4 Architecture of intestinal epithelial cells (IECs). Simplified illustration of cytoskeletal crosstalk in intestinal epithelial

cells. Via junctional complexes, cells are interconnected to their adjacent neighboring cells and to the subjacent extracellular
matrix [ECM; modified from (Prechova et al., 2023)].
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MTs are 15 nm thick polar fibers composed of a- and B-tubulin subunits (Nogales et al.,
1998). Similar to actin filaments, MTs are dynamic structures experiencing continuous
assembly and disassembly within the cell. In mammals, a- and B-tubulins are encoded by two
different genes. They play a role in cell shape maintenance and are involved in cell motility,
intracellular organelle transport, and chromosomal segregation during mitosis [(Goldman,
1971; Kaverina et al., 2000); reviewed in (Barlan and Gelfand, 2017; Maiato et al., 2004)].
Additionally, a third member, y-tubulin, is encoded by a unique gene. The function of y-tubulin
is restricted to mitosis, where it localizes to centrosomes and forms the center of the mitotic

spindle [reviewed in (Ikeda et al., 2010)].

IFs are fibers of 10 nm in diameter (Small and Sobieszek, 1977). IFs can be formed by a
wide range of proteins, which are characterized by highly conserved structural and
biochemical features that dictate their assembly into homo/hetero-polymers. The human
genome contains 70 genes encoding all types of IFs. Although IFs are a diverse group of
nonpolar filaments, they share a central a-helical rod domain flanked by nonhelical “head”
and “tail” domains. Based on amino acid composition, protein structure, and tissue

distribution, mammalian IFs are categorized into six groups (Szeverenyi et al., 2008).

The most abundant - type | (acidic) and type Il (basic) IFs are keratins, which are
encoded by 54 functional genes and predominantly expressed by epithelial cells [(Szeverenyi
et al., 2008); reviewed in (Schweizer et al., 2007)]. Type | (K9-28 and K31-40) and type Il (K1-8
and K71-80) keratins copolymerize and form heterodimers. While IFs type | are typical
trichocytic keratins expressed in hair, nails, and horns, type Il keratins are essential for

epithelial cells [reviewed in (Jacob et al., 2018)].

Type lll IFs consist of vimentin, expressed mainly by mesenchymal cells, leukocytes,
smooth muscle, and endothelial cells; desmin, glial fibrillary acidic protein, and perinephrin
found in muscle, glial, and peripheral neural cells [reviewed in (Strouhalova et al., 2020;

Viedma-Poyatos et al., 2020)].

Type IV IFs constitute neurofilament proteins, including nestin, synemin, a-internexin,

and syncoilin [(Luna et al., 2010; Yuan et al., 2006); reviewed in (Moorwood, 2008)].

Type V IFs represent a family of nuclear proteins, lamins. While other components of

IFs are cytoplasmic proteins, lamins are found beneath and support the nuclear envelope in
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all nucleated cells. Lamins can be classified into two groups: A-type lamins, encoded by a single
gene which gives rise to two isoforms [lamin A and C; LMNA/C; (Lin and Worman, 1993)], and
B-type lamins, containing lamin B1 and B2 (LMNB1/2) encoded by two different genes (Peter
et al., 1989).

1.2.2  Function of keratin and vimentin intermediate filaments

In the digestive tract, the KFs include simple epithelial (single-layered) keratins, such as
K7, K8, K18, K19, K20, and K23 [reviewed in (Omary et al., 2009)]. Similar to other IFs, these
simple epithelial keratins exhibit specific expression patterns within the intestinal epithelium.

For instance, K20 is predominantly present in the terminally differentiated cells.

Increased expression of keratins has been observed as a response to oxidative stress in
the liver, exposure to toxins in the intestinal cells, stimulation by interleukin (IL)-6 in the
intestine, intestinal injury, and during regenerative repair in the pancreas (Guldiken et al.,
2016; Helenius et al., 2016; Wang et al., 2007a; Zhong et al., 2004). These findings document
the protective role of KFs against various types of stress. Furthermore, mutation of Krt5 or
Krt14 genes causes epidermolysis bullosa simplex, an inherited skin disorder characterized by
enormous fragility of epidermal cells. This manifests as skin and mucous membrane blistering
in response to mild mechanical injury or heat (Jerabkova et al., 2010). Similarly, mutation or
deletion of Krt18 gene in hepatocytes results in remarkable tissue fragility during isolation
through liver perfusion (Ku et al., 1995; Loranger et al., 1997). These studies thus identified
the keratin cytoskeletal network as one of the main contributors to mechanical homeostasis

[reviewed in (Broussard et al., 2020)].

Furthermore, IFs serve as pivotal scaffolding proteins capable of binding diverse protein
partners, sequestering them, or directing them to specific cellular locations. Notably, KFs were
initially identified to interact with apical plasma membrane proteins, thereby facilitating the
spatial organization of the apical domain in the polarized epithelium (Rodriguez et al., 1994).
In intestinal tissue, KFs have been shown to interact with ion transporters and regulators (well-
known interaction with cystic fibrosis conductance regulator) at the apical membrane.
Additionally, they contribute to the targeted localization of ATPases and filamentous actin (F-

actin) to apical/lateral domains (Duan et al., 2012; Toivola et al., 2004). Moreover, they play
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indispensable roles not only in protein trafficking and the establishment of cellular polarity
(Ameen et al., 2001) but also in maintaining organelle integrity. For instance, K8 has been
demonstrated to support the integrity of nuclear envelope and lamina composition in
colonocytes (Stenvall et al.,, 2022) and to influence the morphology and function of
mitochondria [(Tao et al., 2009); reviewed in (Lowery et al., 2015)]. In mice lacking K8 (K8-null
mice), there is an early manifestation of UC-like IBD and epithelial hyperproliferation, coupled
with impaired IEB function and increased permeability. K8-null mice were highly susceptible
to the development of colitis and CRC (Baribault et al., 1994; Habtezion et al., 2005; Liu et al.,
2017; Misiorek et al., 2016; Stenvall et al., 2021). Collectively, these functions of IFs play
essential role in the structural organization of the intestinal epithelial barrier [reviewed in

(Salas et al., 2016)].

Vimentin is predominantly expressed in mesenchymal cells, which are prototypes for
migratory and invasive cell types. Significant attention was drawn to the crucial role of
vimentin in cell motility and invasivity (Gan et al., 2016; Strouhalova et al., 2020). Cell migration
is a fundamental process in wound healing, tissue repair, and immune surveillance, where
immune cells require migration to eliminate pathogens or infected cells. Additionally, cell
migration is pivotal in various pathologies, including chronic inflammatory diseases and cancer,

especially during metastasis [(Strouhalova et al., 2020); reviewed in (Satelli and Li, 2011)].

The migratory process involves several key steps, including spatiotemporal signaling
transduction, establishment of cell polarity, extension of protrusions or cell adhesions, and
activation of actomyosin contractility to facilitate movement [reviewed in (Ridley et al., 2003)].
Initially, the interaction between vimentin and MTs is crucial for establishing cell polarity.
Subsequently, the actin cytoskeleton comes into action to facilitate the formation of

protrusions and adhesions in order to generate contractile forces (Gan et al., 2016).

Importantly, similar to other IFs, vimentin network plays a pivotal role in maintaining
the mechanical integrity of cells, enabling them to endure physical stress. Notably, during
migration through interstitial spaces, cells undergo processes such as cytoskeleton
reorganization and cell body reshaping to protect the nucleus and DNA from damage (Patteson
et al., 2019). The vimentin network establishes connections with both the nucleus and the
plasma membrane. Under physical stress, vimentin IFs (VFs) create a cage-like structure

around the nucleus, acting as a mechanoprotective shield (Patteson et al., 2019). Moreover, in
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mitotic cells, the vimentin network supports cortical actin structure, thus mechanically

protecting chromatin and ensuring proper cell division in confinement (Serres et al., 2020).

1.2.3 Cell adhesion

Cell adhesion (Figure 4) is a process wherein cells establish physical contact with the
ECM. Two primary junctional complexes, known as HDs and focal adhesions (FAs), facilitate
such an adhesion. The transmembrane receptor proteins, integrins (Itgs) cluster into adhesive
structures such as HDs or FAs, and they interconnect the cytoskeleton on the intracellular site
with the ECM components [such as laminin, fibronectin (FN), and collagens (Coll)]. As a part of
a process called mechanotransduction, HDs, and FAs sense, integrate, and convert mechanical
forces arising from either the external environment or the internal cellular contractile
apparatus into biochemical signals that regulate cell survival, gene expression, differentiation,

proliferation, and cell migration (Gregor et al., 2014; Wang et al., 2020).

HDs (Figure 5) anchor epithelial cells to the underlying ECM or BM. The heterodimeric
Itga6/B4 complex is connected to KFs through plakin cytolinker proteins (Nahidiazar et al.,
2015). In patients, mutations in /TGB4 have been associated with the congenital disease
junctional epidermolysis bullosa, characterized by epithelial fragility, skin blistering, and
defects in respiratory and gastrointestinal tracts [reviewed in (Bardhan et al., 2020; Tsuruta et
al., 2011)]. There are two types of HDs: HDs type |, found in stratified epithelium (such as skin),
comprise ltga6/B4, plectin, tetraspanin CD151, bullous pemphigoid antigen 1 (BPAG1; also
known as BP230 or dystonin), BPAG180 [(synonymous BPAG2, Coll XVII; (Owaribe et al., 1990)].
In HDs type Il, which are found in the simple epithelium (like the intestine), KFs are connected
to Itga6/B4 only via plectin, thus lacking BPAG1 and type BPAG180 [(Fontao et al., 1999);
reviewed in (Walko et al., 2015)].
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Figure 5 Schematic illustration of hemidesmosomes (HDs) type | and Il. (A, B) The composition of HDs differs between
stratified (skin; A) and simple (intestinal) epithelia (B). While type | HDs (A) consist of several crosslinking proteins, in type Il
HDs (B), plectin is the only crosslinking protein anchoring IFs to HDs. Plasma membrane [PM; (Korelova et al., unpublished)].

FAs (Figure 6) are adhesive complexes comprising Itg heterodimers (such as Itga5B1
and ItgaVB3) which traverse plasma membrane and interconnect actin and vimentin
cytoskeletal networks with ECM [reviewed in (Geiger and Yamada, 2011)]. On the cytoskeletal
side, FAs are composed of a complex of proteins such as vinculin, talin, paxillin, zyxin, a-actinin,
vasodilator-stimulated phosphoprotein (VASP), Itg linked kinase (ILK), particularly interesting
new cysteine-histidine-rich protein (PINCH-1), a-parvin, focal adhesion kinase, and other
phosphotyrosine kinase proteins [reviewed in (Wu, 2007)]. Similar to HDs, FAs provide cells
with mechanical support and stability. Additionally, they are essential for facilitating cell

migration.

Figure 6 Schematic illustration of focal
adhesions (FAs). The figure shows major
consituents of the FA complex as they are
described in chapter 1.2.3 [adopted from
(Mitra et al., 2005)].
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1.2.4 Cell cohesion

Cohesion between individual epithelial cells is required to form the functional epithelial
layer. TJs, Als, and Ds are the three types of intercellular cohesion complexes (Figure 4). Tls
seal the barrier and enable paracellular transport, while Als and Ds are essential for the
mechanically robust interconnection of adjacent cells. Furthermore, these junctions
contribute to establishing the apicobasal polarity of epithelial cells and the transepithelial
transport of various compounds. Through their connection with the junctional plaque proteins
and the cytoskeleton, cell-cell junctions actively transmit signals into the cell interior,
consequently impacting gene expression and cellular behavior. Moreover, the assembly and
maturation of junctional complexes are highly dependent on calcium levels [reviewed in

(Groschwitz and Hogan, 2009)].

TJs (Figure 7) are located at the most apical position among intercellular junctional
complexes. As the primary gate for paracellular diffusion, they control the passage of solutes
with varying charge, electrical resistance, and sizes, regulated by their protein composition.
TJs consist of transmembrane proteins such as claudin family proteins, MARVEL domain
proteins (including occludin and tricellulin), blood vessel epicardial substance (BVES),
junctional adhesion molecules (JAMs), angulin proteins, coxsackie virus-adenovirus receptor
(CAR), and crumbs homologue 3 (Crubs3), which span the plasma membrane and connect
neighboring cells through the paracellular space. Intracellularly, these transmembrane
proteins are linked to a cytoplasmic plaque comprising scaffolding and effector proteins such
as zonula occludens 1/2/3 (Z0-1/2/3), partitioning defective 3/6 homologs (PARD3/6), protein
associated with Lin-7 1 (PALS1), and cingulin, ultimately connecting to the actin cytoskeleton
[reviewed in (Anderson and Van ltallie, 2009; Heinemann and Schuetz, 2019; Zihni et al.,
2016)]. Generally, paracellular epithelial permeability has three distinct pathways: the ‘leak’
and the ‘pore’ pathways, regulated by Tls, defining intestinal permeability. The leak pathway
permits the transport of larger molecules. It is primarily controlled by myosin light chain kinase
1 (MLCK1), which triggers the endocytosis of TJ proteins such as occludins, thereby influencing
barrier permeability. Conversely, the pore pathway facilitates the transport of small molecules
through pores or channels formed by claudins. Additionally, there is a third pathway known as

the ‘unrestricted’ pathway, associated with apoptotic leaks in pathological conditions, which
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operates independently of TJs, allowing luminal antigens access to the lamina propria

[reviewed in (Groschwitz and Hogan, 2009)].

Als (Figure 8) are positioned below TJs and serve as a critical mediator of cell-cell
adhesion. Similar to TJs, Als consist of transmembrane proteins linked to actin filaments
through cytoplasmic protein complexes [reviewed in (Hartsock and Nelson, 2008)]. The core
transmembrane protein components belong to the cadherin family, with the primary
transmembrane receptor in epithelial monolayers being E-cadherin (E-cad), which binds to
adjacent epithelial cells. Cytoplasmic tails of cadherins interact with structural proteins from
the Armadillo family (B-/y-/p120-catenin), which in turn bind to actin via a-catenin. Moreover,
studies have demonstrated that the cadherin/p120-catenin complex interacts with
microtubules either through kinesin motors during cell surface trafficking (Chen et al., 2003)
or via the adaptor protein PH domain-containing family A member 7 (PLEKHA7), which links
p120-catenin to the protein NEZHA at the minus end of MTs (Meng et al., 2008). Furthermore,
the transmembrane protein nectin, has been shown to cluster with cadherin-enriched clusters
via PLEKHA7 and PDZD11 interaction, supporting the structural dynamics of Als (Indra et al.,

2013). Additionally, several other actin-binding proteins have been identified as part of

Figure 7 Schematic illustration of
(AMOTs tight junction (TJ) complex. The
i individual proteins belonging to
the core of TJ are depicted in the
scheme and described in the
chapter 1.2.4 [adopted from
(Heinemann and Schuetz, 2019)]
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adherens junctions, including vinculin, and afadin [reviewed in (Harris and Tepass, 2010;

Lessey et al., 2022; Meng and Takeichi, 2009)].

Figure 8 Simplified schematic illustration of
adherens junction (AJ) complex. Via specific
protein-protein interactions, Als interconnect
neighboring cells with the intracellular actin
and microtubule (MT) cytoskeleton. a-catenin

. ) (a in green), B-catenin [(B in yellow; (Guerrera
nectin { etal., 2016)].

extracellular

intracellular

PDZD11

Imicrotubules]

Ds (Figure 9) are button-like junctional structures that are coupled to IFs at the plasma
membrane, extracellularly connecting adjacent cells. During the development of cell-cell
contacts, the establishment of Ds depends on the maturation of Als. Since IFs provide cells
with mechanical strength, Ds are particularly abundant in cells subjected to high mechanical
stress, thus preserving the mechanical resistance of the tissue. Evolutionarily, given that the
core transmembrane proteins of Ds are cadherins, and their assembly is temporally and
spatially regulated in relation to Als, Ds are considered akin to AlJs (Koch and Franke, 1994).
The primary components of Ds consist of heterodimeric transmembrane cadherins
desmogleins (Dsg; 1-4) and desmocollins (1-3), further associating with junctional proteins
plakoglobin and plakophillins (1-3). These are crosslinked by plakin proteins desmoplakin
(Dsp), plectin, periplakin, and envoplakin, subsequently coupled to IFs [(Price et al., 2018);
reviewed in (Green and Gaudry, 2000; Muller et al., 2021)].
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Figure 9 Schematic illustration of desmosomes (Ds). The figure shows the central members of the Ds complex, their mutual
interactions and the anchoring of intermediate filaments [IFs; adopted from (Green and Gaudry, 2000)].

Analyses of samples from IBD patients have identified the aberrant expression of
genes/proteins associated with the TJ, AJ and D junctional complexes (Consortium et al., 2009;
Gassler et al.,, 2001; Piche et al.,, 2009). Over past years, multiple mouse models with
genetically modified genes encoding TJ, AJ, and D constituents have been generated. Ablation
or mutation of these genes resulted in changes in immune response, mucosal inflammation,
and in some cases increased susceptibility for the development of CA-CRC or CRC [(Cuzic et al.,
2021; De Arcangelis et al., 2017; Gross et al., 2018); reviewed in (Landy et al., 2016; Mehta et
al., 2015; Schlegel et al., 2021; Zbar et al., 2004)].

1.2.5 Plectin

All cytoskeletal components are physically interconnected and anchored to the plasma
membrane or other cellular structures. Such cytoskeletal interactions are mediated by
cytoskeletal crosslinker proteins (cytolinkers) from plakin family. Moreover, plakins also
promote the anchorage of the cytoskeletal network to cell-cell/cell-ECM junctions and
intracellular organelles [reviewed in (Jefferson et al., 2004; Leung et al., 2002; Ruhrberg and
Watt, 1997)]. In 1980, plectin, a plakin family member protein, was isolated (Pytela and Wiche,

1980). Plectin is the most versatile plakin and probably best-studied up to date. Even though
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plectin is able to interact with all cytoskeletal filaments, it is preferentially an IF-binding protein

(Prechova et al., 2022).

Plectin is a giant crosslinker protein (approx. 500 kDa) ubiquitously expressed in almost
all cells and tissues. In humans, PLEC gene is localized in the q24 region of chromosome 8 and
encoded by 32 exons (Liu et al., 1996), while in mice, it localizes on chromosome 15 (Fuchs et
al., 1999). The analysis of transcript diversity in mice revealed that alternative splicing of PLEC
gene gives rise to 14 plectin isoforms, which differ at their N-termini (Figure 10) and are
expressed in a cell type-specific manner [(Fuchs et al., 1999; Liu et al., 1996; Rezniczek et al.,
2003); reviewed in (Castanon et al., 2013)]. Nine of these isoforms differ in first exon and are
alternatively spliced into common exon 2 (isoforms 1, 1a, 1b, 1c, 1d, 1e, 1f, 1g), three isoforms
also differ in the first coding exon, but are spliced into exon 6 [isoforms 1h, 1i, 1j; (Rezniczek et
al., 2003)]. Two isoforms are alternatively spliced in exons 2 and 4 (isoforms 2a and 3a). In
epithelial cells, the most prevalent plectin isoforms are plectin 1 (P1), 1a (P1a), 1f (P1f), and 1c
[P1c; (Fuchs et al., 1999)].

At the ultrastructural level, plectin assumes a dumbbell-like structure consisting a
central 200-nm-long a-helical coiled-coil rod domain flanked by two globular domains (Foisner
and Wiche, 1987; Wiche et al., 1991). Plectin’s central rod domain facilitates the dimerization
of plectin molecules, while the N- and C-terminal domains are crucial for interactions with
binding partners (Figure 10). The N-terminal domain contains an actin-binding domain (ABD),
which consists of 2 calponin homology domains that exhibit similarities to the spectrin family
of proteins. Plakin domain, consisting of nine spectrin repeats along with a putative Src
homology 3 (SH3) domain, is also located at the N-terminus (Ortega et al., 2016; Sonnenberg
et al., 2007). The C-terminal domain harbors six plectin repeat domains encompassing the IF-
binding domain (IFBD) and followed by a C-terminal tail [(Foisner et al., 1988; Janda et al.,
2001; Wiche et al., 1991); reviewed in (Wiche, 2021)]. Intriguingly, vimentin can be bound not
only by the C-terminal IFBD but also by the ABD located at the N-terminus (Sevcik et al., 2004).
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Figure 10 Structure of plectin. Schematic illustration showing a selection of plectin’s binding partners and structural diversity
of N-terminus (N) determining plectin isoform origins. C-terminus (C), actin-binding domain (ABD, yellow), plakin domain (PD,
blue), plectin repeat domain (PRD, grey), IF-binding domain [IFBD, green; (Korelova et al., unpublished).

The ability to interact with a wide range of proteins enables plectin to link IFs with
various cellular structures (Figure 11). By binding the ItgB4 and BPAG1/2 (dystonin), plectin
localizes and facilitates the assembly of HDs (de Pereda et al., 2009; Koster et al., 2003; Nievers
et al., 2000; Rezniczek et al., 1998; Steiner-Champliaud et al., 2010). Plectin also anchors the
cytoskeleton to Ds via periplakin binding domain (Boczonadi et al., 2007) or TJs via interaction
with ZO-1 (Chen et al., 2006). Via ABD, plectin binds nesprin-3 and thus anchors IFs to the
outer nuclear membrane. This altogether indicates its diverse roles in cellular architecture and

organization (Ketema et al., 2007; Wilhelmsen et al., 2005).

Figure 11 Plectin interacts with a plethora of
subcellular structures. In the epithelial cells, plectin
is present in several isoforms (1, 1a, 1b, 1f). Isoform
diversity allows plectin to participate in the structural
architecture of cell. TJs (yellow), Als (red), Ds
(purple), HDs (Korelova et al., unpublished).
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1.2.6 Plectinopathies

Mutations in PLEC gene are associated with a broad spectrum of rare human disorders
collectively known as “plectinopathies”. Currently, 116 identified variants of PLEC gene are
associated with these disorders in 131 patients (Vahidnezhad et al., 2022). These multisystem
disorders entail an autosomal dominant form of epidermolysis bullosa simplex, limb-girdle
muscular dystrophy, aplasia cutis congenita, and an autosomal recessive form of epidermolysis
bullosa simplex, which may manifest alongside muscular dystrophy pyloric atresia, and/or
congenital myasthenic syndrome. The general mechanism underlying plectinopathies involves
the pivotal role of plectin in preserving the mechanical stability of the tissue. When PLEC gene
mutations occur, this stability is compromised, leading to pathologies such as tissue fragility,
blisters, erosions, weakened and atrophic muscles, and cardiomyopathy, characteristic
features observed across various plectin-related disorders [(Vahidnezhad et al., 2022; Walter
et al., 2021); reviewed in (Kiritsi et al., 2021)]. In rare cases, patients with PLEC mutations
diagnosed for epidermolysis bullosa simplex revealed signs of bloody diarrhea, intestinal
malabsorption, protein-loosing enteropathy associated with intestinal mucosa fragility,
intestinal wall thickening, and intestinal mucosa loss [(Kaneyasu et al., 2023; Verma et al.,

2020); reviewed in (Mylonas et al., 2019)].

1.2.7 Adaptation to mechanical stress

The adaptability of cells defines their potential to survive and operate effectively under
changing environmental conditions. In intestinal environment, cells are continuously exposed
to various mechanical stimuli, including shear stress, compression, differences in tissue rigidity,
and strain, to which they respond by activating robust mechanoprotective mechanisms
[reviewed in (Houtekamer et al., 2022)]. This endurance is highly supported by cytoskeletal
crosslinkers that carefully fine-tune the interplay between cytoskeletal elements, cell-cell and

cell-ECM junctions, and facilitate mechanotransduction.

1.2.7.1 Adaptation at cellular level
Although excessive mechanical stress can potentially compromise tissue integrity,

epithelial layers exhibit resilience against significant deformation by modulating the
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morphology of individual cells within the layer. The change in extracellular mechanical force is
primarily sensed by Itgs, which directly interact with ECM, or by cadherin, which mediate
interactions with neighboring cells. These interactions allow cells to respond to various cues
via actomyosin cytoskeleton, thereby upholding mechanical stability [reviewed in (Charras and

Yap, 2018; Gauthier and Roca-Cusachs, 2018; Iskratsch et al., 2014)].

During uniaxial cyclic strain resulting from the environmental stretch, cells undergo
adaptive changes in their cytoskeletal organization and cellular and nuclear morphology,
aligning themselves nearly perpendicular to the direction of stretch. Activation of
mechanoreceptors (cadherins and Itgs) propagates force into the cellular interior through
direct conversion into a biochemical signal via downstream kinase activation or by triggering
other mechanoresponsive proteins [reviewed in (Hu et al., 2017)]. Well-described is the impact
of mechanical force on the conformational alteration of a-catenin. When epithelial
monolayers experience uniaxial mechanical strain, cadherins within Als detect force signals
from neighboring cells and transmit them to the cell interior. This results in force-induced
a-catenin conformational changes, vinculin binding, increased association with actin
filaments, the formation of actin stress fibers, increased actomyosin contractility, and
perpendicular reorientation of cytoskeleton followed by the nucleus (Hayakawa et al., 2001;
Nava et al., 2020; Noethel et al., 2018; Yonemura et al., 2010). An additional force-induced
response mechanism involves mechanosensitive ion channels Piezo 1/Piezo2 [(Coste et al.,
2010); reviewed in (Murthy et al., 2017)]. These channels are situated both at the plasma
membrane and the endoplasmic reticulum membrane (McHugh et al.,, 2010). Stretching
results in strain-dependent nuclear deformation and increased nuclear stiffness, leading to the
opening of Piezo-1 channels at the endoplasmic reticulum membrane and the subsequent
intracellular release of Ca%* from endoplasmic reticulum storage. This process facilitates
chromatin mechanoresponse and the formation of the perinuclear F-actin ring (will be
discussed more in Chapter 1.2.7.2). Furthermore, prolonged stretching causes increased
plasma membrane tension, resulting in the influx of extracellular Ca?* into the cytoplasm,
thereby triggering supracellular patterning. Supracellular response is crucial for dissipating
mechanical stress which could be harmful for the nucleus. This involves the reorientation of
cells and the elongation of the nuclear long axis, as well as strengthening of cell-cell contacts

and F-actin, driven by the remodeling of AJs (De and Safran, 2008; Faust et al., 2011; Hayakawa
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et al., 2001; Lewis and Grandl, 2015; Nava et al., 2020; Prechova et al., 2022; Wang et al.,
2001).

While extensive research has focused on unraveling the role of the actin cytoskeleton
in cellular mechanotransduction, it's worth noting that IFs also play an important role in cell
mechanics. Recent studies shed light on the crucial interactions between HDs or FAs and IFs,
in particular in a plectin-dependent manner. This mechanical coupling between IFs and the cell
periphery is critical for modulating cell stiffness, which is achieved by thickening of IF bundles
in response to changes in the ECM environment. IFs form cage-like structure around the
nucleus, which is essential to protect the nucleus from actomyosin-induced deformations
through intricate crosstalk between IFs and actin. This process attenuates FAs and regulates
Yes-associated protein (YAP) signaling. Perturbations in keratin organization due to plectin loss
lead to increased nuclear deformability (Kechagia et al., 2023; Laly et al., 2021; Patteson et al.,
2019; Wang et al., 2020). In addition, cortical IFs regulate the organization and mechanics of
the actin network during mitosis, which is critical for successful cell division in confined spaces.
Abnormalities in the IF network during mitosis prevent proper mitotic rounding and increase

the likelihood of chromosomal aberrations (Serres et al., 2020).

Mechanical stimulation prompts rearrangements in the cytoskeleton and concurrently
activates multiple mechanoresponsive signaling pathways. Given our understanding of the
extensive remodeling of the actin cytoskeleton, it is not surprising that the transmission of
force-induced signals often correlates with elevated levels of cytoplasmic Ca%* and heightened
actomyosin contractility. Mechanical stimuli can initiate the activation of mechanosensitive
transcription factors, which subsequently instigate alterations in gene expression, dictating cell
behavior and fate. Studies have demonstrated that mechanical strain triggers the activation of
extracellular signal-regulated kinase (ERK1), c-Jun N-terminal kinase (JNK), and
phosphoinositide 3-kinases (PI3K)/protein kinase B (PKB/Akt), leading to the expression of
genes associated with proliferation or cell survival (Codelia et al., 2014; Gudipaty et al., 2017;
Kaunas et al., 2006; Kippenberger et al., 2005). The contractility induced by mechanical force
facilitates the translocation of mechanoresponsive transcription factors into the nucleus,
including YAP/Transcriptional coactivator with PDZ-binding motif (TAZ) and myocardin-related
transcription factor A (MRTF A)/serum response factor (SRF), which regulate genes involved in

differentiation, proliferation, vascular remodeling, expression of a-smooth muscle actin, cell
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polarization, fibroblast activation, and fibrosis (Benham-Pyle et al., 2015; Dupont et al., 2011;
Kono et al., 2014; Liu et al., 2015; Musah et al., 2014; Talwar et al., 2014; Yamashiro et al.,
2020; Zhao et al.,, 2007). Additionally, mechanically regulated factors such as B-catenin
stimulate proliferation, while nuclear factor kB (NF-kB)/activator protein 1 (AP-1) induces the
expression of pro-inflammatory genes, and nuclear factor erythroid 2-related factor 2 (Nrf2)
stimulate the expression of anti-oxidant genes (Hsieh et al., 2009; Kumar et al., 2003; Samuel
etal., 2011). Actin dynamics also impact global gene expression through histone modifications,

including histone deacetylase 3 [HDAC3; (Jain et al., 2013)].

1.2.7.2 Nuclear/DNA level adaptation

Nucleus, the cells’ largest and most rigid organelle, is separated from the surrounding
cytosol by a lipid bilayer. The only type of IFs present within the nucleus are LMNA/C and
LMNB1/2, which form nuclear lamina, a fibrilar network located at the inner nuclear
membrane facing towards the nucleoplasm [reviewed in (Gruenbaum and Foisner, 2015;
Gruenbaum et al., 2005)]. The cytoskeleton is connected to the nuclear membrane via linkers
of the nucleoskeleton and cytoskeleton (LINC) complex, which is composed of Sad1p and UNC-
84 (SUN) and Klarsicht, ANC-1, and Syne homology (KASH)-domain proteins. KASH proteins are
embedded in the outer nuclear membrane and interact with all cytoskeletal components,
namely via nesprin family of proteins. SUN proteins localize in the inner nuclear membrane
and interact with lamina and chromatin. Since nuclear lamina associates with chromatin,
mechanical forces acting at the cellular membrane can be transmitted onto a nucleus where
they trigger chromatin remodeling or gene expression [reviewed in (Buchwalter et al., 2019)].
This process demonstrates that the nucleus also serves as an additional force-sensing barrier

[mechanosensor; (Lombardi et al., 2011)].

The organization of chromatin within the nucleus is vital for proper regulation of gene
expression. Chromatin at the nuclear periphery exists in a highly compacted form known as
heterochromatin, tethered to the nuclear envelope through lamina-associated domains,
which are characterized by low gene density and gene repression [reviewed in (Buchwalter et
al., 2019; Lemaitre and Bickmore, 2015; van Steensel and Belmont, 2017)]. Heterochromatin
is distinguished by repressive histone modification marks, such as H3K9me2, H3K9me3, and

H3K27me3, which play roles in gene silencing, chromatin compaction, and localization [(Bian
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et al., 2013; Nicetto et al., 2019; Yokochi et al., 2009); reviewed in (Buchwalter et al., 2019)].
Owing to its physical rearrangement, heterochromatin can act as a force-absorbing element in

nuclear mechanosensing, along with the nuclear lamina and perinuclear actin.

As mentioned above (Chapter 1.2.7.1), the connection between the cell periphery and
cell center transduces mechanoresponse onto the nucleus and chromatin. Nuclear IFs, like
LMNA/C, can adapt to mechanical stress through changes in their expression,
phosphorylation, or mechanical unfolding. This, in turn, may affect nuclear stiffness, gene
expression, and migration to maintain nuclear shape and genomic integrity under force
[(Denais et al., 2016; Heo et al., 2016; Nava et al., 2020); reviewed in (Cho et al., 2017; Lomakin
et al., 2020)]. The actin cytoskeleton, specifically the F-actin perinuclear ring, plays a critical
role in maintaining nuclear shape and volume under mechanical stress and regulating
mechanoresponsive signaling pathways (Le et al., 2016; Nava et al., 2020; Shiu et al., 2018).
The compaction state of chromatin heavily influences the mechanical properties of nuclei.
Nuclei rich in heterochromatin tend to be rigid, while those with decondensed chromatin are
softer, deformable, and more mobile. The association of chromatin with the nuclear lamina
also modulates nuclear mechanical properties - uncoupling of chromatin from the nuclear
envelope leads to increased chromatin flow, enhanced nuclear deformability, and alterations
in nuclear shape (Chalut et al., 2012; Nava et al., 2020; Spagnol and Dahl, 2016; Stephens et
al., 2017).

The presence of dysmorphic nuclei is characteristic of many tumors [reviewed in (Zink
et al., 2004)]. Interestingly, variations in chromosome copy number, gene mutations, and
genomic instability are strongly associated with tumor stiffness (Pfeifer et al., 2017). Under
mechanical stress, nucleus undergoes pressurized deformation thus forming nuclear envelope
blebs, which may in turn cause DNA damage. These blebs can rupture, causing leakage of
nuclear factors and DNA into the cytoplasm, promoting senescence in non-transformed cells,
and inducing an invasive phenotype in cancer cells (Nader et al., 2021). Repeated exposure to
confinement can result in cell cycle arrest, alterations in chromosome copy number, and loss
of heterozygosity (Irianto et al., 2017; Pfeifer et al., 2018). Force-induced DNA damage can
occur even without nuclear rupture, as nuclear deformation increases replication stress,
contributing to genomic instability, which can further promote tumorigenesis (Shah et al.,

2021).
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On the other hand, despite studies in cell cultures showing that nuclear deformation can
induce DNA damage in non-transformed cells, tissues that undergo large-scale deformation
under physiological conditions display mechanisms to counteract nuclear deformation and
deformation-induced DNA damage. Subjecting cell monolayers to uniaxial stretch reduces
levels of H3K9me3, making the nucleus and chromatin more elastic to dissipate mechanical
energy and protect the genome from damage. Long-term mechanical strain can result in global
transcriptional repression and chromatin remodeling, contributing to sustained

mechanoprotection (Nava et al., 2020).

1.3 Pathologies of the intestinal epithelial barrier

It has been discussed in the previous chapter (1.1.1.4) that IEB ensures selective
transport across epithelia and protects underlying tissues against pathogens. Disruption in the
integrity of IEB caused by injury or infection can trigger the immune response. Persistent
inflammation that is not healed or spreads to healthy tissue can, together with other factors,
contribute to the development of IBD or CRC [(Vivinus-Nebot et al., 2014); reviewed in (Genua

et al.,, 2021)].

1.3.1 Inflammatory bowel disease

IBD is characterized by severe inflammation in the gastrointestinal tract [(Leake, 2016;
Schmidt and Stallmach, 2005); reviewed in (Hanauer, 2006)]. It is a chronic disorder affecting
approximately 1 out of 250 individuals in the European population [reviewed in (Gonzalez-
Lama et al., 2023)]. Patients diagnosed with IBD manifest symptoms including abdominal pain,
fatigue/tiredness, high bowel frequency and diarrhea containing blood/mucus, and increased
passage of gas (Perler et al., 2019). While the exact cause of IBD is still unknown,
environmental factors, immune dysfunction, intestinal microbiota, and genetic predispositions
are recognized as key risk factors associated with a poor prognosis and lifelong morbidity for
patients [reviewed in (Karlinger et al., 2000)]. Up to date, two types of IBD have been described
—UC and Crohn’s disease (CD). In UC, inflammation is restricted to the rectum and colon, while
in CD inflammation can affect any part of the intestine, including the small intestine. The

mechanisms underlying disease progression differ between these two types of IBD. There is a
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strong genetic predisposition to the disease, with many patients having family history of IBD

(Sartor, 1995).

The IEB breakdown and increased intestinal permeability in IBD patients have been
determined as high-risk factors for IBD onset [(McCole, 2014); reviewed in (Abraham and Cho,
2009; Martini et al., 2017). Interestingly, even patients with inactive IBD exhibit increased
paracellular permeability (Vivinus-Nebot et al., 2014). Improving IEB function may therefore
represent a promising therapeutic target for the treatment of IBD [reviewed in (Odenwald and
Turner, 2017)]. Furthermore, mutations resulting in altered KFs have been observed in patients
diagnosed with IBD and CRC (Evans et al., 2015; Owens et al., 2004; Tao et al., 2007).
Additionally, clinical investigations shown that the expression patterns of K7 and K20 correlate
with severity of IBD and some types of human CRCs. K7, which is absent in healthy tissues,
may thus serve as a potential diagnostic marker for IBD (Moll et al., 1992; Polari et al., 2022;

Stenling et al., 2007; Yun et al., 2000).

1.3.2 Colorectal cancer

CRC is recognized as the third most prevalent cancer on a global scale, representing
approximately 10% of all cancer cases and ranking as the second leading cause of
cancer-related mortality. A considerable proportion of individuals diagnosed with CRC are
typically around 50 years of age, often presenting with advanced-stage tumors, thus posing
challenges in terms of treatment options (Sung et al., 2021). Beyond genetic predisposition, a
range of known risk factors contribute to CRC development. Some individuals have potential
to mitigate these risk factors, thereby reducing the likelihood of tumor occurrence (Morgan et
al., 2023). These factors include dietary patterns, such as the consumption of unprocessed
foods, and lifestyle behaviors, including smoking, alcohol intake, inadequate physical activity,
and obesity (Research, 2018). The change of the normal colonic epithelium to a precancerous
lesion and, ultimately, an invasive carcinoma requires an accumulation of genetic mutations,
either somatic (acquired) and/or germline (inherited), over an approximately 10- to 15-year
period. Chromosomal instability, mismatch repair, and CpG hypermethylation are the major

pathways to the onset of CRC (Grady and Markowitz, 2000).
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It is well-documented that individuals with IBD face an elevated risk of developing
CA-CRC (Lakatos and Lakatos, 2008; Long et al., 2017). Around 1-2% of CRC cases are attributed
to CA-CRC, and this risk escalates over time (Eaden et al., 2001; Eluri et al., 2017; Selinger et
al.,, 2014). Factors such as the duration and severity of inflammation, along with genetic
predisposition within families, contribute significantly to this risk (Flores et al., 2017). CA-CRC
typically manifests at younger age compared to sporadic CRC, leading to poorer survival rates.
Notably, it accounts for approximately 15% of yearly deaths among individuals diagnosed with
IBD [(Lu et al., 2022); reviewed in (Fornaro et al., 2016)]. The persistent inflammation in CA-
CRC results in oxidative stress, causing DNA damage and double-strand breaks (DSBs). Like
sporadic CRC, CA-CRC exhibits high genomic instability, particularly in critical driver genes such
as APC, P53, MYC, KRAS, PIK3CA, SMAD4, and ARID1 (Rajamaki et al., 2021; Robles et al., 2016;
Yaeger et al., 2016). However, genetic alterations in IBD-associated CRC differ in timing and
frequency compared to sporadic CRC. While mutations and loss of the APC gene are less
common, mutations and loss of P53 occur more frequently in earlier stages. P53 mutations,
present even in non-dysplastic mucosa, appear to have a more pronounced role in the

development of IBD-associated CRC than in sporadic CRC (Du et al., 2017).

1.4 Mouse models of intestinal pathologies

Patients experiencing intestinal diseases, notably various forms of IBD or CA-CRC/CRC,
demonstrate signs of compromised IEB function. Mouse models of intestinal pathologies have
been developed to explore the treatment strategies of IBD and CRC. Such models help us to
investigate the complex relationship between the intestinal microbiota, intestinal epithelium,
and immune system during disease onset. The following chapters will describe some of the

most frequently/commonly used mouse models.
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1.4.1 Colitis
There are chemically-induced and genetically-engineered mouse models mimicking

forms of IBD, namely CD, and UC:

1.4.1.1 Chemically-induced colitis

Dextran sodium sulphate (DSS). Because of its simplicity, DSS is the most commonly

employed model for inducing experimental colitis in mice which closely mirrors human UC.
DSS, a chemical colitogen, is typically diluted in drinking water and administered to mice in
repeated cycles. Mice treated with DSS suffer from weight loss, diarrhea, and rectal bleeding
(Chassaing et al., 2014). DSS interacts with medium-chain-length fatty acids, forming
nanometer-sized vesicles with a diameter of approximately 200 nm. These vesicles fuse with
the membranes of colonocytes, impacting major epithelial cell pathways and subsequently
reducing intestinal barrier functions, triggering inflammatory signaling cascades within the
intestine (Laroui et al., 2012). This disruption compromises the integrity of the IEB by affecting
junctional complexes and the cytoskeleton (Poritz et al., 2007; Samak et al., 2015). The DSS
model is clinically relevant for interpreting observations from mice to humans, as it has been
shown to respond to drugs commonly used in the therapy of IBD (Melgar et al., 2008). DSS is
accompanied by erosions/ulcers and loss of crypts, thereby exposing subepithelial immune
cells to commensal bacteria. This effect is relatively independent of lymphocyte actions, as
studies show that mice lacking T cells, B cells, and NK cells can still develop colitis in response

to DSS (Axelsson et al., 1996; De Arcangelis et al., 2017; Dieleman et al., 1994).

2, 4, 6-Trinitrobenzensulfonic acid (TNBS). TNBS, a contact-sensitizing allergen, is a

widely accepted model of IBD, in particular for CD in humans. Administration of 0.5 mg of TNBS
in 50% ethanol induces in mice acute T cell-mediated, IL-12-driven transmural colitis, resulting
in symptoms such as diarrhea, weight loss, and rectal prolapse (Neurath and Finotto, 2009;
Neurath et al.,, 1995). Ethanol is utilized to perturb the mucosal barrier, while TNBS is
hypothesized to haptenize microbiota or colonic autologous proteins, making them antigenic

in susceptible mouse strains. The TNBS-induced model effectively mimics both the acute and
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chronic stages of IBD, thereby being a valuable model for exploring innovative pharmacological

approaches in patients (Silva et al., 2022).

4-ethoxymethylene-2-phenyl-2-oxazolin-5-one (Oxazolone). Oxazolone is a haptenizing

reagent administered to mice via intrarectal enema. Both acute and chronic oxazolone colitis
in mice is represented by superficial inflammation of the distal colon mucosa, extensive
inflammatory infiltrate, depletion of GCs, formation of edema, loss of epithelial cells,
hemorrhage, and vascular dilation, typically resembling UC histology (Boirivant et al., 1998;
Kojima et al., 2004; Wang et al., 2004). This preclinical model presents several experimental
obstacles, including rapid weight decline and increased mortality rates following oxazolone

administration during the acute phase of the disease (Boirivant et al., 1998).

1.4.1.2 Genetically engineered mouse models of spontaneous colitis

IL-10-deficient (/L-107") mouse. IL-10 is a critical regulatory cytokine, representing a

pivotal susceptibility gene in IBD (both UC and CD), owing to identifying mutations in the IL10
gene among IBD patients. Mouse models, specifically /L-107" mice lacking the IL10 gene, have
provided valuable insights into disease pathogenesis. These mice exhibit spontaneous
development of enterocolitis and adenocarcinoma (Anderson et al., 2011; Franke et al., 2008;
Sturlan et al., 2001). The colitis phenotype observed in IL-107" mice is characterized by the
presence of an inflammatory infiltrate consisting of lymphocytes, macrophages, and
neutrophils (Kuhn et al., 1993). Intriguingly, a mouse model lacking IL-10 specifically in T cells
mirrors a similar intestinal phenotype as IL-107- mice, emphasizing the importance of T cell-

mediated immune response (Erdman et al., 2003).

Inhibitor of NF-kB kinase y (Ikk-y”") mouse. Deletion of the NF-kB essential modulator,

also referred to as Ikk-y, specifically within the intestinal epithelium (AIEC), leads to the onset
of severe, spontaneous inflammation in mice. This severe colitis coincides with aberrant
apoptosis of epithelial cells induced by tumor necrosis factor a (TNFa), resulting in the
disruption of IEB integrity, compromised expression of the anti-microbial peptide defensin-3,

and the translocation of bacteria into the mucosal layer (Nenci et al., 2007). Noteworthy is the
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observation that diminished defensin-3 expression has been documented in individuals

suffering from IBD (Wehkamp et al., 2006).

1.4.1.3 Immune cells induced colitis

T cell adoptive mouse. The isolated undifferentiated CD45RB"&"CD4* T cells from

healthy donors are transferred to severe combined immunodeficiency or the recombination
activating genes 1/2 syngeneic immunodeficient mice, where they colonize the intestine and

induce the onset of colonic inflammation (Powrie et al., 1994).

1.4.2 Colitis-associated colorectal cancer/sporadic colorectal cancer

1.4.2.1 Carcinogen-induced mouse models

Azoxymethane (AOM) model. AOM is a procarcinogen that undergoes metabolic

activation in the liver into methylazocymethanol, a highly reactive alkylating species inducing
0°® methylguanine DNA adducts. Following excretion into the bile, it is absorbed by the colonic
epithelium, leading to the initiation of mutagenesis (Sohn et al.,, 2001). AOM is
intraperitoneally injected into mice in repeated cycles. Induced colonic carcinogenesis in
treated mice displays histological features such as adenomas and adenocarcinomas, similar to

sporadic colon cancers in humans [reviewed in (Boivin et al., 2003; Li et al., 2022)].

AOM/DSS model. The combination of AOM and DSS serves as a reliable method to

induce CRC in mice, mimicking the pathogenesis of CA-CRC. Consequently, it stands as a highly
replicable model suitable for both acute and chronic studies of intestinal colonic inflammation

[reviewed in (Modesto et al., 2022)].

Heterocyclic amines. Heterocyclic amines, such as 2-amino-3-methylimidazo[4,5-

flquinoline (1Q) and 2-amino-1-methyl-6-phenylimidazo [4,5-b] pyridine (PhIP) are mutagens
which require metabolic activation in the liver to be able to cause DNA adducts causing cancer.
In contrast to AOM, 1Q and PhIP promote multitarget carcinogenesis in the colon, mammary

gland, and prostate (Hasegawa et al., 1993; Shirai et al., 1997). The time period before the
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occurence of first tumors with 1Q or PhIP is considerably long - it can require more than one
year. However, when combined with DSS, the induction period of colon adenomas and

adenocarcinomas is shortened to 6-24 weeks (Durmus et al., 2019).

1.4.2.2 Genetically engineered mouse models

Adenomatous polyposis coli (Apc”™-) mouse. In humans, polymorphisms in the Apc

gene constitute a significant risk factor for sporadic CRC and familial adenomatous polyposis
[reviewed in (Liang et al., 2013)]. Therefore, the multiple intestinal neoplasia (Min) mouse
model has been engineered to investigate intestinal cancer in rodents. Apc™™- mice exhibit
spontaneous development of intestinal adenomas, which can be accelerated in the form of

CA-CRC, where inflammation is induced by DSS treatment (Tanaka, Kohno et al. 2006).

Hereditary non-polyposis colon cancer. Hereditary non-polyposis colon cancer, also

known as Lynch syndrome, arises from inherited mutations in DNA mismatch repair genes,
notably MLH1 and MSH2, which were among the first implicated in CRC. Mutations in these
genes result in a high mutation rate and microsatellite instability (Bronner et al., 1994; Fishel
et al,, 1993; Lindblom et al., 1993). While Msh2-deficient mice exhibit lymphomas (Reitmair
et al., 1995), the concomitant mutation of Msh2 and Apc genes in mice accelerates intestinal
carcinogenesis (Reitmair et al., 1996). To mimic hereditary non-polyposis colon cancer, a novel
conditional KO mouse model was developed. Mice lacking Msh2, specifically in villin-
expressing tissues (predominantly IECs of the SI and colon), exhibit similarities to hereditary
non-polyposis colon cancer, as they do not manifest lymphoma development but show the

formation of intestinal adenomas and adenocarcinomas (Kucherlapati et al., 2010).
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2 AIMS OF THE THESIS

Plectin, a large cytolinker from the plakin protein family, binds IFs, interlinks them with
other cytoskeletal components, and tethers crosslinked networks to junctional structures at
the cell periphery, including Ds and HDs. Additionally, plectin anchors the cytoskeleton to the
nuclear envelope. Mutations in the plectin gene predispose individuals to epidermolysis
bullosa, a disorder characterized by severe skin blistering, muscular dystrophy, gastric
obstruction, and various digestive disorders, such as IBD. Plectin ablation disrupts epithelial KF
networks and alters cell junctions, compromising epithelial stability. In mouse models, plectin
deletion negatively affects junction formation in the biliary epithelium and HD stability in
keratinocytes. These disruptions lead to epithelial fragility and lesions similar to those in IBD
patients. Despite these findings, the role of plectin in the intestinal epithelium remains

unexplored.

The aim of my thesis is to investigate the role of plectin in the homeostasis and
maintenance of the intestinal barrier. We hypothesized that plectin-controlled
cytoarchitecture protects the cell nucleus and genome from damage induced by colitis-

AEC mouse model and

associated mechanical stress. To address this hypothesis, we utilized Ple
KO cell lines. By examining the effects of aberrant cytoarchitecture on CRC development, we
aim to better understand the relationship between mechanical stress, cytoskeletal integrity,

and CRC progression in the context of CA-CRC.

2.1 Aim 1. Does plectin contribute to intestinal barrier homeostasis and colitis?
e s plectin dysregulated in UC patients?
e What is the phenotype of Ple?®“mice and plectin-deficient IEC cultures?
e Does the ablation of plectin disrupt the mechanical stability of intestinal epithelium?
e Are Ple® mice susceptible to experimentally induced colitis?

e What is the underlying mechanism of the colitic phenotype in Ple?t¢ mice?
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2.2 Aim 2. What is the role of plectin in mechanical stress-driven DNA damage and
colorectal carcinogenesis?
e Are Ple®mice susceptible to colorectal carcinogenesis?

e How does plectin-dependent cytoarchitecture protect the nucleus against DNA
damage and genomic instability?

e What is the role of plectin in cell adaptation during mechanical stress?

45



3 Materials and Methods
3.1 Patients

Colon biopsy samples were collected from patients diagnosed with UC (n = 104) and
from healthy controls (n = 31) admitted to the Hepatogastroenterology Department at the
Institute for Clinical and Experimental Medicine (Prague, Czech Republic) for a colonoscopy
from July 2016 to May 2019. Subjects were assigned to the healthy control group only after all
clinical examinations excluded any signs of autoimmune disease, inflammatory disease, and
colon cancer. All UC patients with concurrent primary sclerosing cholangitis were excluded
from the study. Endoscopic UC activity at the time of a standard optical colonoscopy was
categorized according to the Mayo endoscopic subscore and confirmed by histology
examinations of the grade of inflammation. Standard endoscopic biopsies were extracted from
the inflamed non-dysplastic mucosa of the left colon (rectum) and immediately placed in an

RNAlater solution. Total RNA was extracted according to the manufacturer’s instructions.

3.2 Mice

Plectinf/flox (plef/f) mice (Ackerl et al., 2007) were crossed with villin-Cre transgenic
mice (MG| 2448639) to generate Plefvillin-Cre mice (Ple? ) and with villin-creERT2
transgenic mice (MGI 3053826; both Cre strains were kindly provided by S. Robine (el Marjou
et al., 2004)) to generate Ple villin-CreERT2 mice (Ple?E“ERT2), Age-matched littermate male
mice were used in all experiments. Unless stated otherwise, mice were 12-14-week-old.
Animals were housed under specific pathogen-free conditions with regular access to chow and
drinking water and a 12 h light/12 h dark regime. To induce specific plectin deletion in
Ple®EC-ERT2 mice, 5 mg of tamoxifen (TMX; Sigma-Aldrich; dissolved in 200 pl of sunflower oil)
was administered twice a day on days 1, 3, and 5 by orogastric gavage. Mice were sacrificed

on day 10. Plef mice received sunflower oil only.

3.3 Cells and CRISPR-mediated targeting of plectin

Human colorectal adenocarcinoma IECs (Caco-2) cells were grown in Dulbecco’s
modified Eagle medium (DMEM) supplemented with 20% fetal bovine serum (FBS) in a 5%
COy/air humidified atmosphere at 37 °C. Human colonic cells (hCC; T0570, Applied biological
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materials, Inc.) and human retinal pigment epithelial cells (nTERT- immortalized RPE1; RPE)
were cultured in DMEM supplemented with 10% FBS in 5% CO,/air humidified atmosphere at
37 °C. Plectin KO cell lines were generated by targeting genomic sequences of exon 6 of plectin
using  CRISPR/Cas9 plasmid pX330 Cas9-Venus. Two distinct gRNAs (5'-
AGTTGTCGCATCGCAGGCCC-3’) and (5’-GTCGGAGGACATGACGGCCA-3’) were designed. Cells
were transiently transfected using Lipofectamine LTX with Plus Reagent (Life Technologies).
After 48 hours with the transfection complexes, cells were subjected to fluorescent activated
cell sorting (FACS). Single-cell clones were obtained through dilution cloning in 96-well plates,

and plectin KO was verified via DNA sequencing and immunoblot analysis.

3.4 DSS-induced colitis and disease activity scoring

12-week-old Plef and Ple®’E¢ mice were provided with a 2% (TdB Consultancy) dissolved
in drinking water ad libitum over 4 days. Then mice were provided with drinking water over 3
days. Mice were sacrificed on day 7. As described previously (Brauer et al., 2016), body weight,
stool consistency, and rectal bleeding (Hemoccult Fecal Occult Blood Test, Beckman Coulter)
were assessed daily to calculate the disease activity index (DAI) and to monitor body weight

loss over a time course of the experiment.

3.5 AOMe-induced sporadic CRC

6-8-week-old Plef and Ple?E€ mice (minimum weight 18 g) received an intraperitoneal
injection of 10 mg/kg AOM (Sigma-Aldrich) once per week for 6 consecutive weeks. Body
weight was monitored throughout the experiment. If mice exhibited significant weight loss or
rectal bleeding, the experiment was interrupted. Mice were sacrificed approximately 5 months
after the first AOM injection. During dissection, developed tumors were captured by Zeiss
Axio.Zoom V.16 microscope, and tissues from the SI and colon were processed for

immunohistochemistry.

3.6 AOM/DSS-induced CA-CRC
6-8-week-old Plef and Ple®E€ mice (minimum weight 18 g) received an intraperitoneal

injection of 10 mg/kg AOM (Sigma-Aldrich). After one week, the mice were provided with a
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2% (TdB Consultancy) solution dissolved in drinking water ad libitum over 4 days. Throughout
the experiment, body weight, stool consistency, and rectal bleeding (Hemoccult Fecal Occult
Blood Test, Beckman Coulter) were assessed weekly to calculate the DAl and monitor body
weight loss. If mice exhibited significant weight loss or rectal bleeding, the experiment was
interrupted. Mice were sacrificed approximately 4 months after the first AOM injection. During
dissection, developed tumors were captured by Zeiss Axio.Zoom V.16 microscope, and tissues

from the Sl and colon were processed for immunohistochemistry.

3.7 Depletion of gut microbiota by antibiotic treatment

Streptomycin 2 g/l (Carl Roth), gentamycin 200 mg/| (Carl Roth), enrofloxacin 100 mg/I
(Sigma-Aldrich), and bacitracin 1 g/l (Carl Roth) were provided to 9-week-old Pleff and
Ple*ECERT2 mice in drinking water ad libitum over 2 weeks. To induce specific plectin deletion
in 9-week-old Ple?EERT2 mice, 5 mg of tamoxifen (Sigma-Aldrich; dissolved in 200 pl of
sunflower oil) was administered twice a day on days 6, 8, and 10 of the antibiotic treatment
by orogastric gavage. Mice were sacrificed on day 14 of the treatment. Ple/f mice received

sunflower oil only.

3.8 Liquid diet feeding

9-week-old Plef and PIeAECERTZ mice received a low-residue Ensure Plus (Abbott
Laboratories) nutritional supplement diluted 1:1 in drinking water in the course of 2 weeks ad
libitum in the absence of solid chow. Water was offered ad libitum. 5 mg of tamoxifen
(Sigma-Aldrich; dissolved in 200 ul of sunflower oil) was administered twice a day on days 6,
8, and 10 of the liquid diet by orogastric gavage. Mice were sacrificed on day 14 of the liquid
diet. Control mice received solid chow over the same time period. Plef mice received

sunflower oil only.

3.9 BrdU incorporation assay
14-week-old Ple/f and Ple2’ ¢ mice received an intraperitoneal injection of 50 mg/kg

5-bromo-2'-deoxyuridine (BrdU; Sigma-Aldrich). Mice were sacrificed 2, 24, and 48 hours after
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the injection. The small intestine and the colon were dissected and processed for
immunohistochemistry. BrdU-positive cells were visualized by anti-BrdU antibody (BM(C9318,
Roche).

3.10 Whole-body imaging of inflammation

Myeloperoxidase (MPO) activity was detected by in vivo whole-body imaging using a
specific XenolLight Redilect Chemiluminescent Inflammation Probe (PerkinElmer). A freshly
thawed probe solution was administered by an intraperitoneal injection (200 mg/kg). Mice
were immediately moved into the imaging chamber (Xtreme — whole-body imaging system,
Bruker), and the number of photons produced by an inflammation probe was recorded (10

min after its administration) in anesthetized mice with 5 min exposure time.

3.11 Histology

Formalin-fixed, paraffin-embedded sections of the Sl (ileum) and colon (5 um thick) were
deparaffinized and rehydrated as follows: 15 min in 100% xylene, 5 min in 100% ethanol, 3 min
in 96% ethanol/water, 3 min in 80% ethanol/water, 3 min in 70% ethanol/water, and 5 min in
distilled water (dH20). Slides were subsequently processed according to the required staining

protocol:

3.11.1 Haematoxylin-eosin staining

The slides were stained with Mayer’s hematoxylin for 10 min and rinsed under running
tap water for 12 min. After rinsing in dH20, the slides were placed in a solution of 96% ethanol
and water for 2 min, stained with Eosin Y for 30 seconds, and then washed in 96% ethanol and
water for 2 min followed by 100% ethanol for 5 min. Finally, the slides were rinsed in xylene

for 1 min and mounted using DPX hardening mounting media (Sigma Aldrich).

3.11.2 Sirius Red staining
The slides were stained with 0.1% Sirius red (SR) in picric acid for 1.5 hours, then rinsed

in dH,0. Subsequently, they were washed in a solution of 96% ethanol and water for 2 min,
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followed by 100% ethanol for 5 min. Finally, the slides were rinsed in xylene for 1 min and

mounted using DPX hardening mounting media (Sigma Aldrich).

3.11.3 Alcian Blue staining

The slides were stained with alcian blue solution in acetic acid for 30 min, then washed
under running tap water for 2 min and rinsed in dH,O. Next, they were counterstained with
nuclear fast red (NFR) solution for 5 min, washed under tap water, followed by a wash in
a solution of 96% ethanol and water for 2 min and then in 100% ethanol for 5 min. Finally, the
slides were rinsed in xylene for 1 min and mounted using DPX hardening mounting media

(Sigma Aldrich).

3.11.4 Periodic acid Shiff staining

Periodic acid Shiff (PAS) staining was conducted following the manufacturer's
instructions (Sigma Aldrich). After rehydration, the slides were incubated in Periodic Acid
Solution for 5 min, rinsed in dH,0 several times, and then incubated in Schiff’s Reagent for 15
min. Subsequently, they were washed under running tap water for 5 min. Specimens were
then counterstained in Hematoxylin Solution, Gill No. 3, for 90 seconds, rinsed under running
tap water, and washed in a solution of 96% ethanol and dH,0 for 2 min, followed by 100%
ethanol for 5 min. Finally, the slides were rinsed in xylene for 1 min and mounted using DPX

hardening mounting media (Sigma Aldrich).

3.12 Immunohistochemistry and immunofluorescence

Rehydrated and deparaffinized sections were subjected to heat-induced antigen
retrieval in either Tris- EDTA (pH 9) or citrate (pH 6) buffer supplemented with Tween 20 and
further permeabilized with 0.1 M glycine and 0.1% Triton X-100 for 15 min. To block
endogenous peroxidase activity and non-specific antigen interactions, sections were incubated
with 0.3% hydrogen peroxide for 15 min followed by 5% bovine serum albumin (BSA;
Sigma-Aldrich) in PBS supplemented with 0.1% Tween 20 (PBS-T) for 1 hour. Afterward,

sections were incubated with primary antibodies at 4°C overnight, followed by incubation with
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horseradish peroxidase- (HRP) or fluorophore-conjugated secondary antibodies at room
temperature for 1 hour. The HRP signal was visualized with 3,3’-diaminobenzidine (DAB)

detection kit (Roche).

Caco-2 and RPE cells seeded on coverslips or PDMS membranes were fixed with ice-cold
methanol for 1 min or 2% paraformaldehyde (PFA)/PBS for 30 min, followed by
permeabilization with 0,5% Triton X-100/PBS for 5 min. 2D organoids grown on
polydimethylsiloxane (PDMS) membranes were fixed with 2% PFA/PBS for 30 min, followed by
permeabilization with 0,5% Triton X-100/PBS for 20 min.

Non-specific antigen interactions were blocked with 5% BSA in PBS-T for 1 hour.
Incubation with primary antibodies was 1 hour at room temperature or at 4°C overnight. The
following primary antibodies were used: Ki-67 (GTX16667, GeneTex), keratin 8 (Troma |,
Developmental Studies Hybridoma Bank), collagen IV (2150-1470, BioRad), pan-keratin
(z0622, Agilent/Dako), E-cadherin (610181, BD Biosciences), desmoglein (611002, Progen),
desmoplakin (651109, Progen), integrin a6 (ab181551, Abcam), plectin (GP21, Progen),
chromogranin A (ab15160, Progen), keratin 20 (clone Ks20.8, Agilent/Dako), keratin 19 (Troma
[ll, Developmental Studies Hybridoma Bank), B-actin (A2066, Sigma-Aldrich), lysozyme (A0099,
Agilent/DAKO), mucin 2 (GTX100664, GeneTex), TROP2 (clone EPR20043, Abcam), phospho-
Histone H2A.X (Ser139) (9718S, Cell Signalling; used for 2D organoid staining), phospho-
Histone H2A.X (Ser139) (05-636, Millipore), vimentin (GTX100619, GeneTex), lamin A/C
(SAB4200236, Sigma Aldrich), ad a-catenin (C2081, Sigma Aldrich). The following secondary
antibodies were used: donkey anti-guinea pig Alexa Fluor (AF) 488, donkey anti-guinea pig
AF594, donkey anti-guinea pig AF647, donkey anti-rabbit AF488, goat anti-rabbit AF594,
donkey anti-rabbit AF647, goat anti-rabbit HRP-conjugated, donkey anti-mouse AF488, donkey
anti-mouse RhodamineRedX, donkey anti-rat AlexaFluor488, donkey anti-rat Cross Adsorbed
AF555, goat anti-mouse HRP-conjugated (all from Jackson ImmunoResearch). For
immunolabelling of F-actin, samples were stained with phalloidin AF568 (A12380, Invitrogen).
Nuclei were counterstained with Hoechst 33258 (Sigma-Aldrich) or DAPI (Biotechne, RnD).
HRP-conjugated antibodies were visualized by DAB using the DAB Substrate (Roche

Diagnostics) and counterstained with Mayer’s hematoxylin (Sigma-Aldrich).

IHC samples were mounted into DPX hardening media (Sigma-Aldrich).

Immunofluorescently labeled tissues were mounted into ProLong™ Gold Antifade Mountant
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(ThermoFisher). Cell and organoid samples were mounted to 90% glycerol/N-propylgalate

(Sigma-Aldrich) mounting media.

3.13 Visualization of Muc2 in colonic whole mounts

Staining was performed as described before (Brauer et al., 2016). Briefly, the intact colon
was immediately fixed in Carnoy’s fixative, and cut-open samples (5 x 8 mm) were incubated
with an anti-Muc2 antibody (sc-15334, Abcam), at 4°C overnight followed by 1.5 hour
incubation with fluorescently labeled secondary antibodies (donkey anti-rabbit AF488, Jackson
ImmunoResearch) at room temperature. Nuclei were counterstained with Hoechst 33258
(Sigma-Aldrich). Samples were placed into 100% glycerol and immediately visualized using a

Leica TCS SP8 confocal microscope.

3.14 Terminal deoxynucleotidyl transferase dUTP nick end labeling assay
Apoptotic cells were visualized on paraffin-embedded tissue sections using a Click-iT
TUNEL Alexa Fluor 488 kit (ThermoFisher Scientific) according to the manufacturer’s

instructions.

3.15 Transmission electron microscopy

Immediately after a dissection, the distal colon free of feces, was cut into small pieces
(3x3 mm) and fixed in 2.5% glutaraldehyde in Sorensen’s buffer. Samples were post-fixed with
1% OsO4 in Sorensen’s buffer, contrasted with 1% uranyl acetate in 50% ethanol overnight,
dehydrated through a graded ethanol series followed by propylene oxide, and embedded into
an Epon 812 substitute and Durkupan ACM (Sigma-Aldrich). Polymerized blocks were cut into
80-nm thin sections, contrasted with an aqueous solution of uranyl acetate, and inspected
using a Morgagni 268 transmission electron microscope operated at 80 kV. Images were

captured using a Mega View Il CCD camera (Olympus Soft Imaging Solutions).
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3.16 In vivo intestinal permeability assay

To measure intestinal permeability, fluorescein isothiocyanate (FITC)-dextran 4 (4000
MW; TdB Consultancy) dissolved in PBS was administered by oral gavage (0.6 g/kg body weight)
to mice after a 4-hour fast. Blood was obtained by retro-orbital bleeding from anesthetized
mice 4 hours later and collected in heparin-coated tubes (Microvette® CB 300, Sarstedt). Then
plasma was separated. Serum-FITC levels were measured at 488 nm using an Envision 2104

MultiLabel Reader (PerkinElmer).

3.17 Exvivo intestinal transepithelial electrical resistance measurement

The Ussing chamber technique was used to measure intestinal transepithelial electrical
resistance (TEER). Whole thickness segments of the proximal and distal colon were mounted
in Ussing chambers (exposed area 0.096 cm?) filled with a Krebs-Ringer solution containing (in
mM) Na* (140.5), K* (5.4), Ca?* (1.2), Mg?* (1.2), CI" (123.8), HCO3 - (21), HPO4 2 (2.4), H2PO4 -
(0.6), glucose (10), mannose (10), glutamine (2.5), and B-hydroxybutyrate (0.5). The segments
were permanently oxygenated with a mixture of 95% oxygen and 5% carbon dioxide (pH 7.4,
37 °C). After 30 min of equilibration, TEER was measured using bipolar rectangular current
pulses (10 pA, 200 ms) and a programmable voltage-clamp device (Mussler Scientific

Instruments).

3.18 In vitro myeloperoxidase activity measurement

The distal colon was cut into small pieces and homogenized in a 50 mM phosphate
buffer, pH 6, with 0.5% cetrimonium bromide (50 mg tissue/ml of buffer) and incubated at
60°C for 2 hours. MPO activity was assessed in a clear supernatant using 3,3’,5,5'-
tetramethylbenzidine (Sigma-Aldrich) as a substrate as described before (Pulli et al., 2013).

Final activity is expressed in U per mg of protein.

3.19 Protein extraction and immunoblotting
Excised proximal and distal colons or ilea were cut open longitudinally and washed with

PBS on ice. The colonic mucosa was scraped off using square coverslips. Snap-frozen mucosal
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scrapings were homogenized in ice-cold RIPA (20 mM Tris-HCl pH 7.5, 150 mM NaCl, 1 mM
Na;EDTA, 1 mM EGTA, 1% NP-40, 0.5% SDS supplemented with Halt protease and a
phosphatase inhibitor Cocktail (Thermo Fisher Scientific)) using the Tissue Lyzer Il (Qiagen).
Caco-2 and RPE cells were lysed in ice-cold RIPA by shearing through a 29G needle. Protein
concentrations were determined using a BCA Protein Assay Kit (Thermo Fisher Scientific).
Clarified lysates were resolved on SDS-PAGE and transferred to a nitrocellulose membrane for
immunodetection. The following primary antibodies were used: ZO-1 (61-7300,
ThermoFisher), E-cadherin (610181, BD Biosciences), desmoglein (611002, Progen), integrin
06 (ab181551, Abcam), integrin B4 (ab182120, Abcam), GAPDH (G9545, Sigma-Aldrich),
keratin 8 (Troma |, Developmental Studies Hybridoma Bank), keratin 19 (Troma I,
Developmental Studies Hybridoma Bank), keratin 18 (Ks18.04, Progen), Chk1 (sc-8408, Santa
Cruz), ATR (13934, Cell Signaling), ATM (ab32420, Abcam), p-yH2A.X (05-636, Millipore), and
pRb (ab181616, Abcam). The following secondary antibodies were used: HRP-conjugated goat
anti-guinea pig IgG (Sigma-Aldrich), donkey anti-mouse IgG (IRDye 680RD), donkey anti-rabbit
IgG (IRDye 800CW), and goat anti-rat (IgG IRDye 800CW; all Licor). Signals were detected with
an ECL Plus Western Blotting Detection System (GE Healthcare Life Sciences) and recorded with
a Luminescent Image Analyzer LAS-3000 (Fujifilm Life Science, Disseldorf, Germany) or the
Odyssey 9120 imaging system (Licor). The densitometry of blots was analyzed using

QuantiScan version 1.5 software (Biosoft).

3.20 Quantitative reverse transcriptase polymerase chain reaction

RNA was isolated from snap-frozen mucosal scrapings (see above) using TRI reagent
(Sigma-Aldrich) according to the manufacturer’s instructions. The sample was placed in TRIzol
reagent and incubated for 5 min at room temperature. Metal beads were added, and the
samples were homogenized using a Tissuelyser at 20 Hz for 4 min. The samples, including
beads, were then centrifuged for 5 min at 17,000 RCF and 4°C. The supernatant was
transferred to a clean Eppendorf tube, vigorously shaken with chloroform, incubated for 3
minutes, and centrifuged for 15 min at 17,000 RCF and 4°C. The upper phase was transferred
to a clean tube, mixed with 2-propanol, incubated for 20 min at -20°C, and centrifuged for 10
min at 12,000 RCF and 4°C. The pellet was washed with 75% ethanol and centrifuged for 5 min

at 7,500 RCF and 4°C. Finally, the pellet was air-dried and resuspended in 30 pl of RNase-free
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water. The RNA concentration was determined using the NanoDrop ND-1000 (Thermo Fisher
Scientific). If the samples were designated for RNA sequencing, they were provided to the
Bioinformatics facility at this step. Otherwise, cDNA was prepared using M-MLV reverse
transcriptase (ThermoFisher Scientific) with random oligo(dT)18 primers. qPCR was performed
with SYBR Green JumpStart Taq ReadyMix (Sigma-Aldrich) using gene-specific primers (Table
1). Due to previously reported instability of reference genes in colitic mice (Eissa et al., 2016),
expression of several reference genes was compared in Ple/ and Ple? ¢ mice (Actb, Eef2,
GAPDH, Hmbs and Tbp). As expression of none of these genes significantly differed between
Ple/f and Ple?'EC, relative RNA expression was calculated by the comparative threshold cycle

method (AACt) (Pfaffl, 2001) using a GAPDH internal reference gene control.

GENE  Forward (5’-3’) Reverse (5’-3’)

Plec CGCTGTGACAACTTCACCAC Plec CTCCAGGTTGGTCTGTCGAT
Krt18 TGAAGCGCTGGCTCAGAAGAAC ACTGTGGTACTCTCCTCAATCTGC
Krt19 AGATCATGGCCGAGAAGAACCG TGGGTGTTCAGCTCCTCAATCC
Krt8 AGGACTGACCGACGAGATCAAC AACTCACGGATCTCCTCTTCATGG
Gapdh AACTTTGGCATTGTGGAAGG GTCTTCTGGGTGGCAGTGAT
Itga3 ATCAACCAGGATGGATTCCAGGAC TTTGCCCAAGCCCTCAAATGGG
Itgas ACTTGTCAGACACCCAGGGAAC GCTCTGGTTCACAGCAAAGTAGTC
Itgab AAGACCAGTGGATGGGAGTCAC TCATATCGATGTGCACACGTCACC
Itgb1 TGTGGGTGGTGTACAAATACGAC CATCACATCGTGCAGAAGTAGGC
Itgb4 CCTCTGGATTCCTGTGCAATGACC AACCAGGCTCACACACACACTC
Dsp1/2 TCAGAGCCATGACTATTGCCAAGC TGGAGCTCAAGGTCTTCGATGG
Dsg2 ACCGCCTTTCGGCATATTCGTC TCCAATGCATAGCCTGTCAGCAG
Cdh1 TCATCGCCACAGATGATGGTTC AACAGGACCAGGAGAAGAGTGC
Tjip1 TGCCCTGAAAGAAGCGATTCAGC  ACTTGTAGCACCATCCGCCTTC

Chekl  CAGCAAGGATCACCATCCCA ACATACCACCTGATGTGGCG
Chek2  CTCGGCTATGGGCTCTTCAG CCGGTACTTGTCCGTCCTTC
Brcal GATCCAGCACCTCTCTTGGG ACTTCTTGAATTTGGACGGCAG
Brca2z  ACTGAGATTTGCAGAGGCCC TCCTGCAGAGCATGGACTTG
Rb1 TCACCTCCTGCACTACTCAGA GGGTGTTCGAGGTGAACCAT
Trp53  CCTCATCCTCCTCCTTCCCA ATCCGACTGTGACTCCTCCA
Plk1 AGTTTTGGAGCTCTGTCGCA TACTGGCAGCCCAGGACTAT
Cdknla CGGTGTCAGAGTCTAGGGGA AGGATTGGACATGGTGCCTG

Table 1 List of used RT-qPCR primers and their corresponding sequences.
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3.21 RNA sequencing

RNA samples isolated from Ple/f and Ple?¢ mice were subjected to RNA sequencing
using the lllumina sequencer. For gene-level expression quantification, a bioinformatic pipeline
nf-core/rnaseq was used. Individual steps included removing sequencing adaptors with Trim
Galore!, alignment to the human reference genome GRCh38 (Ensembl annotation) with STAR,
and quantifying expression on the gene level with Salmon. Per gene uniquely mapped read
counts served as input for differential expression analysis using the DESeq2 R/Bioconductor
package. Prior to the analysis, genes having less than 10 read counts in all samples were
discarded. We supplied an experimental model assuming control group Plef/f mice and Ple2/E¢
mice as the main effect. The resulting per gene expression log2-fold changes (shrunken using
the adaptive shrinkage estimator) were used for differential expression analysis. Genes
exhibiting | Log2(Fold change)| > 1 and statistical significance adjusted p-value (False Discovery
Rate; FDR) < 0.1 between compared groups of samples were considered as differentially
expressed. Gene set enrichment analysis (GSEA) with differentially expressed genes was done
using the clusterProfiler R/Bioconductor package against the Gene Ontology (GO) terms and

Kyoto Encyclopedia of Genes and Genomes (KEGG) pathways.

3.22 Meta-analysis

The meta-analysis was aimed at studies comparing gene expression or protein
abundance in human UC and healthy control samples. In the literature, we sought studies that
used microarrays, RNA seq, or proteomics, and provided supplementary tables with the
magnitude of change (fold change or log-fold change) and significance of the change (p-value
or false discovery rate). Genes/proteins with |log2FoldChange| > 0.5 (LFC) and adjusted
p-value (False Discovery Rate; FDR) < 0.05 were used for over-representation analysis (ORA)
using fgsea R/Bioconductor package and our curated gene sets associated with mechanical

resilience of the epithelium (keratin filaments, hemidesmosomes, desmosomes, actin).

3.23 Cell stretching
Stretch experiments were carried out on flexible PDMS (Sylgard) substrates with 4.0 cm?

internal surface. The stretcher had a linear stage for a uniaxial stretch and was driven by a
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computer-controlled stepper motor (Bonakdar et al., 2015). PDMS membranes were activated
with Sulfo-SANPAH (0,5 mg/ml; Thermo Fisher Scientific). To monitor cell viability of Caco-2
and hCC cells in response to stretch, the PDMS membranes were coated with 50 pg/ml laminin
or collagen type | (Coll I) in PBS at 4°C overnight, and 50,000 cells were seeded 24 hours prior
to experiments. A uniaxial cyclic stretch was performed in an incubator under normal cell
culture conditions (37°C, 5% CO2, 95% humidity) for 1 hour at 10, 20, 30 and 50% stretch
amplitude (peak-to peak). For the analysis of DNA damage and genome instability of Caco-2
and RPE monolayers, the PDMS membranes were coated with either Coll | (Caco-2 cells) or
fibronectin (FN; RPE cells) at a concentration of 50 pg/ml for 2 hours at 37°C, followed by
seeding cells at a concentration of 250,000 cells/cm? onto these coated substrates 24 hours
prior to the experiment. Mechanical stress was then applied under standard cell culture
conditions. Cell monolayers were subjected to uniaxial cyclic stretch for 80 minutes with an
amplitude 35% (Caco-2 cells) or 20% (RPE cells) and frequency 0.2 Hz. Cells were fixed
immediately after stretching. To analyze chromosomal aberrations, cells were first subjected
to a stretch, subsequently synchronized with nocodazole overnight, and fixed on the following
day. Cells designated for anchorage-independent growth in soft agar experiment were

trypsinized and counted for seeding immediately after the stretch.

3.24 Colon explant cultures

Excised distal colons were cut open longitudinally and washed with PBS on ice. The
colonic tissue was cut into 1cm long pieces and placed into Advanced DMEM/F12
supplemented with 20% FBS and 1x penicillin/streptomycin. Colon explant cultures (CECs)
were either pinned onto a PDMS membrane with the epithelium facing up and covered by 1
ml of media or left in a 6-well plate in a 5% CO/air humidified atmosphere at 37 °C as non-
stretched controls. Colon explants underwent a 1-hour stretch with a 10% amplitude and a

speed of 0.16 Hz.

3.25 Organoids
The colon was isolated from the mouse and placed in a Petri dish containing PBS on ice.

The tissue was washed with ice-cold PBS using a plastic syringe, cut longitudinally, and placed
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into a 50 ml falcon tube with ice-cold PBS. To thoroughly remove luminal content, the tube
was shaken and the PBS was replaced until it remained clear. The colon was then incubated

with 5 mM EDTA in PBS for 1 hour at 4°C on a rotator.

Meanwhile, colon organoid complete media was prepared using Advanced DMEM/F12
(Invitrogen), 1x Glutamax (Gibco), 1M HEPES, 1x penicillin/streptomycin (Sigma-Aldrich),
R-spondin conditional medium, Noggin conditional medium, 1x B27 (Invitrogen), 1x N2
(Invitrogen), 50 ng/ml mouse EGF (Invitrogen), 1 mM n-acetylcysteine (Sigma-Aldrich), and

0.5 nM Wnt-Surrogate Fc fusion protein (ImmunoPrecise).

Colonic crypts were isolated by vigorously shaking the 50 ml tube and were then
centrifuged at 300 RCF for 5 min at 4°C. The pellet was resuspended in Cultrex Reduced Growth
Factor Basement Membrane Extract, Type 2 (Biotechne, RnD) and 20 ul drops containing the
crypts were placed into pre-heated 6-well plates. After the gel solidified (approximately 15
min), 2 ml of colon organoid complete media was added to each well. The 3D organoids were
passaged by mechanical pipetting once a week. After the third passage, the organoids were
supplemented with 10 uM Y-27632 (Sigma-Aldrich) and 10 mM Nicotinamide (Sigma-Aldrich)

and grown for 3-4 days.

Subsequently, the 3D organoids were mechanically disrupted into a suspension of single
cells and very small organoids and seeded on Cultrex-coated (1:40 Cultrex/Advanced
DMEM/F12) PDMS membranes, covered with media supplemented with Y-27632 and
Nicotinamide. On day 2 after seeding, the media was changed to colon organoid complete
media. On day 4, the media was changed and supplemented with 16 uM Plecstatin-1 (PST) or
with DMSO as non-treated controls. After 16 hours of incubation, the 2D organoids were
exposed to uniaxial cyclic stretch for 80 min, at 35% amplitude and 0.2 Hz speed. Immediately
after stretching, the organoids were fixed with 4% PFA for 20 min, permeabilized with 0.5%
Triton X-100 for 15 minutes, and then processed according to the immunofluorescence

protocol.

3.26 Radial shear assay
Radial shear assay was performed on a customized spinning disk device (Branis et al.,

2017) consisting of a rotating glass plate driven by compressed air. The glass plate was located
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approximately 300 um above a 35 mm plastic dish with adherent cells seeded at a density of
15000 cells/dish. The shear force was generated by a rotational speed of 1500 rpm and applied
for 5 min. To assess the cell density, images of areas defined by radial distances 2-4 mm of the
dish (corresponding to 0.7-1.5 Pa shear stress) were acquired before and after spinning. Then
cells were stained with propidium iodide (PI; Fischer Scientific), and fractions of dead

(Pl-positive) and detached cells were calculated.

3.27 Magnetic tweezer microrheology

To determine the strength of cell-matrix adhesion, 5.09 um carboxylated super-
paramagnetic beads (microParticles GmbH) were coated with 20 pug/100 pl laminin or Coll I/
PBS. The bead slurry (50%) was added to Caco-2 and hCC cells grown on a 35 mm plastic dish
and incubated for 1 hour under standard conditions. A magnetic field was generated as
previously described (Kah et al., 2020) using a solenoid with a needle-shaped core (HyMu80
alloy, Carpenter). The needle tip was placed at a distance of 20 um from a bead bound to the
cell surface using a motorized micromanipulator (Injectman NI-2, Eppendorf). During
measurements, bright-field images were taken by a CCD camera (ORCA ER, Hamamatsu) at a
rate of 40 frames/s. The median of bead detachment (50% of adherent beads), determined

under increasing forces of up to 15 nN, was used for calculating cumulative rupture forces.

3.28 Cell confinement

Cell confinement experiments were carried out using polyacrylamide gel pads prepared
as described previously (Le Berre et al., 2014; Matthews et al., 2020). Gel pads were prepared
in squared molds of size 1,3 x 1,3 cm. 5 ml solutions in water were prepared as follows: ~20
kPa: 927.5 ul acrylamide (AA) (40%, Bio-Rad), 500 ul bisacrylamid (BA) (2%, Bio-Rad), ~10 kPa:
927.5 ul AA, 237,5 ul BA, ~5 kPa: 927,5 ul AA, 150 ul BA. 50 ul APS (Sigma-Aldrich) and 10 pl
TEMED (Sigma-Aldrich) was added to each and 850 pl of solution was pipetted into mold to
prepare pad of thickness 1 mm. Gels were then incubated with cell culture media at least

1 hour before use.
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Cells were seeded on Coll | (Gibco) or FN (Sigma-Aldrich) (both: 10 pg/ml, 37°C, 2 hours)
coated coverslips in a density 100.000 cells/cm? and cultivated overnight to reach 90%
confluency. To enrich the population with a fraction of mitotic cells, cells were treated
overnight (14 hours) with a low dose of nocodazole (40 ng/ml) that arrested around 30% of
the cell population in prometaphase. After washing out of nocodazole with PBS, cells were left
to recover in a cell culture incubator for 15 min. The polyacrylamide (PAA) gel pads of specific
stiffness were carefully placed on the cells on coverslips covered with half the amount of
cultivation media. The second half of the media was layered slowly over the pad and placed
on the coverslip to avoid the pad floating in the media. Cells were placed to cell culture
incubator for 20 min and then PAAG pads were carefully removed. Cells were fixed

immediately after pad removal or let to pass to further phases of mitosis or to the G1 phase.

3.29 Faecal microbiota analysis

Stool samples were collected from 6 Pleffland 6 Ple2 ¢ mice at the age of 4, 12 and
20 weeks and analyzed for bacterial composition as described earlier (Kostovcikova et al.,
2019). Briefly, genomic DNA was extracted with a MasterPure™Complete DNA and RNA
Purification Kit (Epicentre) with repeated bead-beating in Lysing Matrix Y tubes using a
FastPrep homogenizer (both MP Biomedicals). Next, the V3-V4 region of the 16S rRNA gene
was amplified using  barcoded bacterial = 16SrRNA-specific ~ primers  341F
(5’-CCTACGGGNGGCWGCAG-3’) and 806R (5-GGACTACHVGGGTWTCTAAT-3’).  PCR
amplification was performed with KAPA 2G Robust Hot Start DNA Polymerase (Kapa
Biosystems), with following concentrations: Buffer B 1x, Enhancer 1x, dNTP 0.2 mM each,
primers 0.5 uM each, DNA sample 4 ng/ul, KAPA polymerase 0.5 U. Cycle parameters were
3 min 94°C, 25 cycles of 30 s at 94°C, 1 min at 54.2°C, and 1 min 15 s at 72°C; the final extension
was at 72°C for 10 min. Three PCR products were pooled to minimize random PCR bias, and
the length of PCR products was checked by agarose gel electrophoresis. Equal amounts of each
sample were plate-purified using the SequalPrep™Normalization Plate (96) Kit (Invitrogen).
Then equimolar amounts of PCR products from each sample were pooled, and MiSeq platform
compatible adapters were ligated using a TruSeq DNA PCR-Free LT Kit (Illumina). The libraries
were quantified using a KAPA Library Quantification Kit (lllumina) and sequenced on a MiSeq

platform using a 2x 300bp kit at the CEITEC Genomics Core Facility.
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Sequencing data were processed using QIIME (Quantitative Insights Into Microbial
Ecology) version 1.9.1 (Caporaso et al., 2010). Quality filtering, chimera detection, read
demultiplexing, and read clustering were done as described previously (Bajer et al., 2017). Raw
reads were demultiplexed and quality filtered, and all sequences containing unknown base
calls were excluded. Chimeric reads were detected and discarded using USEARCH algorithms
(Edgar and Flyvbjerg, 2015). The final dataset contained 80,185 high-quality reads (median
1,306 reads per sample, range 28 - 8766). To make samples comparable, 4 samples with fewer
than 460 reads were removed from the analysis, and the OUT table was rarefied at a depth of
460 sequences per sample. Operational taxonomic units (OTUs) were clustered at a 97%
similarity level, and representative sequences were identified using a Ribosomal Database
Project classifier (Wang et al., 2007b) against bacterial GreenGenes database 13.8 (DeSantis
et al., 2006). For a microbiota analysis, PD whole tree metrics measuring the total descending
branch length in the phylogenetic tree for each OTU was used to describe alpha diversity. The
Principle Coordinate Analysis (PCoA) based on unweighted UniFrac distance metrics was used
to describe beta diversity. The sequence data are available in the Sequence Read Archive (SRA;

http://www.ncbi.nlm.nih.gov/sra) under BioProject accession number PRINA561691.

3.30 High salt extraction of Caco-2 cells

High salt extraction of Caco-2 cells was performed as described previously (Toivola et al.,
2002). Cell fractions were prepared by solubilizing cells for 2 min at 4°C with a buffer containing
1% TX-100, 5 mM EDTA, and Halt Protease Inhibitor Cocktail (Thermo Fisher Scientific) in PBS
pH 7.4, followed by centrifugation (16,000 RCF, 10 min). The supernatant was collected as
a soluble fraction. The pellet was homogenized in 1 ml of 10 mM Tris-HCl pH 7.6, 140 mM NadCl,
1.5 M KCl, 5 mM EDTA, 0.5% Triton X-100, supplemented with Halt Protease Inhibitor Cocktail.
After 30 min (at 4°C), the homogenate was pelleted (16,000 RCF; 10 min), and the pellet
(insoluble fraction) was rehomogenized with 5 mM EDTA in PBS pH 7.4. The resulting
homogenate was further centrifuged (16,000 RCF; 10 min) to obtain the insoluble keratin-
enriched high salt extract (HSE). All fractions were resolved by SDS-PAGE and their composition

was analyzed by immunoblotting.
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3.31 Double-strand break repair assay

Cells seeded on Coll | (Gibco) or FN (Sigma-Aldrich) (both: 1 ug/ml, 37°C, 2 hours) coated
coverslips were exposed to ionizing radiation - 2 Gy of X-rays (X-RAD 225XL, Accella), fixed 10
min in 4% paraformaldehyde before or after radiation in indicated time points of recovery and

immunostained with antibody against phospho-yH2A.X.

3.32 Anchorage-independent growth in soft agar

Well of a 12-well plate was coated with 1.5 ml of 0.5% low gelling temperature agarose
(Sigma) solution dissolved in a standard culture medium. After solidification, 5x103 cells were
suspended in 1 ml of 0.35% agarose in culture medium, seeded on top of 0.5% agarose, and
overlaid with 1 ml culture medium after solidification. Cells were cultured for 40 days at 37 °C
and 5% CO2, and culture medium was exchanged once a week. The colonies were stained and
fixed with 0.01% crystal violet in 4% PFA and captured by Zeiss Axio.Zoom V.16 microscope.
Size and area of colonies was analyzed from binary masks created using custom made Image)

macro created by Jan Valecka, IMCF IMG.

3.33 Histological and morphometric analyses

Blinded histopathology evaluation of human colon biopsy samples stained with H&E was
independently performed by two trained pathologist (E.S. and L.B.). Blinded histopathology
evaluation of mouse colon sections stained with H&E and PAS was performed by a trained
pathologist (J.S.). The numbers of Ki-67-, PAS-, ChgA-, K20-, lysozyme-, and TUNELpositive cells,
and the numbers of detached cells per crypt (colon) or villus (SI) were counted and normalized
to the total numbers of IECs. At least 7 crypts or villi were analyzed per mouse and genotype.
Crypt and villus damage was assessed as a percentage of crypts/villi with >10% of IECs
detached from the BM. To analyze migration of IECs in the colonic crypt, the relative position
of each BrdU-positive cell within the crypt was assessed. For scoring the cell position, cells
were numbered sequentially from the crypt base to lumen, with cell position 0 being occupied
by the first cell at the base of each crypt. The Muc2-positive area was measured and quantified
using Fiji software. At least 8 images were analyzed per genotype. The morphometry of IEC

(the largest and the smallest orthogonal diameter) was evaluated from images immunolabeled
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with anti-K8 and anti-ltga6 antibodies using Fiji software. At least 250 IEC were assessed in 3
mice per genotype. To analyze p-yH2A.X positive foci in IECs, manually quantified cell counts
were normalized to individual nuclei. The area of p-yH2A.X positive foci was then measure
using Fiji software. Using Ki67 costaining, nuclei were separated into stem (first three positions
from the crypt base), proliferative (Ki67 positive), and differentiated zones (Ki67 negative). At
least 10 crypts were analyzed per genotype and condition. Measurement of angles during cell
adaptation was assessed using staining against phalloigin (actin reorientation and cell mass
reorientation and Ferret’s diameter) and DAPI (nucleus reorientation). Nuclear wrinkles were
analyzed using LMNA/C staining. Nuclei with or without wrinkles were then counted manually.

At least 30 cells were quantified per genotype and condition.

3.34 Image acquisition and processing

Immunofluorescence images were acquired using a Leica TCS SP8 confocal fluorescence
microscope (Leica Microsystems) with HC PL FLUOTAR 25x/0.75 NA and HC PL APO 63x/1.4 NA
immersion oil objectives. For tissue sections, z-stacks were acquired, and representative
maximal projections were shown. Super-resolution microscopy was performed using either a
DeltaVision OMX microscope with a Blaze SIM module (GE Healthcare Life Sciences) and an U
APO N 100x/1.49 NA immersion oil objective (K8 staining) or a Leica TCS SP8 STED 3X
microscope (Leica Microsystems) with an HC PL APO 100x/1.4 NA immersion oil objective
(actin and tubulin staining). Raw images were deconvolved using Huygens Essential 4.0.0
software (Huygens; Scientific Volume Imaging). Representative maximal projections of z-stacks
are shown. Bright-field images were acquired on a Leica DM6000 wide-field microscope with
an HC PLAN APO 20x/0.7 NA dry objective. Post-acquisition processing was performed with
Photoshop CS6 (Adobe Systems Inc., Mountain View, CA) and the open-source Fiji image
processing package (Schindelin et al., 2012). Fully automated wide-field image acquisition was
performed using Scan”R system (Olympus IX81, UPLFLN 40x/1.3 OIL objective, sSCMOS camera
Hammamatsu ORCA-Flash4.0 V2) equipped with ScanR image acquisition and ScanR analysis

software.
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3.35 Statistics

All results are presented as mean + SEM. All normally distributed parametric data were
analyzed by two-tailed unpaired Student t-test. Comparisons of multiple groups to controls
were performed using two-tailed one-way ANOVA. Multiple comparison test in analysis for
p-yH2A.X populations, chromosomal aberrations, and micronuclei after cell stretching and
confinement was assessed by the Bonferroni method. Comparisons of frequency distributions
of BrdU-positive cells were analyzed with Mann—Whitney test. Survival curves were analyzed
by Mantel-Cox test. Statistical analyses were performed using GraphPad Prism 5 (GraphPad
Software, Inc., La Jolla, CA). Comparisons of detachment forces were done with bootstrapping
(sampling with replacement) with 1000 replicates. Statistical significance was determined at

the levels of *P < 0.05, **P < 0.01, TP < 0.001; n values are specified in the figure legends.
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4 RESULTS
4.1 Aim1.

4.1.1 Attenuated expression of plectin in human patients with UC

Our primary aim was to assess plectin expression in patients with UC. To achieve this,
we obtained over 100 biopsy samples of non-dysplastic mucosa from UC patients and healthy
individuals (in collaboration with the Hepatogastroenterology Department at the Institute for
Clinical and Experimental Medicine, Prague, Czech Republic). Representative samples were
analyzed for plectin expression using histological and immunohistochemistry (IHC) techniques
(n =5 UC; n =5 healthy), while the remaining samples were used for RNA isolation (n = 104
UC; n = 31 healthy). Immunolabeling of healthy biopsies revealed a prominent plectin staining
along the apical and BM of IECs (Figure 12A), a pattern that has been seen in colon and SI
mouse tissue (Figure 12B). While plectin staining disclosed continuous signals in healthy
patients, it appeared more fragmented in UC patients. The discontinued signal observed in UC
patients likely corresponds to GCs, which were highly abundant in UC colon tissue (Figure 12C).
Moreover, mRNA expression profiling showed decreased levels of plectin in patients with UC,
with this reduction being directly proportional to the severity of inflammation (Figure 12D, E).
These results suggest that plectin is involved in the pathophysiology of UC and that plectin

may potentially serve as a biomarker for UC progression.

4.1.2 IEC-specific plectin-deficient mice develop a colitic phenotype due to intestinal
barrier dysfunction
To investigate the role of plectin in intestinal pathophysiology, we generated a mouse
model with IEC-specific deletion of plectin (Ple?'£€) using cre/loxP system (details can be found
in Chapter 3.2). Immunohistochemistry verified the absence of plectin expression in the
colonic epithelium of Ple?t¢ mice (Figure 13A). Ple?’ ¢ mice exhibited notable reductions in
body weight (Figure 13B), diarrhea (Figure 13C), and also developed rectal prolapse as early

as 17 weeks of age (Figure 13D).
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Figure 12 Loss of plectin is associated with ulcerative colitis (UC) in human patients. (A) Paraffin-embedded colon sections
from UC patients (UC) and healthy controls (healthy) were immunolabeled with antibodies to plectin (red), keratin 8 (KS;
green), and mucin 2 (Muc2; magenta). Nuclei were stained with Hoechst (blue). Arrows, apical IEC membrane; arrowheads,
basal IEC membrane. Scale bar, 40 um. (B) Paraffin-embedded sections from distal colon and small intestine of Ple/f mice
were immunolabeled with antibodies to plectin (green). Nuclei were stained with Hoechst (blue). Plectin staining at the apical
(arrows) and basal (arrowheads) membranes. Scale bar, 50 um. Boxed areas show x4.5 images. (C) Paraffin-embedded colon
sections from UC patients and healthy controls were stained with Alcian blue (mucus), nuclear fast red (NFR; nuclei), and
hematoxylin-eosin (H&E). Scale bar, 50 um. (D) Relative plectin mRNA levels in rectum biopsies collected from healthy controls
and patients with active UC. Scattered boxplots show individual data points, median, 25th, and 75th percentile with whiskers
reaching the last data point. The numbers of included participants per cohort are indicated in the graph. (E) Relative plectin
mMRNA expression in rectum biopsies collected from UC patients clustered based on inflammation scored in H&E-stained
rectum sections. Scattered boxplots show individual data points, median, 25th, and 75th percentile with whiskers reaching
the last data point. The numbers of included participants per cohort are indicated in the graph. Data are presented as
mean * SEM, n.s. not significant, *P <0.05, **P < 0.01, tP <0.001.
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Figure 13 Characterization of mouse carrying IEC-specific deletion of plectin (Ple?’€). (A) Paraffin-embedded distal colon
sections from Plef/fland PleA/EC mice were immunolabeled with antibodies to plectin (red). Nuclei were stained with Hoechst
(blue). Scale bar, 100 um. Note immunofluorescence signal in plectin-positive mesenchymal niche of both Plef/fland PleA/Ec
colons. (B) Body weight of Plef/fland PleA/EC mice was monitored for 25 weeks, n = 7. (C) Stool consistency in Plef/fland PleA/Ec

mice. (D) Representative images of the rectum of 30-week-old Plef/fland PleA/E¢ mice. Scale bar, 1 cm. Kaplan—Meier graph
shows age-related rectal prolapse incidence. Data are presented as mean + SEM, *P < 0.05, TP < 0.001.

Previous studies have established a close relationship between the loss of IEB integrity
and the onset of inflammation in patients with UC (Chang et al., 2017; Kiesslich et al., 2012;
Vivinus-Nebot et al., 2014). Thus, we explored the integrity of the IEB in Ple?’t¢ mice. First, we

performed the fluorescein isothiocyanate (FITC)-dextran intestinal permeability assay in mice
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at ages ranging from 4, 6, 12, and 20-week-old (Figure 14A). Ple//f mice exhibited consistently
low intestinal permeability across all examined stages. In contrast to Plef mice, FITC-dextran
penetration into the bloodstream was markedly elevated in Ple?’t¢ mice as early as 4-week-old

mice. This heightened permeability persisted in Ple?t¢

mice at 6, 12, and 20 weeks,
demonstrating a progressive increase over time, with the highest levels observed in the 20-
week-old Ple?’t¢ mice. Since FITC-dextran can cross the gut barrier and enter the bloodstream
in both small and large bowels, we decided to specifically test colonic permeability of proximal
and distal colons individually by the ex vivo transepithelial electrical resistance [TEER; (Figure
14B)]. Unless otherwise stated, all following experiments were performed with 12-week-old
Plefl and Pl ¢ mice. In Ple®’EC mice, both proximal and distal colon segments displayed
comparable and overall lower TEER values than in Pleffl mice. Moreover, in Ple/f mice, the

TEER in the distal colon demonstrated a 2-fold elevation compared to the proximal part (Figure

14A). Collectively, these results indicate an extensively compromised IEB in Ple?’t¢ mice.

The compromised IEB allows the infiltration of luminal bacteria into the submucosa,
and subsequent development of the inflammation. Examination of hematoxylin-eosin (H&E)

stained colonic tissue of 30-week-old Ple4/EC

mice uncovered colonies of bacteria colonizing the
underlying mucosa (Figure 14C). Subsequently, we scrutinized Ple and Ple® ¢ mice for
intestinal inflammation. Using chemiluminescence-based whole-body imaging [WBI; (Brauer
etal., 2016)], we visualized inflammatory lesions characterized by an infiltration of neutrophils
positive for myeloperoxidase (MPO) signal. While the signal was completely absent in Ple/f!
mice, in Ple?’E¢ mice, these positive signals were concentrated in the intestinal region (Figure
14D). These findings were supported by ex vivo measurements, which showed significantly
elevated MPO activity in Ple?¢ mice (Figure 14E). Histopathological evaluation of colonic
tissue substantiated the presence of inflammation, as evidenced by various parameters
representing histological inflammation indices [such as the inflammation extent, lymphatic
follicle numbers, lymphatic follicle maximal size, acute/chronic inflammation extent,
acute/chronic inflammation intensity, lymphocytes in lesion, edema, and ulceration (Figure
14F, G)]. The data suggest that the absence of plectin in IECs increases intestinal barrier

permeability, which leads to the translocation of luminal bacteria and causes persistent

intestinal inflammation, symptoms collectively termed as colitis.
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Figure 14 Loss of plectin leads to intestinal epithelial barrier dysfunction with concomitant intestinal inflammation in Ple4/e¢
mice. (A) Intestinal transepithelial electrical resistance (TEER) measured ex vivo in both proximal and distal colons of 12-week-
old Ple/f and Plet'EC mice, n = 4. (B) In vivo permeability of mucosa of Plef/fland Ple4¢ mice (at the age indicated) measured
by monitoring 4-kDa fluorescein isothiocyanate (FITC)-dextran levels in plasma 4 h after orogastric gavage, n=3-7. (C)
Representative image of Ple2EC colon section from 30-week-old Ple4t¢ mouse stained with H&E. Arrows, bacterial patches in
the mucosa. Scale bar, 50 um. (D) /n vivo chemiluminescence images of 12-week-old Ple/f and PletE¢ mice injected with
myeloperoxidase (MPO) inflammation probe. (E) MPO activity (a marker of neutrophil infiltration) measured in colon lysates
from 12-week-old Ple/f and PleAEC mice, n = 3. (F) Quantification of inflammatory parameters on H&E-stained sections of
Plef/fland PleA'EC colons. Graphs show percentage of inflammation extent, lymphatic follicles number, maximal (max) sizes of
lymphatic follicles, percentage of acute inflammation intensity, acute inflammation extent, chronic inflammation intensity,
chronic inflammation extent, and lymphocytes in lesion. (G) Quantification of tissue damage assessed from H&E-stained
sections of Plef/fland PleA/EC colons (percentage of edema and ulceration). n = 4. Data are presented as mean + SEM, n.s. not
significant, *P < 0.05, 1P <0.001.
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4.1.3 Loss of plectin leads to hyperproliferation and aberrant differentiation of IECs

Upon histological examination of H&E stained intestinal sections, we noticed that both
colonic and SI mucosa of Ple?¢ mice were markedly thicker with deeper crypts (Figure 15A
and Figure 17A). Closer inspection revealed enormous crypt/villus damage (Figure 15A and
Figure 17A) defined by a detachment of IECs from the subjacent BM. Moreover, compared to

AEC mice were populated by an extended fraction of TA

Ple/fl crypts, the enlarged crypts of Ple
cells, marked by proliferative marker Ki-67 (Figure 15B). Interestingly, this hyperproliferation
was not observed in the SI (Figure 17B), where the number of TA cells was comparable

between Ple/f and PleAEC mice.

To address the spatio-temporal migratory potential of TA cells in Ple? ¢ crypts, we
carried out the BrdU incorporation assay at 3 time points (2, 24, and 48 hours). In Ple//fl crypts,
the 5-bromo-2'-deoxyuridine (BrdU)-positive (BrdU*) populations inhabited bases of crypts.
However, in Ple?’E¢ crypts, BrdU* cells inhabited almost all crypt areas and migrated even to the
upper differentiated zone (Figure 15C). Interestingly, hyperproliferation and increased crypt
damage were not caused/compensated by apoptosis in Ple?’£¢ mice. Labeling of apoptotic cells
via terminal deoxynucleotidyl transferase dUTP nick end labeling (TUNEL) did not show any

differences between Plef and Ple2’E¢ mice (Figure 16A).

The increase in proliferative TA population prompted us to investigate proportions of
differentiated IECs. First, we inspected GCs via periodic acid Shiff (PAS) staining as well as IHC

of Muc2. Both stainings revealed hyperplasia of GCs in Ple?/t¢

colonic crypts (Figure 15D) with
deteriorated mucin architecture in Ple?’t¢ mice (Figure 15E). In contrast, GC numbers were
equal between Ple and Ple?’ ¢ mice in villi of SI (Figure 17C). Next, specific labeling of
chromogranin A (ChgA), a marker of EEC cells, showed equal populations between Ple/f and
Ple* ¢ mice in both colon and SI (Figure 16B and Figure 17D). K20, a marker of differentiated
absorptive enterocytes, documented enlarged areas of differentiated cells in colonic crypts
(Figure 16C and Figure 17) but showed reduced K20-positive (K20*) populations in Ple?E villi

in the SI. PCs, immunolabeled for the marker lysozyme and found exclusively in the SI, showed

no population differences between Plef and Ple?¢ mice (Figure 17F).

Overall, the data imply that plectin deficiency leads to epithelial damage, characterized
by detachment of IECs from adjacent BM in both colon and SI. The damage is accompanied by

hyperproliferation and compromised differentiation of IECs in the colon, resulting in altered
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crypt organization. Surprisingly, except for smaller populations of K20* cells, proliferation, and

differentiation dysbalance changes between Ple//f and Ple?t€ mice were not observed in the
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Figure 15 Plectin-deficient IECs in the colonic crypt exhibit aberrant proliferation and differentiation resulting in altered
crypt organization. (A, B) Representative images of H&E staining (A) and Ki-67 immunohistochemistry (IHC; proliferating
cells) (B) of Plef/fand Ple2EC paraffin-embedded colon sections. Scale bar, 100 um. Graphs show quantification of colonic
crypt damage given as a percentage of crypts with >5% of IECs detached from basement membrane (BM; A) and percentage
of the Ki-67-positive (Ki-67+) IECs per crypt (B), n = 3—4. (C) Histograms showing the percentage of BrdU-positive (BrdU*) cells
in given positions of Plef/fland Pled'EC colonic crypts at 2, 24, and 48 h after BrdU pulse. Cells were numbered sequentially
from crypt base to lumen, with cell position 0 assigned to the first cell at the base of each crypt. At least nine crypts per
mouse were analyzed from three mice per time point and genotype. (D, E) Representative images of PAS staining (goblet
cells; GCs; D) and Muc2 immunofluorescence in mucus layer (E) of Plef/fland PleA'E¢ distal colon sections (D) and colon whole
mounts (E). Scale bars, 100 um (D), and 200 um (E). Graphs show quantification of percentage of periodic acid Shiff (PAS)-
positive (PAS*) IECs per crypt (D) and percentage of Muc2-positive (Muc2*) area per whole mount area examined (E), n = 3-
4. Data are presented as mean + SEM, *P <0.05, **P <0.01, 1P <0.001
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Figure 16 Plectin-deficient IECs exhibit alterations in differentiation but not in apoptosis. (A) Representative images of
fluorescent TUNEL staining of apoptotic cells (green), (B) ChgA IHC (enteroendocrine cells), and (C) K20 IHC (mature IECs) of
Plef/fland Pled’EC colon sections. Nuclei in (A) were stained with Hoechst (blue). Scale bars, 100 um. Corresponding graphs
show percentage of positively labeled (*) IECs and K20 zone per crypt cells. n = 3-6. Data are presented as mean + SEM, n.s.
not significant, **P < 0.01.

4.1.4 Plectin-deficient IECs form aberrant cell junctions and disordered KF networks
Previous research has demonstrated that IFs are recruited to cell junctions via plectin
(Gregor et al., 2014; Jirouskova et al., 2018; Prechova et al., 2022; Walko et al., 2011). Our
results document that Ple?’t¢ IECs are detached from BM (Figure 15) and as a result, form a
leaky intestinal barrier (Figure 12). Since the integrity of IEB is defined by junctional complexes,

we examined their appearance in Ple?’t¢ |ECs.

To address the detailed structure and morphology of cell-cell (Als, Tls, and Ds) and cell-
ECM junctions (HDs), we employed transmission electron microscopy (TEM) and quantitatively
analyzed their morphometry. The electron micrographs showing the cell-ECM contacts
revealed large but low-electrodense HD plaques in Ple?¢ IECs. When measured, we observed
pronounced widening in the cell-ECM space in Ple?’£¢ IECs. The dilatation was also observed
when we measured intercellular spaces at the sites of Als, TJs, and Ds between neighboring
Pl € |[ECs (Figure 18A). This observation was also supported by decreased expression of some

of the junctional components, such as Itga6 and ItgB4 (HDs; Figure 18B, C); E-cad (Als); ZO-1
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(TJs); Dsp1/2 (Ds) in Ple?t¢ |ECs (Figure 18D, E) at both mRNA and protein levels. The analysis
of junctional complexes implies that the absence of plectin leads to aberrant cohesion of IECs
and their adhesion to BM, which results in the formation of compromised IEB seen in Ple?/¢

mice.

Another important aspect that determines the resilience of the IEB is the mechanical
stability of the individual IECs. Therefore, we inspected the impact of plectin ablation on the
KF network. The colonic tissue of Plef and PleAE€ mice was stained for K8/K18 and K19, the
most abundant KFs in IECs. Super-resolution microscopy revealed structural irregularities in
KFs within Ple2€¢ |IECs (Figure 19A). In contrast to Ple//fl [ECs, where a typical network of KFs
with clear apicobasal alignment was observed, the keratin networks in Ple?’t¢ IECs were formed
by KFs collapsed into bundles. Ple?¢ |IECs lacked also the characteristic enrichment of KFs at
the apical membrane. The structural abnormalities in KFs were not due to the changes in
keratin expression levels, as we observed comparable expression of keratins at mRNA and

protein levels (Figure 19B, C).

The in vivo findings were further validated in cultured Caco-2 and hCC cells. We
prepared plectin-deficient (KO) Caco-2 and hCC cells using CRISPR/Cas9 technology (details
can be found in Chapter 3.3). Given that intestinal epithelium comprises proliferating and
terminally differentiated cells, we allowed Caco-2 monolayers to grow for 16 days so they
differentiate and resemble colonic epithelium seen in mice (Lea, 2015). In wild-type (WT) Caco-
2 cells, the KFs form a network densely packed around the nucleus from which individual KFs
stretch towards Dsp-positive Ds located at the plasma membrane (Figure 19D). In contrast, the
keratin meshwork in KO Caco-2 was homogenously distributed throughout the cytoplasm. Dsp

was continuously dispersed at the plasma membrane but did not form clearly discernible Ds.

Together, these results indicate that plectin deficiency destabilizes cells by (i) modifying
keratin cytoskeletal architecture and (ii) disabling the formation of functional desmosomes,

thus contributing to the destabilization of intestinal epithelium.

73



P| eﬂ!ﬂ P | eAI EC
R 2100 $
B
. g 60 o
w S 404
T 2 20
Z 0
& @
Q\Q Q\g\
L
o= o
3 S40{ ¢* ©
-
12 20 #
g
5 0

- = N
o o0 o o o

PAS* cells/
crypt-villus unit (%)

&2 @ Sk N
o o o w o

ChgA* cells/
crypt-villus unit (%)

(=3

#H

W w s b oaoowg
(8]
[ ]
o

K20 cells/villus (%)
o

N
(4]

- o N
o

o 0o wm

lysozyme* cells/
crypt (%)

lysozyme
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Figure 18 Formation of aberrant cell junctions in Ple4/C |[ECs. (A) Representative transmission electron microscopy (TEM)
micrographs of Ple/fland Ple/EC IEC junctional complexes. Braces (white) indicate HD, TJ, Al, and Ds. Scale bar, 500 nm. Graphs
show quantitative analyses of junctional complex widths (measured as the distance from IEC to BM (HD) or distance from IEC
to IEC membrane (TJ, AJ, and Ds)). Five to fifteen junctions were measured (two mice per genotype). (B) Relative mRNA levels
of integrin (Itg) a6 and B4 in scraped mucosa from Plef/fland PledEC distal colons, n = 4-5. (C) Quantification of ItgB4 and Itga6
in scraped distal colon mucosa from Ple/f and Ple2C mice by immunoblotting. GAPDH, loading control. The graph shows
relative band intensities normalized to average Pleff! values, n = 3. (D) Relative mRNA levels of ZO-1, E-cadherin (E-cad),
desmoglein 2 (Dsg2), and desmoplakin 1/2 (Dsp1/2) in Ple/fland PleA/E¢ distal colons, n = 5. (E) Quantification of ZO-1, E-cad,
and Dsg2 in Plef/fland Ple?t¢ colon mucosa by immunoblotting. GAPDH, loading control. The graph shows relative band
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Figure 19 Plectin organizes KFs in IECs. (A) Representative super-resolution STED images of Ple//fland PledEC distal colon
sections immunolabeled for pan-keratin (pan-K; green) with nuclei stained with Hoechst (blue). Scale bar, 10 um. Boxed areas
show x1.3 images. (B, C) Relative mRNA (B) and protein (C) levels of K8, 18, and 19 in Ple/f and Ple4C distal colon, n = 3-5.
Data are presented as mean + SEM, P > 0.05 by unpaired Student t test. (D) Representative immunofluorescence images of
WT and KO Caco-2 cell monolayer cultures immunolabeled for pan-K (green) and Dsp (red). Nuclei were stained with Hoechst
(blue). Arrows, straight K8 filaments anchored to Dsp-positive desmosomes; arrowheads, tangled K8 filaments. Scale bar,
20 um. Boxed areas show x2.5 images.

4.1.5 Plectin preserves intestinal epithelial integrity through HD stabilization

Previous studies have reported that plectin and its interaction with Itga6B4 are
indispensable for the mechanical stability of skin via the stabilization of HDs in keratinocytes.
Disruption of this plectin-ltg linkage leads to detachment of epithelial cells and skin fragility
(Kostan et al., 2009; Osmanagic-Myers et al., 2015). These findings together with our own
observation of the IECs detachment from the BM (Figure 15 and Figure 17) and HD alterations

(Figure 18) in Ple?E€ IECs prompted us to focus on HDs and their components.

First, we analyzed the interaction of IECs with the underlying BM in Ple//f and PleA/E¢

colon (Figure 20A) and SI (Figure 20E) using immunolabeling with specific antibodies or using
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histological staining with Sirius red (SR). We co-stained K8-positive KFs together with either
Itga6 to visualize HDs, or Coll IV to visualize BM. Additionally, we performed SR staining to
visualize BM (Figure 20C, F). The IECs of Ple//fl intestines delineated the subjacent CollV-
positive BM (Figure 20D, G) and formed Itga6-positive HDs (Figure 20A, E). In contrast, IECs of
Ple* ¢ colon showed remarkable detachment of IECs from the underlying substrate, mostly at
the luminal part of colonic crypts (Figure 20D). The detachment of Ple?’t¢ IECs was even more
pronounced in the SI, where whole epithelial sheets were ripped off the BM (Figure 20G).
Interestingly, the PIe?EC IECs were devoid of Itga6 signal, which remained associated with the
BM structure (Figure 20A, E). This suggests, that plectin deletion disrupts the ltg-keratin link,

thus hampering IECs’ anchorage to BM via HDs.

Next, we approached the interaction of IECs with BM biochemically. We performed a
high-salt extraction of WT and KO Caco-2 cells, which yielded two fractions - a soluble fraction
(cytosol) and a membrane-insoluble keratin-enriched fraction [HSE; (Osmanagic-Myers et al.,
2006)]. We then compared the keratin and Itg content using immunoblotting. Not surprisingly,
K8 was highly abundant in all cell fractions. On the other hand, while ItgB4 content was
comparable between WT and KO total cell lysates, the levels of Itgf4 were significantly reduced
in HSE fraction of KO cells (Figure 21A). This supports our previous histological findings (Figure
20), showing that interaction between KFs and Itg clusters is perturbed in plectin-deficient

epithelium.

To find out whether plectin deficiency affects mechanical stability, we subjected WT
and KO IECs to a series of mechanical challenges and quantitatively analyzed their
biomechanical properties. First, we plated WT and KO Caco-2 or hCC cells on flexible
polydimethylsiloxane (PDMS) membranes and tested their mechanical vulnerability using
uniaxial cyclic stretch. Monitoring cell viability by propidium iodide (PI; dead cells), labeling
revealed higher mechanical susceptibility of KO cells, which gradually increased with higher

amplitudes of 10% - 50% stretch (Figure 21B, E).

Further, we tested cell adhesion strength by using radial shear assay. For that, we used
a spinning disc device in which WT and KO cells were seeded on a plastic dish, and
subsequently, the shear force was generated via an air-driven rotating glass lid. Consistently
with cell stretching assay, radial shear rheometry showed a higher portion of Pl-positive dead

cells and a higher population of KO cells detached upon application of radial flow (Figure 21C,
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F). Together, these data show that plectin deficiency weakens the adhesion of cells to the

subjacent BM.
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Figure 20 Detachment of IECs from BM and destabilization of HDs in Ple4’ ¢ intestinal epithelium. (A, C, D) Representative
immunofluorescence images of Ple/fland Ple2/EC distal colon sections immunolabeled for K8 (green) and Itga6 (red; A), stained
for fibrillar collagen with Sirius red (SR; C) and immunolabeled for K8 (green) and Coll IV (red; D); Hoechst-stained nuclei
(blue). The arrows, IECs; Arrowheads, either Itga6-positive clusters or BM. Scale bar, 25 um. Boxed areas show x1.5 images.
B Drawn schematics depict aligned, BM-attached Ple/fIECs and mislocalized, detaching Ple2/C |ECs. (E, F, G) Representative
immunofluorescence images of Plef/fland Plet/EC S| sections immunolabeled for K8 (green) and Itga6 (red; E), stained for
fibrillar collagen with SR (F) and immunolabeled for K8 (green) and Coll IV (red; G); Hoechst-stained nuclei (blue). The arrows,
IECs; Arrowheads, either Itga6-positive clusters or BM. Scale bar, 25 um. Boxed areas show x1.5 images. Graphs show
percentage of detached IECs per crypt (D) or villus (G). Data are presented as mean + SEM, tP < 0.001.
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Finally, we aimed to determine the strength of Itg-ECM binding quantitatively. To
achieve this, we utilized magnetic tweezer microrheometry, allowing to measure the bond
between ECM-coated paramagnetic beads and Itg clusters (Kah et al., 2020). Once the ECM-
coated beads were attached to the cells, a magnetic field with an incremental force of up to
15 nN was applied using a needle-shaped core, causing the beads to detach from the cell
surface. The entire process was monitored using a computer, allowing us to calculate the
cumulative detachment probability of over 100 cells accurately. This calculation was then used
to plot the rupture force representing the pulling force at which 50% of the beads were torn
off the cell. The evaluation discerned reduced rupture force in KO cells when compared to WT
cells (Figure 21D, G). In concert with the other experiments performed within this chapter
(4.1.5), these results indicate that loss of plectin destabilizes HDs and compromises the

mechanical stability of IECs.

4.1.6 IEC-specific plectin deficiency exacerbates experimental colitis

Ple?E¢ mice exhibit epithelial damage leading to a so-called “leaky gut” which is
accompanied by chronic inflammation (Figure 14). This is reminiscent of the condition of UC
patients, where the absence of plectin correlates with colitis severity. To investigate this, we
experimentally induced colitis by 2% DSS treatment of Ple/ and Ple®E¢ mice and monitored
their susceptibility to intestinal inflammation. The experimental protocol involved exposing
mice to 2% DSS in drinking water for 4 days, followed by a 3-day period of water consumption.
During this time, Ple2’£¢ mice suffered a significant weight loss compared to Plef counterparts
(Figure 22A). Additionally, based on the disease activity index (DAI), an index cumulatively
describing body weight, rectal bleeding, and stool consistency, Ple?t¢ mice showed
considerably worse health conditions than Ple/fl mice (Figure 22A). These poor health
conditions were also reflected in a reduction in colon length (Figure 22B). WBI of mice at day
4 during DSS treatment and day 6 at the water recovery period showed MPO-positive
luminescence signals in both Ple/fl and Ple2'¢ abdominal regions (Figure 22C). However, MPO-
positive regions found in Ple?’¢ mice were larger, indicating the development of substantial
inflammation. Histological examination of hematoxylin-stained colons supported the
increased susceptibility of Ple?£¢ mice for epithelial injury (Figure 22D). Histological evaluation

of colonic mucosa revealed severe ulcerations, crypt damage (Figure 22D), and overall
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enhanced immune response parameters of histological inflammation indices in Ple?¢ mice

(Figure 22E).
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Figure 21 Plectin maintains the
mechanical stability of IECs. (A) Cell
lysates, cytosol fractions, and keratin-
enriched high salt extracts (HSE) were
prepared from WT and KO Caco-2 cells
and subjected to immunoblotting with
antibodies to ItgB4 and K8. GAPDH,
loading control. Graphs show relative
band intensities normalized to average
Plefvalues, n =4-6. (B, E) Viability of
WT and KO Caco-2 (B) and hCC (E) cells
exposed to wuniaxial cyclic stretch
presented as a percentage of dead (PI-
positive; PI*) cells, n=9-12. (C, F)
Quantification of WT and KO Caco-2 (C)
and hCC (F) cell viability (left) and
adhesion (right) under radial shear flow
shown as a percentage of dead and
detached cells, respectively, n=6-8.
Boxplot data represent median, 25th,
and 75th percentile with whiskers
reaching the last data point. (D, G)
Adhesion strength between ECM-
coated superparamagnetic beads and
WT and KO Caco-2 (D) and hCC (G) cells
was quantified using magnetic
tweezers that generated forces ramps
at a speed of 1 nN/s up to a maximum
force of 15nN. Image and schematic
depict magnetic tweezer setup.
Arrowhead, paramagnetic bead;
asterisk, magnetic tweezer tip; dotted
circular line, cell border. Scale bar,
20um. The graph shows the
percentage of beads in Caco-2 (n =103
WT, 109 KO cells) and hCC (n = 112 WT,
103 KO cells) that remained adherent at
a given pulling force. The boxplot shows
the distribution of the median
detachment force (calculated from
bootstrapping by sampling with
replacement, n=1000 runs) and its
distribution (25th, and 75th percentile
with whiskers reaching the minimum
and maximum sampled values). Bar
graph data in all other subplots
represent mean*SEM, n.s. not
significant, *P<0.05, **p <
0.01,¥P<0.001.
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Figure 22 Ple®t¢ mice are more susceptible to DSS-induced colitis. (A) Relative bodyweight and disease activity index (DAI)
of untreated and dextran sodium sulfate (DSS)-treated Ple/fland Ple®/EC mice during experimental colitis. Four to seven mice
per genotype and time point were analyzed. (B) Representative images of colon and caecum of DSS-treated Ple/fland Ple/Ec
mice. The graph shows colon length, n = 4-6. (C) In vivo chemiluminescence images and signal quantification (graph) of DSS-
treated Ple/fland Ple4’EC mice injected with the myeloperoxidase substrate luminol on days 4 and 6 of DSS treatment, n = 3—
4. (D) Representative hematoxylin-stained sections of Swiss roll mounts from untreated (control) and DSS-treated (DSS) mice.
Scale bars, 2 mm, magnified boxed areas, 100 um. Insets, outlines of lesions (in red) distributed along mucosa (black lines) in
corresponding panels. (D, E) Graphs show quantification of colonic tissue damage given as the percentage of ulceration and
crypt damage (D), percentage of acute inflammation, inflammation extent, chronic inflammation intensity and extent, and
neutrophils in lesion (E), n = 3-6. Data are presented as mean * SEM, *P < 0.05, **P <0.01, tP < 0.001.
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The proper composition of the microbiome and its interplay of with the intestinal
immune system are believed to be one of the defense mechanisms in intestinal
pathophysiology. Dysbiosis has been identified as an often-found feature in patients with UC
(Bajer et al., 2017; Pascal et al., 2017; Sartor, 2006). Thus, we analyzed whether changes in
microbiota composition accompany colitis found in Plet¢ mice. The fecal microbiota was
isolated from unchallenged Ple/f and Ple?¢ mice at 4, 12, and 20 weeks of age. Surprisingly,
we found no significant differences in microbiota composition between Plef and Ple2E¢ mice
at any age (Figure 23). Collectively, these data reveal that Ple?’tC mice are highly prone to
experimentally-induced colitis, which goes hand in hand with the high incidence of ulcerations

and crypt damage while showing no alteration of microbial composition.
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Figure 23 Colitic phenotype in Ple®'E¢ mice is not accompanied with dysbiosis. (A) Fecal microbiota beta diversity in 4-, 12-,
and 20-week-old untreated Ple/fland Ple2’EC mice as determined by 16S rDNA sequencing. Principal coordinate analysis plot,
constructed with unweighted UniFrac distance metric, shows clustering of microbial beta diversity. PC1, PC2, and PC3
represent the top three principal coordinates that captured most of the diversity (given as a percentage). (B) Global
composition of bacterial microbiota at phyla level shown as relative operational taxonomic unit (OTUs) abundance per time
point and genotype. (C) Alpha diversity of fecal microbiota in 4-, 12-, and 20-week-old untreated Plefl and Ple4EC mice
determined by 16S rDNA sequencing using PD whole tree metrics. n = 4—6.
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4.1.7 Reduced mechanical stability of epithelia accounts for intestinal injury in Ple?/E¢

mice

Next, we determined the onset and progress of the intestinal injury in Ple?t¢. We
assessed the epithelial damage in newborn, 21-day-old, and 12-week-old mice. The evaluation
revealed that the intestinal epithelium in newborn pups was devoid of any injury. However,
the crypt and villus damage already occurred in 21-day-old Ple?’t¢ mice that were weaned from
liquid breast milk to solid chow (Figure 24A-C). This initial disruption of IEB in Ple?'t¢ mice was
paralleled by histological indices of inflammation (Figure 25). In agreement with previous
observations, 12-week-old Ple?’f¢ mice displayed remarkable epithelial damage (Figure 24A-

C).

To precisely determine the timing of intestinal epithelial injury following plectin
depletion, we established a new mouse model. Here, we employed a Villin-Cre-ERT2 system,
which enabled us to deplete plectin specifically in IECs by tamoxifen (TMX) application
(PIe®EC-ERT2) “\We administered TMX via orogastric gavages to mice every other day for five
consecutive days (detailed descriptions can be found in Chapter 3.2; Figure 24D, E). The mice
were sacrificed on the fifth day after the last gavage. This approach allowed us to reach a
maximal recombination efficiency, leading to a phenotype comparable to the constitutive
Ple®E¢ mouse model. To test the impact of dietary changes on epithelial, Ple/f and PleA/EC-ERT2
mice were subjected either to a low-residue liquid diet or a solid chow, starting six days before
the first TMX application (Figure 24D). While Plef/f epithelium remained intact independently

AIEC-ERT2

of the diet type, the damage to the colonic Ple epithelium upon liquid diet mice was

substantially improved by 20% compared to Ple?t¢-ER72 kept on a solid diet (Figure 24D-F).

When IEB integrity is compromised, luminal bacteria often colonize mucosa and trigger
inflammation. Since we observed bacterial translocation to mucosa in Ple?’¢ mice (Figure 14),
we investigated whether eliminating microbiota improves epithelial damage (Figure 24G). To
eliminate the intestinal microbiota, we treated Pleff and Ple2ESERT2 mice with broad-spectrum
antibiotic coctail [ATB; (De Arcangelis et al., 2017)]. While ATB treatment had no impact on
epithelial integrity in Ple mice, it attenuated colonic crypt damage in
Ple?ECERT2 mice (Figure 24H). The extent of the villus damage in Ple2ECERT2 mice was

comparable regardless of treatment (Figure 241).
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Based on these observations, we concluded that the onset and progression of intestinal
injury in Ple?’t¢ mice are related to increased mechanical stress from luminal contents during
the transition to solid chow. This is due to the reduced mechanical stability of HDs upon plectin
deletion. In addition, broad-spectrum ATB treatment partially mitigated colonic epithelial

damage in Ple?FCERT2 mice, suggesting that the microbiota contributes to epithelial integrity.
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Figure 24 Intestinal epithelial damage in Ple2 ¢ mice results from mechanical stress. (A—C) Ple// and Ple2/EC mice were
sacrificed on postnatal day 0 (PO), postnatal day 21 (P21), and at 12 weeks (12w) of age, and epithelial damage scores were
assessed from colon and small intestine sections. Schematic illustrates the experimental setup (A). Solid, transition to solid
chow at P21. Graphs show quantification of epithelial damage in the colon (B) and small intestine (C) at the age indicated. (D—
F) Nine-week-old Plef/land PIeAECERT2 mice were either kept on solid chow or provided with a liquid diet for 14 days. Plectin
inactivation was induced by three consecutive applications of tamoxifen (TMX) on days 6, 8, and 10; mice were sacrificed on
day 14. The schematic illustrates the experimental setup (D). Solid, transition to solid chow at P21; arrows, TMX application;
red bar, period on a liquid diet. Graphs show quantification of epithelial damage in the colon (E) and small intestine (F) on
solid chow and liquid diet. (G—1) Nine-week-old Ple/f and PleA/EC-ERT2 mice were kept either untreated or treated with broad-
spectrum antibiotics (ATB). Plectin inactivation and sample collection were identical to (B). Schematics illustrate experimental
setup (G). Chow, the transition to solid chow at P21; arrows, TMX application; red bar, period of ATB treatment. Graphs show
quantification of epithelial damage in the colon (H) and small intestine (I) on solid chow and ATB. Data are presented as
mean + SEM, n.s. not significant, *P <0.05, **P <0.01, tP <0.001.
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Figure 25 Histological assessment of colonic tissue damage and inflammation in 21-day-old Ple4C compared to Ple//f mice.
(A) Quantification of inflammatory parameters on H&E-stained sections of Ple/f and PleAC colons. Graphs show the number
and maximal (max) sizes of lymphatic follicles, percentage of inflammatory extent, acute inflammation intensity, acute
inflammation extent, and lymphocytes in the lesion. (B) Quantification of tissue damage assessed from H&E-stained sections
of Plef/fland Ple®/EC colons (percentage of edema and ulceration). n = 3. Data are presented as mean * SEM, n.s. not significant.
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4.2 Aim 2.

4.2.1 Analyses of transcriptomic and proteomic signatures of UC patients reveal

dysregulated expression of cytoskeletal and junctional components

The development of colitis is associated with a compromised IEB. Given the importance
of mechanical resilience for a functional IEB, we investigated whether the expression of
proteins/genes associated with epithelial mechanical stability is altered in UC patients. To
achieve this goal, we combined results from publicly available transcriptomic and proteomic
studies with meta-analyses from UC patients and healthy individuals (Haberman et al., 2019;
Janker et al., 2023; Linggi et al., 2021; Massimino et al., 2021; Modos et al., 2021; Schniers et
al., 2019; Taman et al.,, 2018). In these datasets, we analyzed expression profiles of
genes/proteins associated with Ds, HDs, KFs, and actin (including AJs and TJs). Genes/proteins
with |Log2(Fold change)| (| LFC|) > 0.5 and adjusted p-value (False Discovery Rate; FDR) < 0.05
were used for over-representation analysis (ORA). ORA revealed significant deregulation of the
predefined set of genes in 1 transcriptomic meta-analysis, 2 transcriptomic studies, and 1
proteomic study. In addition, differentially expressed genes (DEGs) genes that were present in
more than 2 studies, were visualized using heatmaps (Figure 26A, B). Taken together, our
results indicated the downregulation of genes associated with the mechanical resilience of the

intestinal epithelium, suggesting compromised IEB in UC patients.
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Figure 26 Colonic biopsies from UC patients exhibit changes in expression of proteins associated with cytoskeleton and
junctional complexes. (A, B) Meta-analysis of UC patients’ RNA and protein expression profiles. Heatmaps including genes
significantly altered in the meta-analysis involved in the regulation of Ds, HDs, KFs (A), and actin (B). 8 studies included into
the analysis indicated by #1 - #8.
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4.2.2 IEC-specific plectin-deficient mice show higher DNA damage and an increased

propensity for CRC

1-2% of patients with IBD, particularly those with UC, face an increased risk of CRC
(Lakatos and Lakatos, 2008; Long et al., 2017). We have shown that colitis in Ple?'£¢ mice was
characterized by excessive detachment of IECs and hyperproliferation. To test whether Ple?/¢
mice follow the same paradigm as UC patients, we allowed them to age and monitored the
epithelial damage and inflammation over the time course. The crypt damage steadily
increased at 12, 25, and 50-week-old Ple?’t¢ mice, while the inflammation reached the peak
severity at the age of 12 weeks in Ple%£¢ mice in comparison to Plef mice (Figure 27A). A
similar trend was observed in Ple?E¢ERT2 mice, with notable crypt damage and a mild increase

in inflammation extent (Figure 27B).

Similar to the disease progression in UC patients, a substantial proportion (22%) of
50-week-old Ple?¢ mice spontaneously developed CRC (Figure 27C). Histopathological
examination of H&E-stained colonic sections from Ple?’f¢ mice revealed epithelial erosions (#a;
Figure 27D) together with high-grade dysplasia and tubular adenoma (#b; Figure 27D)
predominantly in distal colon regions, particularly in rectal prolapses (Figure 27D). Mucosal
hyperplasia was observed in 9% of 50-week-old Ple/f and 33% of Ple?’tC mice (Figure 27E).

AIEC

Adenomas were detected in 22% of Ple?’*“ mice, accompanied by low-grade dysplasia in 33%

or high-grade dysplasia in 22% of cases (Figure 27E, F). Supporting the carcinogenesis in Ple?/t¢
mice, immunolabeling of colon sections with oncogenic cell surface marker TROP2 (Huebner
et al., 2022; Moretto et al., 2023; Ohmachi et al., 2006; Svec et al., 2022) identified positive

areas in rectal regions (Figure 27G).

We employed two additional approaches to verify the increased susceptibility of Ple/t¢
mice for CRC development. In the first experimental approach, we induced sporadic CRC by
administering AOM, while in the second approach, we induced CA-CRC by combining DSS
treatment with AOM administration. The sporadic CRC model showed that only 9% of Ple//f
mice developed hyperplasia without signs of carcinogenesis. However, 50% of Ple?’t¢ mice
developed tumors together with hyperplasia (28%), carcinoma in situ (7%), adenoma (50%;
tubular type 50%), low-grade dysplasia (50%), and high-grade dysplasia (29%; Figure 27H). The
second model of CA-CRC revealed that 6% of Ple/ mice developed tumors, together with

hyperplasia (12%), adenoma (6%; tubular type 6%), and high-grade dysplasia (6%). The
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incidence of developed tumors in Ple?’t¢ mice was 79%, concurrently with hyperplasia (5%),
carcinoma in situ (11%), adenoma (79%; tubular type 74%; tubulovillous type 5%),
microcarcinoma (16%), adenocarcinoma (5%; tubular type 5%; well differentiated 5%), low-
grade dysplasia (26%), and high-grade dysplasia (63%; Figure 271). Based on these findings, we
concluded that Ple?’t¢ mice spontaneously develop CRC, which progresses into an invasive

form when accelerated by chemical carcinogenes.

Genomic instability represents a key aspect in the process of carcinogenesis. Elevated
accumulation of DNA damage and deficiencies in DNA damage repair mechanisms provide
cancer cells with an essential advantage, enabling them to bypass cell cycle checkpoints and
survive. Generally, DNA damage caused by DSBs is considered the most genotoxic insult for
cells and represents a hallmark of carcinogenesis (Arnould and Legube, 2020; Huang and Zhou,
2021; Le Guen et al., 2015). To answer whether the accumulation of DNA damage contributes
to carcinogenesis in Ple?t¢ mice, we immunolabeled colonic sections of 12-week-old and 50-
week-old Plef/f and Ple?’E€ mice for a marker of DSBs, histone yH2A.X phosphorylated on serine
139 [p-yH2A.X; (Rogakou et al., 1998)]. To gain deeper insights into DSBs in distinct populations
of IECs, we co-stained p-yH2A.X with Ki-67 to distinguish between TA cells (pink; Figure 28A)
and differentiated cells (yellow; Figure 28A). Cells located in the first three positions at the
base of crypts were identified as SCs (green; Figure 28A). Analysis of p-yH2A.X-positive (p-
vYH2A.X*) foci per nucleus revealed increased foci accumulation in differentiated cells of 12-
week-old Ple?E¢ crypts (Figure 28B). These cells occupy the region of the crypt that is the most
exposed to mechanical stress imposed by luminal content, suggesting the accumulation of
DSBs may be driven by the vulnerability of Ple?t¢ epithelium to mechanical stress. This
observation was accompanied by clearly discernible hyperproliferation in 12-week-old Ple/E¢
mice, which is consistent with our previous data (Aim 1 4.1; Figure 28B). Inspection of DNA
damage showed an increase of p-yH2A.X* foci in zones of proliferative and differentiated cells
together with hyperproliferation (Figure 28C). These findings support the notion that DNA

damage contributes to the development of spontaneous CRC in Ple’¢ mice.
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Figure 27 Loss of plectin leads to spontaneous development of colorectal cancer and higher susceptibilit to azoxymethane
induced carcinogenesis. (A) Plef/fand Ple2/E¢ mice were sacrificed at 12, 25, and 50 weeks (12w, 25w, and 50w) of age. Graphs
show quantification of epithelial damage scores and inflammation (%) assessed from H&E-stained colon sections, n = 4-11.
(B) Plef/fland PIeAEC-ERTZ mice were sacrificed at 15 weeks. Plectin inactivation was induced by three consecutive applications
of TMX on days 6, 8, and 10; mice were sacrificed on day 14. Graphs show quantification of epithelial damage scores and
inflammation (%) assessed from colon H&E-stained sections at the age indicated, n = 11-13. (C, D) Pleffand PleA/E€ mice were
sacrificed at 50 weeks of age. Graph shows quantification of tumor incidence (%; C) assessed from H&E-stained colon sections
(D), n = 9-11.(D) Reprezentative image of H&E-stained sections of rectal prolapse of 50w old Ple2(¢ mouse. Scale bar, 2 mm.
Boxed areas show magnified areas of inflammatory lesion (#a) and tubular adenoma with high grade dysplasia (#b). Scale bar,
200 pum. (E) Quantification of CRC parameters on H&E-stained colon sections of Ple/fland PleA'E¢. Graphs show the incidence
of hyperplasia adenoma and dysplasia (%). (F) Specification of dysplasia, HD = high dysplasia (dark blue), LD = low dysplasia
(light blue), ND = no dysplasia (cyan). (G) Representative immunofluorescence images of Ple/fland Ple2/EC distal colon sections
immunolabeled for TROP2 (magenta). Nuclei were stained with DAPI (cyan). Scale bar, 100 um. (H) Experimental induction of
sporadic colorectal cancer (CRC) by azoxymethan (AOM) treatment in Plef/f and Ple4 ¢ mice. Pictures represent
macroscopically visible tumors in distal colons. Scale bar, 3 mm. Graphs show quantification of incidence (%) of tumors,
hyperplasia, carcinoma in situ, adenoma, and dysplasia; specification of HD, LD and ND, n = 11-14. (l) Experimental induction
of colitis-associated CRC (CA-CRC) by combination of 2% DSS with AOM treatment in Plef/fland Ple4/EC mice. Pictures represent
macroscopically visible tumors in distal colons. Scale bar, 3 mm. Graphs show quantification of incidence (%) of tumors,
hyperplasia, carcinoma in situ, adenoma, dysplasia, microcarcinoma, and adenocarcinoma; specification of HD, LD and ND, n
=17-19. Data are presented as mean + SEM, *P < 0.05, TP < 0.001.
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Figure 28 Ple®E¢ mice are more susceptible to DNA damage. (A) Representative immunofluorescence images of 12 weeks old
Plef/fland Pled’EC |EC nuclei in distal colon crypts immunolabeled for histone yH2A.X phosphorylated on Ser139 (p-yH2A.X;
magenta). Nuclei were stained with DAPI (cyan). Scale bar, 5 um. Drawn schematics depicts distinct zones of colonic crypt.
Zone of differentiated cells (zone 1; yellow), zone of proliferative cells (zone 2, pink), zone of stem cells (zone 3; green). (B)
Graphs show quantification of numbers of p-yH2A.X-positive (p-yH2A.X*) foci per nucleus, area of p-yH2A.X* foci, and
percentage of Ki-67* cells separately for Z1/22/Z3 zones in crypts of 12 weeks old Ple/fland PleE€ mice. n = 10-13. (C) Graphs
show quantification of numbers of p-yH2A.X* foci per nucleus, area of p-yH2A.X*foci, and percentage of Ki-67* cells separately
for Z1/22/73 zones in crypts of 50 weeks old Plef/f and Pled¢ mice. n = 4. Data are presented as mean = SEM, *P < 0.05,
TP <0.001.

To explore whether plectin deficiency is associated with altered gene expression, we
performed RNA sequencing (RNA seq) analysis of colonic mucosa scrapings collected from
adult 12-week-old Plef and Ple?E€ mice. Out of 17,095 genes with non-zero expression, 912
have been identified as differentially expressed genes (FDR <=0.1; |LFC| >=1). Gene set

enrichment analysis (GSEA) using gene ontology (GO) and kyoto encyclopedia of genes and
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genomes (KEGG) terms revealed a strong positive correlation with genes linked to increased
cell cycle rate, DNA damage, and DNA repair (such as H2A.X, ATR, ATM, Chek1, Chek2, BRCA1,
BRCA2, PLK1,4; Figure 29A, B). Expression of selected genes/proteins (cell cycle checkpoint
and DNA damage kinases, tumor suppressors, and DNA damage markers) was validated by
gRT-PCR and immunoblot analysis (Figure 29C, D). These data indicate that plectin-deficient
intestinal epithelium suffers from increased DNA damage, accompanied by elevated levels of
genes associated with DNA damage checkpoint signaling throughout all cell cycle phases, and
the DNA damage repair pathways. These factors further predispose Ple?t¢ mice to CRC, as

evidenced by an increased intestinal adenoma signature.
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Figure 29 Expression of genes associated with cell cycle and DNA damage altered in 12-week-old Ple?’¢ mice. (A)
Representation of the most significantly deregulated processes identified in Gene set enrichment analysis (GSEA) on Gene
Ontology (GO) and Kyoto Encyclopedia of Genes and Genomes (KEGG) gene sets. (B) GSEA enrichment score for selected
processes — Cell cycle checkpoint signaling, DNA damage checkpoint signaling, Double-strand break repair, and Increased
intestinal adenoma incidence. (C, D) Relative mRNA (C) levels of Chek1/2, BRCA1/2, Rb1, Tp53, and Plk1 and protein (D) levels
of ATR, ATM, Chk1, p-yH2A.X, and pRb in Ple/fland PleA'EC distal colon. GAPDH, loading control. Graphs show relative band
intensities normalized to average Plef/fvalues n = 6-13. Data are presented as mean + SEM, *P < 0.05, **P < 0.01, tP < 0.001.

To address whether the chronic inflammation triggers DNA damage and
hyperproliferation in the mechanically fragile colonic tissue of Ple?t¢ mice, we conducted

RNA seq analysis on young, 2-3-week-old Ple and Ple2’ ¢ mice. Given that these mice
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primarily consumed breast milk, we anticipated a lower impact of mechanical stress imposed
by intestinal peristalsis and, hence, reduced inflammation in the intestinal tract (Figure 25). Of
24,720 genes with non-zero expression, 512 have been identified as differentially expressed
genes (FDR <=0.1; |LFC| >=1). In comparison to adult Ple? ¢ mice, GSEA, using GO terms
analysis, demonstrated that gene expression changes in young Ple® ¢ mice positively
correlated with early inflammatory response and apoptosis while negatively correlating with
DNA-damage binding (Figure 30A, B). RNA seq, in conjunction with mRNA and protein analysis
(immunoblot and immunofluorescence analyses) revealed that 2-3-week-old Ple?’t¢ mice did
not exhibit any signs of DNA damage. Moreover, proliferation was comparable between young
Ple™fl and Ple? ¢ mice (Figure 30C-F). The RNA and protein profiling data support our
hypothesis that mechanical stress affecting the mechanically vulnerable Ple?¢ intestinal
epithelium may contribute to the increased accumulation of DNA damage and
hyperproliferation, thereby predisposing Ple?’®¢ mice to carcinogenesis. These results,

however, could not rule out contribution of another factor causing DNA damage -

inflammation.

4.2.3 DNA damage is in plectin-deficient IECs aggravated by mechanical stress

In order to discriminate between the individual contributions of inflammation and
mechanical stress to DNA damage, we employed several approaches to minimize the
inflammatory component. First, we utilized the Ple?t“ER72 mouse, in which we depleted
microbiota by ATB treatment (Figure 31A). The ATB treatment attenuated the inflammation in
PleAECERTZ mice to the extent found in Plef mice (Figure 31B). Our previous investigations
(Aim 1 4.1) showed that the attenuation of inflammation in Ple?F“ERT2 mice led to a reduction
in crypt damage. However, the level of crypt damage in Ple?ESERT2 mice was still higher than
observed in Plef mice (Figure 24H). Interestingly, the attenuated inflammation had no effect
on hyperproliferation (Figure 31C) or DNA damage in differentiated cells, as seen by
comparable levels of p-yH2A.X* foci in Ple?ERT2 mice (Z1; Figure 31D). On the other hand, the
ATB treatment in Ple?F<ERT2 mice reduced the number of p-yH2A.X* foci in the stem cell zone
(Z3; Figure 31D). This suggests that while the inflammation contributes to the crypt damage,
the hyperproliferation and DNA damage could be, to some extent, caused by inflammation-

independent factors, such as mechanical stress.
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Figure 30 Enrichment of early inflammation and apoptosis associated signatures in 3-week-old Pled’E¢ mice. (A)
Representation of the most significantly deregulated processes identified in GSEA on GO and KEGG gene sets. (B) GSEA
enrichment score for selected processes — Acute inflammatory response, Apoptosis, Death pathway, and DNA damage
binding. (C, D) Relative mRNA (C) levels of Chek1/2, BRCA1/2, Cdknla, Rb1, and Tp53 and protein (D) levels of ATR, ATM, and
p-YH2A.X in Plef/fland PleA'EC distal colon. GAPDH, loading control. Graphs show relative band intensities normalized to average
Plef/fvalues, n = 7-12. (E) Representative immunofluorescence images of 3 weeks old Ple/f and PleAC |EC nuclei in distal
colon crypts immunolabeled for histone p-yH2A.X (magenta). Nuclei were stained with DAPI (cyan). Scale bar, 5 um. (F) Graphs
show quantification of numbers of p-yH2A.X* foci per nucleus, area of p-yH2A.X* foci (F), and percentage of Ki-67* cells
separately for indicated crypt zones (see Figure 28A) of 3 weeks old Ple/fland PleA'E€ mice. Scale bar, 5 um; n = 4. Data are
presented as mean + SEM, *P < 0.05.
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Figure 31 Inflammation contributes to the increased DNA damage in Ple?’£¢ mice. (A-C) 9 weeks old Ple/fland PleA/EC-ERT2 mice
were kept either untreated or treated with broad-spectrum ATB. Schematic illustrates the experimental setup. Graphs show
quantification of inflammation extent and Ki-67* cells (%) in Ple//f and PIeA/ECERT2 colon crypts. (D) Graphs show quantification
of numbers of p-yH2A.X* foci per nucleus, and area of p-yH2A.X* foci separately for indicated crypt zones (see Figure 28A) in
crypts of Ple/fland PleAEC-ERT2 mice with or without ATB. n = 8-12. Data are presented as mean + SEM, *P<0.05, **P < 0.01,
tP<0.001.

To further investigate the effect of mechanical stress on the intestinal epithelium with
minimal inflammatory component, we imposed a mechanical strain on the ex vivo colon
explant cultures (CECs) derived from Plef and Ple®E¢ mice. CECs from the distal colon were
pinned to PDMS membranes and either exposed to 10% cyclic stretch or left in the media as
non-stretched controls (Figure 32A). While one hour of cyclic stretch did not cause any changes
in DNA damage in Plef crypts, we observed significantly increased DNA damage in Ple? ¢ cells

(Figure 32B).

Although we subjected isolated tissue to stretch ex vivo, we cannot rule out the
contribution of ongoing inflammation in Ple?E¢ environment. To avoid any contribution of
inflammation, we established a 2D model of colonic organoids derived from Plef colonic
primary cells and subjected them to mechanical strain (Figure 33A). The pattern of 2D colon
organoid cultures stained for Ki-67 resembles the expansion of proliferative and differentiated

cells typical for intestinal crypts (Figure 33B). In order to mimic plectin inactivation, we treated
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organoids with plectin inhibitor, plecstatin-1 [PST; (Meier et al., 2017; Prechova et al., 2022)].
The immunolabeling of K8 showed upon PST treatment a pattern typical for KO cells, i. e. the
coarse network composed of thick KF bundles (non-stretch; Figure 33C). A high-content
screening microscopy together with data analysis unveiled that while plectin inactivation itself
did not lead to the accumulation of DSBs, PST-treated Ple//f organoids exposed to stretching
exhibited significantly higher levels of DSBs compared to untreated stretched Ple/forganoids
(Figure 33D-F). Overall, these data suggest that mechanical stress represents a potent driver
of DNA damage within mechanically compromised plectin-deficient epithelial cells.
Concomitant inflammation in Ple?t¢ colon may further aggravate this damage, thus

contributing to tumorigenesis.
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Figure 32 Mechanical stress induces DNA damage in Ple4 ¢ colon explant cultures ex vivo. (A) Schematic illustration of the
experimental setup. Colon explant cultures (CEC) were isolated from the distal colon of Plef/fland Plet’E¢ mice, pinned onto
elastic polydimethylsiloxane (PDMS) membrane, and exposed to 10% uniaxial cyclic stretch. (B, C) Graphs show quantification
of numbers of p-yH2A.X* foci per nucleus (B) and area of p-yH2A.X* foci (C) separately for indicated crypt zones (see Figure
28A) in crypts of Plef/fland Ple4EC mice. n = 10. Data are presented as mean + SEM, *P < 0.05, **P < 0.01, TP < 0.001.
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Figure 33 Mechanical stress induces DNA damage in colonic organoids upon plectin inactivation. (A) Schematic illustration
of experimental setup. 3D colonic organoids grown in ECM domes were mechanically disrupted to suspension of single cells
and small organoids, and seeded as a 2D monolayer onto PDMS membrane. (B) Representative immunofluorescence image
of 2D monolayers immunolabeled for K8 (inverted single channel; yellow in overlap), and Ki-67 (magenta). Nuclei were stained
with DAPI (cyan). Scale bar, 20 um. (C) Representative immunofluorescence images of 2D organoids non-treated (-) or treated
(+) with 16 uM plecstatin-1 (PST), and exposed to stretch (stretch) or non-stretched. 2D organoids immunolabeled with
antibodies against K8 (yellow), and plectin (magenta). Nuclei were stained with DAPI (cyan). Scale bar, 10 um. (D) Automatic
segmentation and analysis of p-yH2A.X* foci. Dashed line areas show p-yH2A.X* nuclear signal. (E, F) Quantification of p-
YH2A.X* and negative (p-yH2A.X") populations of cells (%; E), and delta (A) changes defined by the difference between stretch
and non-stretch in PST — or + organoids. Data are presented as mean + SEM, *P < 0.05.

4.2.4 Mechanical stress-driven DNA damage and chromosomal instability are increased in
plectin-deficient epithelial monolayers
To address inflammation-independent mechanically-driven effects on the epithelium,
we used Caco-2 and RPE KO cell lines. Initially, we verified the successful targeting of plectin
by immunoblot (Figure 34A) and immunofluorescence analyses (Figure 34B, C). The primary
characterization of the IF network was in line with previous observations, demonstrating that
plectin ablation resulted in the collapse of the KF network in Caco-2 and the VF network in RPE

cells, manifesting with prominent IF bundles. Upon examining DSBs under non-challenged
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conditions, we observed a comparable p-yH2A.X* populations between monolayers grown
from WT and KO Caco-2 and RPE cells (Figure 34D, E). When we exposed cells to 2 Gy X-ray
irradiation, we noted a similar trend between WT and KO monolayers in the disappearance of
p-yH2A.X* foci throughout the time (Figure 35A, B). These data indicate that loss of plectin

itself does not induce DNA damage or impair DNA damage repair mechanisms.

o Caco-2 RPE

WT1 WT2 KO1KO2 WT1 WT2 KO1 KO2

GAPDH[ = —— —— —— | [ |

B

D Caco-2 E RPE
Op—H2AX | = Dp—yH2A X
& ) mp-yH2A X* v Ep—yH2A.X*
= 120~ i 1204
' = l_ 1004 I G 1001 s
—|Z | b
> ~X 8
B & o 3 2 o
‘ p| = E] G ----- = Q
——14& =~ 401 —|d 401
e} e o $ r s
"H 20 | 20
m 0"WT ko D 0"WT Ko

Figure 34 Verification of plectin targeting in Caco-2 and RPE cells. (A) Immunoblots showing depletion of plectin in individual
clones of Caco-2 and RPE cells generated with two alternative guide-RNAs (KO1 and KO2). GAPDH, loading control. (B, C)
Representative immunofluorescence images of WT and KO Caco-2 (B) and RPE (C) cell monolayer cultures immunolabeled for
K8 (B) and vimentin (Vim; C; inverted single channel; yellow in overlap) and plectin (magenta). Nuclei were stained with DAPI
(cyan). Scale bar, 10 um. (D, E) Automatic segmentation and analysis of p-yH2A.X* foci. Dashed line areas show p-yH2A.X*
nuclear signal. Quantification of p-yH2A.X* and p-yH2A.X- populations of Caco-2 (D), and RPE (E) cells. n = 8-12. Data are
presented as mean + SEM.
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Figure 35 Loss of Plectin does not affect DNA damage repair. (A, B) Caco-2 (A) and RPE (B) cells were irradiated by 2 Gy X-ray
and fixed at different time points. Automatic segmentation and analysis of p-yH2A.X* foci. Dashed line areas show p-yH2A.X*
nuclear signal. Quantification of relative foci count in non-irradiated (NI) cells, and in 30 minutes (30min), 1 hour (1h), 3 hours
(3h), and 6 hours (6h) after irradiation. n = 4. Data are presented as mean + SEM (Maninova, unpublished).

The susceptibility of plectin-deficient cells to DNA damage under mechanical stress was
assessed using the stretch device. WT and KO monolayers were seeded onto PDMS
membranes coated with Coll | (Caco-2) or FN (RPE) and subjected to uniaxial cyclic stretch for
80 minutes with an amplitude 35% (Caco-2) or 20% (RPE). The analysis of non-stretched
conditions confirmed our previous findings, where we did not observe any differences in the
extent of DNA damage between KO and WT monolayers (Figure 34D, E). The quantification of
p-YH2A.X* populations showed enhanced trends in stretched KO monolayers, which indicates

a significant increase in DNA damage susceptibility when stretched and non-stretched
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conditions were compared between WT and KO monolayers [Achange (stretch — non-stretch)

6,9% in Caco-2 and 7,8% in RPE cells; Figure 36A, B].

Unrepaired DSBs can lead to cell death or neoplastic transformation. Also, incorrectly
repaired DSBs, such as the misjoining of DSBs on different chromosomes, can cause genomic
instability, chromosomal translocations, and mutagenic rearrangements (Cannan and
Pederson, 2016; Mills et al., 2003; Zhang and Jasin, 2011). Throughout mitosis, various types
of chromosomal aberrations, including multipolar spindles, chromosomal bridges, and lagging
chromosomes, can be recognized. After a cell completes the mitosis and gives rise to a new
population of daughter cells, such unrepaired chromosomal aberrations may manifest as
micronuclei (Krupina et al., 2021). To score chromosomal aberrations in cells exposed to
mechanical stress, we subjected WT and KO monolayers to stretch and synchronized them in
prometaphase. Subsequently, we evaluated the occurrence of chromosomal aberrations in
mitotic cells (namely multipolar spindles, chromosomal bridges, lagging chromosomes, and
G1 cells for micronuclei; Figure 36C). In WT monolayers, stretch slightly enriched the fraction
of multipolar spindles and micronuclei. Strikingly, the impact of mechanical stretch on KO
monolayers was significantly more pronounced, leading to an increased frequency of all scored
chromosomal aberrations and micronuclei in daughter cells within Caco-2 (Figure 36D) and

RPE monolayers (Figure 36E).

IFs confer elastic spring-like properties, allowing cells to absorb energy and withstand
tensile loads, thereby maintaining genome integrity and protecting the nucleus from
mechanical deformation (Block et al., 2018; Patteson et al., 2019). In respect to the aberrant
organization of IFs observed in KO cells, we inspected the impact of stretch on the
cytoarchitecture of Caco-2 and RPE WT and KO monolayers (Figure 37). As expected, stretch
induced reinforcement of the IF network, apparent in the IF bundle thickening in WT cells. This
effect was more apparent in Caco-2 than in RPE monolayers. Remarkably, stretch triggered

more profound architectural alterations in KO cells.

The initially compromised network of IFs caused by the plectin inactivation in the
non-stretched condition, collapsed due to the stretch into even more prominent bundles,
which were found densely packed around the nucleus. This suggests that the disorganized IFs
in KO monolayers impair the responsiveness of IFs to mechanical stress. Consequently, the

nucleus is ineffectively protected under mechanical stress, leading to genomic instability.
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Figure 36 Plectin protects Caco-2 and RPE cell monolayers against stretch-driven DNA damage and chromosomal
aberrations. (A, B) Automatic segmentation and analysis of p-yH2AX* foci. Dashed line areas show
p-yH2AX* nuclear signal in Caco-2 cells (A). Quantification of p-yH2A.X* and p-yH2A.X" populations of Caco-2 (A) and RPE (B)
monolayers in non-stretched (-) or stretched (+) conditions. Achanges defined by the difference between stretch and non-
stretch in WT and KO cells. (C-E) Quantification of chromosomal aberrations scored for standard mitosis (grey), multipolar
spindle (green), chromosomal bridges (blue), and lagging chromosomes (purple) during mitosis; and G1-phase nuclei scored
for nucleus (grey) and micronucleus (yellow; C) in Caco-2 (D) and RPE (E) cells in non-stretched (-) or stretched (+) conditions.
n = 4-6. Data are presented as mean + SEM, *P < 0.05, ¥**P < 0.01, 1P <0.001.

A precisely controlled cell rounding during mitosis is critical for supporting cell division,
ensuring space required for mitotic spindle alignment and chromosome segregation.
Moreover, the cell cortex composed of actin and underlying vimentin networks, provides
mechanical support for cells during mitosis. In this process, vimentin is recruited to the mitotic
cell cortex in a plectin-dependent manner (Serres et al., 2020). Since we observed increased
DNA damage in intestinal proliferative cells in vivo, we considered whether plectin inactivation
can exacerbate DNA damage in cells during mitosis. To explore this, we enriched the

population of mitotic cells and confined them with polyacrylamide (PAA) hydrogels of different
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stiffness [5, 10, 20 kPa; Figure 38A; (Le Berre et al., 2014; Matthews et al., 2020)]. The analysis
of p-yH2A.X* foci showed a slight increase in the DSB count as an effect of increasing stiffness
in WT Caco-2 and RPE cells (Figure 38B, C). In contrast, a pronounced appearance of p-yH2A.X*
foci was evidenced even under softer 5 kPa-stiff hydrogel, with a gradual rise in the stiffer 20
kPa environment. The higher DSB occurrence in KO monolayers coincided with enhanced
accumulation of chromosomal aberrations (Figure 38D, E). While WT cells showed minimal
chromosomal aberrations and micronuclei, KO cells displayed higher numbers of the
multipolar spindle, the lagging chromosomes, and micronuclei already under the confinement
of softer PAA gel. The effects in mitosis were not due to the differences in mitotic speed

progression as WT and KO cells proceeded through mitosis at comparable times (Figure 38F).

Caco-2 RPE

non-stretch stretch non-stretch stretch
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#

Figure 37 Formation of aberrant IF structures after stretch in plectin-deficient monolayers. Representative
immunofluorescence images of WT and KO non-stretched and stretched Caco-2 and RPE monolayers. Monolayers were
immunolabeled with antibodies against K8 (inverted single channel; yellow in overlap; Caco-2), Vim (inverted single channel;
yellow in overlap; RPE), and plectin (magenta). Nuclei were stained with DAPI (cyan). Scale bar, 10 um.
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Figure 38 Plectin deficiency leads to DNA damage and accumulation of chromosomal aberrations under cell confinement.
(A) Schematic illustration of the experimental setup. Polyacrylamide gels of indicated stiffness were placed on top of mitotic
cells. (B) Reprezentative immunofluorescence images of WT and KO Caco-2 mitotic cells upon cell confinement. Cells were
immunolabeled with an antibody against p-yH2A.X (magenta). Nuclei were stained with DAPI (cyan). Scale bar, 5 um. (C)
Quantification of p-yH2A.X* foci per mitotic cell in WT and KO Caco-2, and RPE cells in confinement. n = 105-166. (D, E)
Quantification of chromosomal aberrations scored for standard mitosis (grey), multipolar spindle (green), chromosomal
bridges (blue), and lagging chromosomes (purple) during mitosis (D); and G1-phase nuclei scored for nucleus (grey) and
micronucleus (yellow; E) in Caco-2 and RPE cells in confinement, n = 3-4. (F) Quantitative analysis of mitotic progression speeds
in WT and KO Caco-2 and RPE cells. Bars show the enrichment of mitotic cells in individual mitotic phases. Prophase (black),
prometaphase (dark grey), metaphase (light grey), and anaphase (white), n = 2. Data are presented as mean + SEM, *P < 0.05,
**p <0.01, TP <0.001 (Maninova, unpublished).

During mitosis, the cell cortex represents a major cytoskeletal structure, ensuring

cellular shape and intracellular space required for individual mitotic events. Its mechanical
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properties are defined mainly by its tension and stiffness. It has been demonstrated that in
cells lacking vimentin, the cell cortex is thicker and softer, and mitotic cells are more prone to
chromosomal instability upon mechanical stress (Serres et al.,, 2020). We checked the
mechanical resilience of WT and KO Caco-2 and RPE cells under confinement by measuring cell
height and width. While WT cells maintained their resistance, and their height and width did
not differ in relation to the increasing stiffness of PAA gels. On the other hand, KO cells were
deformable even under softer conditions, which was reflected by their significant flattening
and widening at 5 kPa condition (Figure 39A-D). Detailed visualization of IFs revealed that while
in WT cells, IFs form a well-organized cage surrounding the mitotic nucleus, in KO cells, the
cage composed of thick bundles is disorganized, and some bundles were in close proximity to
condensed chromatin (Figure 39E). Interestingly, closer insight indicated that these collapsed
bundles encapsulated small DNA fragments, potentially explaining the high abundance of
lagging chromosomes under cell confinement in KO cells. Taken together, compromised
mechanical resilience of cell cortex governed by the plectin deficiency determines the high

vulnerability of cells to DNA damage and chromosomal instability during mitosis.

4.2.5 Plectin facilitates an adaptive cellular response to mechanical stress

In epithelia, cells endure continuous exposure to diverse mechanical stresses. To
maintain the integrity of the mechanical barrier, epithelial cells employ various mechanisms
to absorb energy, resist force-induced deformations, and protect the genome from mechanical
stress-induced DNA damage. When subjected to high amplitude uniaxial cyclic stretch, the
cytoskeleton undergoes strain-induced reorganization, leading to the realignment of epithelial
monolayers through rearrangement and strengthening of cell-cell adhesion [AJs; (Pinheiro and
Bellaiche, 2018)]. This process is accompanied by the polarization of actomyosin fibres and
reorientation of the nucleus perpendicularly to the stretch axis (De and Safran, 2008; Faust et
al., 2011; Nava et al., 2020; Noethel et al., 2018; Wang et al., 2001). To inspect the role of
plectin in the mechanical adaptation process, we exposed WT and KO Caco-2 and RPE
monolayers to uniaxial cyclic stretch and assessed the status of F-actin (phalloidin staining) and
nuclei reorientation at 0 (non-stretch), 20 and 60 minutes (Figure 40A, B). Quantitative
orientation analysis showed that under non-stretched conditions, actin fibers were in both WT

and KO cells directed over wide range of angles (20-90°) relative to the stretch axis, albeit actin
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fibers formed thicker filaments in KO monolayers. Following mechanical stretch, F-actin
aligned perpendicular to the stretch axis in WT cells in a time-dependent manner. In contrast,
the reorientation of actin filaments in KO monolayers was significantly delayed. Similarly, the
orientation of nuclei in WT and KO monolayers was almost random under non-stretched
conditions. Upon stretch, a significant proportion of WT nuclei aligned at 90°, while KO

monolayers exhibited delayed nuclear reorientation (Figure 40C, D).

The altered cytoskeletal distribution was evident at the supracellular level in KO
Caco-2 monolayers. Cell body reorientation (defined by absolute Ferret’s angle) depends on
redistribution and dynamics of cell-cell contacts. Quantification revealed that cell body
reorientation in WT monolayers mirrored the behavior of actin filaments, aligning
perpendicularly to the stretch axis. In contrast, KO monolayers exhibited a delayed
reorientation (Figure 40E). Additionally, ineffective adaptation was supported by the failed
elongation of individual KO cells (Ferret’s diameter; Figure 40F). Based on the data, we
concluded that plectin-deficient cells lose the ability to adapt to mechanical load, thus failing

to protect their DNA against mechanical damage.

To determine if the impaired protective function of IFs (Figure 37), together with the
ineffective mechanical adaptation of KO monolayers, affect the integrity of the nuclear
envelope, we immunolabeled non-stretched and stretched WT and KO RPE monolayers for
LMNA/C. Quantitative analysis revealed a significant increase in wrinkled nuclear envelopes in
KO monolayers upon stretch. Super-resolution microscopy of co-stained LMNA/C, actin, and
vimentin in stretched KO monolayers revealed colocalization of nuclear envelope wrinkles with
thick bundles of VFs (Figure 41). This finding supports our hypothesis that compromised
cytoskeletal architecture in plectin-deficient cells results in strain-driven nuclear deformation,

subsequent DNA damage, and chromosomal instability.
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Figure 39 Plectin-controlled IF architecture maintains the mechanical resilience of mitotic cells. (A, C) Representative
immunofluorescence images of WT and KO Caco-2 (A) and RPE (C) mitotic cells under confinement. Cells were immunolabeled
with an antibody against F-actin (red). Nuclei were stained with DAPI (cyan). Scale bar, 5 um. (B, D) Quantification of cell height
and cell width of WT and KO Caco-2 (B) and RPE (D) cells under confinement, n
immunofluorescence super-resolution images of WT and KO Caco-2 cells under confinement. Cells were immunolabeled with
antibodies against K8 (yellow) and p-yH2A.X (magenta). Nuclei were stained with DAPI (cyan). Scale bar, 5 um. Data are

presented as mean + SEM, *P < 0.05, **P < 0.01, TP <0.001.
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Figure 40 Plectin is required for effective cell and nuclear reorientation upon stretch. (A) Representative
immunofluorescence images of WT and KO non-stretched and stretched (60 min) Caco-2 monolayers. Monolayers were
immunolabeled with antibody against F-actin (magenta). Nuclei were stained with DAPI (cyan). Scale bar, 10 um. (B) Schematic
illustration of morphometric analysis. Alignment of F-actin fibers (magenta) and nuclei (cyan) into different angles (a) in
respect to the stretch axis. (C, D) Rose graphs show changes in angles of F-actin fibers and nuclei in time-dependent stretch
conditions (non-stretched, 20 minutes, 60 minutes of stretch) between WT (blue) and KO (red) Caco-2 (C), and RPE (D) cells.
(E) Schematic illustration of morphometric analysis. Alignment of the cell body (absolute Ferre’t angle). Rose graphs show
changes in angles of cell body in time-dependent stretch conditions (non-stretched, 20 minutes, 60 minutes of stretch)
between WT (blue) and KO (red) Caco-2 cells. (F) Schematic illustration of morphometric analysis. Violin plots show the
measurement of maximal cell length (Ferret’s diameter; um) in time-dependent stretch conditions (non-stretched, 20
minutes, 60 minutes of stretch) between WT (blue) and KO (red) Caco-2 cells. Data are presented as mean + SEM, *P <0.05,
**P<0.01, TP <0.001.
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Figure 41 Plectin confers the integrity of the nuclear envelope under mechanical stress. Representative immunofluorescence
super-resolution images of WT and KO non-stretched (-) and stretched (+) RPE monolayers. Monolayers were stained with
antibodies against Vim (yellow), F-actin (magenta), and lamin A/C (LMNA/C; cyan). Scale bar, 5 um. Quantification of cell
populations (%) with normal (light grey) or wrinkled (dark grey) nuclei. Achange defined by difference between stretch and
non-stretch in WT and KO cells. n = 3. Data are presented as mean + SEM, *P < 0.05.

4.2.6 Mechanically-induced DNA damage increases the tumorigenic potential of plectin-

deficient cells

Given the observed hyperproliferation in Ple?t¢ mice (Aim 1 4.1; Figure 28B, C), we
tested proliferation rates in WT and KO Caco-2 and RPE cells. Cells were seeded on plastic
plates, and their proliferation rates were measured over time. The analysis showed a reduced
proliferation speed in KO cells compared to WT cells (Figure 42A). It has been reported that
mechanical stretch can stimulate cell division (Gudipaty et al., 2017). Therefore, we quantified
the population of mitotic cells under conditions where WT and KO monolayers experienced
stretch. When Caco-2 and RPE monolayers were seeded on soft PDMS membranes under non-
stretched conditions, no differences in mitotic populations were observed between WT and
KO cells (Figure 42B). In contrast, exposure to stretch accelerated proliferation and enlarged
mitotic populations in both WT and KO monolayers. The mitotic populations were notably

more abundant in KO monolayers.

In Ple?’E€ mice, the combination of hyperproliferation, mechanical instability of the IEC,
and increased DNA damage leads to increased susceptibility to CRC development. Our
previous results showed that KO monolayers subjected to stretch accumulated significantly
more chromosomal aberrations and micronuclei than stretched WT monolayers (Figure 36).
To address whether stretched KO monolayers follow the same paradigm of tumorigenic
potential, we employed a soft agar colony formation assay using non-stretched and stretched
WT and KO RPE cells. After almost two months, the analysis of soft agars revealed a significant

increase in the number of grown colonies from stretched KO monolayers (Figure 42C). The
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data implies that stress-driven DNA damage in plectin-deficient cell sheets promotes

tumorigenic potential and contributes to cancer development in epithelial tissues.
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Figure 42 Mechanically-induced DNA damage increases tumorigenic potential of plectin-deficient cells. (A) Time-dependent
growth curves of WT (blue) and KO (red) Caco-2 and RPE cells in non-challenged conditions. n = 12-18. (B) Reprezentative
images of WT and KO non-stretched and stretched Caco-2 monolayers. Nuclei were stained with DAPI (grey). Graphs show
quantification of mitotic cells frequency (%) in WT (blue) and KO (red) populations of non-stretched (-) and stretched (+) Caco-
2 and RPE cells. Achanges defined by difference between stretch and non-stretch in WT and KO monolayers. Scale bar, 10 pm.
n = 5. (C) Soft agar colony transformation assay. Reprezentative pictures of non-stretched and stretched WT (blue) and KO
(red) RPE cells. Colonies were stained with crystal violet. The graph shows numbers of grown colonies. Scale bar, 0.5 cm. n =
5-6. Data are presented as mean + SEM, *P < 0.05, **P < 0.01, TP < 0.001.
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5 Discussion

51 Aim1

Epithelial cells are in intestine constantly subjected to mechanical stresses, arising from
stretch, compression, and shear forces [reviewed in (Beyder, 2018; Gayer and Basson, 2009;
Houtekamer et al., 2022)]. Disruption of the IEB integrity is associated with intestinal epithelial
injury and inflammation. To establish a functional intestinal epithelium capable of
withstanding mechanical stress and protecting the mucosa from luminal pathogens, IECs must
be supported by an intact cytoskeleton and well-formed cell-cell and cell-ECM junctions.
Previous studies have demonstrated that mice deficient in genes associated with the
mechanical resilience of the intestinal epithelium, including KFs and keratin-associated
junctions - HDs (ltga6), Ds (Dsg2) - exhibit increased susceptibility to the development of
intestinal inflammation and CRC (Baribault et al., 1994; De Arcangelis et al., 2017; Gross et al.,
2018; Habtezion et al., 2011; Habtezion et al., 2005). However, the contribution of mechanical
stability to the development of these phenotypes remains understudied. This work describes
the role of plectin, a cytoskeletal crosslinking protein, in the maintenance of mechanical
homeostasis of intestinal epithelium. In epithelial cells, plectin organizes keratin networks and
recruits them further to various cell structures, including cellular junctions. Here, we
inactivated plectin in vivo in mouse IECs and in human IEC lines (Caco-2 and hCC) to address
plectin-dependent molecular mechanisms that determine the mechanical stability of intestinal

epithelium.

Microscopic examination of intestinal specimens from two mouse models — one with
constitutive deletion of plectin in IECs (Ple?t¢) and the other with spatiotemporal TMX-
inducible plectin deletion (Ple?E¢ERT2) - revealed a significant detachment of IECs from the
subjacent ECM. This detachment was associated with compromised selective permeability of
the IEB and spontaneous development of chronic inflammation/colitis. Plectin is essential for
the assembly and maintenance of HDs by linking KFs and Itgp4 (Koster et al., 2001; Rezniczek
et al., 1998). Notably, in areas where epithelial cells had sloughed off, the ltga6 signal was
absent from cells and was present on the CollV-positive ECM sheets. TEM and quantitative
analysis revealed elongated HD plaques and increased intercellular spaces between IECs and
the ECM in PleE¢ mice compared to Ple’/fl mice. The impaired HD formation in Ple’ € |ECs

correlated with decreased expression levels of Itga6 and ItgP4, as well as reduced content of
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AEC mucosa. These findings indicate a

ItgB4 in the keratin-enriched insoluble fraction of Ple
compromised arrangement of HDs and their perturbed connection to KF network in the

epithelium of Ple?’ ¢ mice.

Plectin has the ability to self-assemble and form dimeric structures through its coiled-
coil rod domain. In respect to plectin’s role in HD assembly, previous investigations suggested
that plectin may stabilize HDs through two different mechanisms. First, in concert with BPAG2,
plectin facilitates the horizontal “lateral-association” - formation of plectin dimers enables
oligomerization of Itga6B4. This lateral association strengthens the clustering of Itgs,
enhancing their capacity to anchor cells to the ECM. Second, plectin recruits KF vertically to
ItgB4, thereby forming a robust linkage between the intracellular cytoskeleton and the cell
membrane. This vertical integration with cytoskeleton ensures that mechanical forces are
effectively transmitted across the cell, contributing to cellular resilience and stability (Walko et
al., 2015). We hypothesized that plectin inactivation, which disrupts the KF-ItgB4 linkage, will
compromise the functionality of HDs type Il, where plectin is the only crosslinking protein
present (Fontao et al., 1999; Litjens et al., 2006). This hypothesis was tested through a series
of biomechanical experiments and in vivo analyses. Subjecting WT and KO cells to various
forms of mechanical stress revealed a decreased mechanical stability of KO cells. Uniaxial
stretch and radial shear assays showed that KO cells exhibited increased detachment and
higher mortality rates compared to WT cells. The discrepancy between in vivo observations in
Ple® ¢ mice, which did not show significant differences in apoptosis, and the higher frequency
of dead cells in cultured KO cells subjected to mechanical stress may be attributed to the non-
physiological experimental conditions. Furthermore, optical tweezer rheology confirmed
weaker adhesion of ECM-coated beads to KO cells. These findings, both in vivo and in vitro,
support the essential role of plectin in the maintenance of the functional integrity of HDs type
Il. The disruption of HDs in plectin-deficient intestinal epithelium can serve as a predisposition
to intestinal inflammation and CA-CRC (Beaulieu, 2018; De Arcangelis et al.,, 2018; De
Arcangelis et al., 2017).

Previous study has shown that plectin-deficient endothelial cells display significant
distortions of AJs and TJs, resulting in a breached barrier function and increased vascular
permeability (Osmanagic-Myers et al., 2015). Our own results have revealed similar effects in

cholangiocytes, where plectin deficiency favors the Ds disruption (Jirouskova et al., 2018).
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Under mechanical stress from bile stasis, plectin-deficient cholangiocytes failed to upregulate
the desmosomal protein Dsp, a known plectin binding partner (Eger et al., 1997). This resulted
in mechanical instability of the biliary epithelium. Notably, case reports have documented
patients with plectin mutations in the liver experiencing progressive familial intrahepatic
cholestasis and liver failure (Thebaut et al.,, 2024; Wu et al., 2019). Furthermore, plectin
deficiency in simple epithelial sheets resulted in aberrant KF architecture and increased
actomyosin contractility, promoting enhanced cytoskeletal tension and distortion of Ds. When
subjected to cyclic stretch, plectin-deficient epithelial monolayers failed to withstand external
mechanical stress, resulting in reduced cellular cohesion and increased epithelial fragility
(Prechova et al., 2022). In line with these findings, we observed not only inefficient formations
of HDs but also defects in AJs, TJs, and Ds in the IECs of Ple?’E¢ mice, which experience sustained
mechanical stress. These data are supported by quantitative TEM analysis of intestine from
Ple®¢ mice, which revealed enlarged intercellular spaces between neighboring Ple?'t¢ IECs.
Further, expression analysis showed downregulation of several junctional members (ZO-1, E-
cad, Dsg2, and Dsp1/2) both at mRNA and protein levels. The observed epithelial damage,
characterized by detached IEC populations in vitro, suggests that the “leaky gut” phenotype
(higher barrier permeability and bacteria translocation) in Ple?’t¢ mice is primarily caused by
HD instability. Additionally, the disruption of the KF network architecture and the
destabilization of Ds due to plectin deficiency critically undermine the mechanical resilience
and intercellular cohesion of the Ple?t¢ intestinal epithelium, contributing to its mechanical

vulnerability.

Our data underscores the importance of plectin-mediated crosstalk between KFs, HDs,
and Ds. The inactivation of plectin leads to impaired mechanical resilience of epithelium,
predisposing plectin-deficient intestine to colitis. Beyond serving as a physical barrier, the
intestinal epithelium is also reinforced by cells of the immune system. Histological examination
of intestinal specimens from mice at early developmental stages and adulthood showed
comparable mucosal damage, irrespective of maturity of the immune system. Additionally,

AEC mice compared to non-

DSS-induced inflammation was more prominent in treated Ple
treated Ple?’t¢ mice. Congruently with the results from the mouse model, clinical data from
patients with UC showed a negative correlation between plectin expression and disease

severity. Based on these findings, we concluded that perturbed intestinal barrier function upon
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reduced expression of plectin, leading to a disorganized KF cytoskeleton and unstable HDs and
Ds, contributes to the pathogenesis of IBD in humans. Generally, cells employ multiple
mechanisms to protect against pathogenic infection and inflammation. This protection is
provided by the mechanical integrity of the epithelium. On the other hand, the organization
of KFs [(Habtezion et al., 2011; Habtezion et al., 2005); reviewed in (Geisler and Leube, 2016)],
cell-ECM (De Arcangelis et al., 2017) and cell-cell adhesions (Gross et al., 2018; Hu et al., 2021;
Pastorelli et al., 2013; Peterson and Artis, 2014; Weber et al., 2010) also provide non-
mechanical protection. This entails for instance microflora-dependent resistance to apoptosis
or modulation of the immune response by regulating cytokine production or facilitating
antigen passage from the lumen to underlying intestinal immune system. It is conceivable that
plectin influences other processes, such as coordination of reciprocal interactions between the
microbiome, IECs, and the immune system, thereby contributing to the regulation of tissue

homeostasis. However, additional studies are required to address these functions.

IFs are hard-wired with F-actin into complex cytoskeletal network via cytoskeletal linker
proteins like plectin. Multiple studies have shown that cytoskeleton both physically and
functionally interconnects HDs and FAs (Myllymaki et al., 2019; Pora et al., 2019; Wang et al.,
2020). Consequently, the anchorage of IF-associated HDs contributes to the modulation of
cellular traction forces produced by the actomyosin. The loss of HDs in keratinocytes has been
demonstrated to promote the assembly of FAs, cell spreading, and the generation of traction
forces (Wang et al., 2020). In addition, disruption of HDs stimulates cell migration by affecting
FA dynamics in prostate epithelial cells (Schmidt et al., 2022) and promotes tumorigenesis in
prostate cancer cells (Wenta et al., 2022). Mice with IECs-specific loss of Itga6 developed
invasive colorectal adenocarcinoma (De Arcangelis et al., 2017). Since we found that plectinin
IECs affects keratin cytoarchitecture and HD stability, we hypothesized that plectin promotes
the transformation of IECs. Loss of plectin could disrupt KF network, leading to altered cell
adhesion dynamics and increased cellular motility. The disruption of HDs and the subsequent
increase in FA formation and traction force generation could enhance the migratory and
invasive capabilities of epithelial cells, contributing to tumor dissemination. Furthermore, the
increased cellular traction forces and altered mechanotransduction pathways could promote

oncogenic signaling, further driving the transformation process.
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We found that Ple?t¢ intestinal crypts exhibit expanded zones of proliferating cells and
larger GC populations. Similar hyperproliferation and a preference for differentiation toward
secretory cell lineages have been documented in mice with IECs-specific deletion of Itga6 (De
Arcangelis et al., 2017) and K8 (Lahdeniemi et al., 2017; Toivola et al., 2004). These
observations further strengthen the importance of the keratin-plectin-ltg linkage in
maintaining functional intestinal homeostasis by regulating the appropriate balance between
cell proliferation and differentiation. Possible mechanism involves the effects of K8 and K18 on
Notch1 signaling, where decreased K8/18 levels reduce the expression of Notch1 target genes,
thereby directing the cell fate toward the secretory lineage (Lahdeniemi et al., 2017).
Intriguingly, activation of Notch1 signaling is regulated by intercellular tensional forces sensed
by mechanosensitive receptors on the plasma membrane. Consequently, Notch1 signaling can
dictate cell fate in response to changes in cytoskeletal tension (Hunter et al., 2019; Luca et al.,

2017).

The crosstalk between ItgB4 and plectin mediates mechanotransduction by inhibiting
the RhoA-ROCK-MLC and FAK-PI3K pathways. Inhibition of these signaling pathways reduces
cellular tension, which in turn prevents nuclear accumulation and dephosphorylation of the
mechanosensitive transcription factor YAP (Wang et al., 2020). Alterations in YAP/TAZ signaling
in the intestine, resulting from ItgB4 depletion or changes in ECM stiffness, affect the
proliferation of stem and progenitor cells, favoring differentiation towards the secretory
lineage, particularly to GCs (He et al., 2023; Imajo et al., 2015). Moreover, YAP/TAZ plays a role
in tissue regeneration and cell reprogramming following intestinal injury (Yui et al., 2018).
Considering that plectin affects the cytoarchitecture of KF-HD networks, we can hypothesize
that plectin depletion may determine intestinal cytoskeletal tension and regulate the cell fate
of IECs by modulating mechanotransduction. This mechanism may be particularly relevant in
the context of chronic inflammation, where tissue regeneration is continually required and

may lead to cell reprogramming.

Plectin also binds nesprin-3 through its ABD at the N-terminus (Ketema et al., 2013;
Ketema et al., 2007). A reduction in plectin-nesprin-3 binding can significantly affect signaling
to the nuclear periphery, leading to changes in nuclear positioning and deformation. These

changes can further affect chromatin modifications and gene expression (Almeida et al., 2015;
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Staszewska et al., 2015). This highlights the critical role of the plectin-nesprin-3 interaction in

maintaining nuclear structure and regulating genomic activity.

Ple*E¢ mice exhibited an increased epithelial injury by postnatal day 21, coinciding with
the transition from breast milk to solid chow. This timing suggests that the elevated mechanical
stress imposed by increased muscle contractions and digestion contributes to the
development of an inflammatory phenotype in plectin-deficient tissue, where cells are
mechanically unstable and fail to withstand mechanical load. Consistently, patients diagnosed
with epidermolysis bullosa suffer from skin fragility characterized by epidermal blistering,
erosions, and injured mucosa in response to relatively low levels of mechanical stress. Despite
extensive research on the genetics and pathomechanics of epidermolysis bullosa disorders,
the primary therapies focus on symptom relief and prevention of dermal injury (Has and
Fischer, 2019; Uitto et al., 2018). Thus, we investigated whether a similar therapeutic approach
could ameliorate intestinal epithelial injury in Ple?¢ mice. Indeed, treatment with a low-
residue liquid diet significantly improved epithelial damage in Ple?¢ mice. However,
inconsistent effects were observed in the SI, where the liquid diet exacerbated detachment of
Ple® ¢ |ECS in the villi. Further studies are required to understand whether varying plectin
expression levels across the gastrointestinal tract lead to regional differences in clinical

manifestation in patients.

Previous studies have demonstrated that broad-spectrum ATB treatment alleviates
intestinal pathology, including epithelial damage and colitis, in K8- and Itga6-deficient mice
(De Arcangelis et al., 2017; Habtezion et al., 2011). Similarly, ATB treatment in Ple*’t¢ mice
resulted in an attenuation of inflammatory phenotype and epithelial damage. These findings
suggest that intestinal microflora contributes to the exacerbation of colitis and epithelial injury
in Ple? ¢ mice. In this study, we highlighted the importance of mechanical stability in
maintaining epithelial homeostasis, emphasizing that intestinal microflora plays a role in
epithelial injury. Thus, we propose that combining a low-residue liquid diet and ATB treatment
could potentially serve as a therapeutic strategy for patients with tissue fragility disorders.
However, before clinical application, it is essential to determine (i) whether this treatment
modality would be suitable for long-term treatment and (ii) how this strategy would efficiently

address broader systemic symptoms.
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The intricate interplay within the gut-liver axis is of significant importance. Defects
along this axis, such as those resulting from impaired gut barrier function and dysbiosis of the
gut microbiota, can have significant consequences for liver function. In Ple?t¢ mice, the
breakdown of the IEB allows the passage of microbial components and metabolites into the
liver, where they can trigger inflammatory cascades and contribute to hepatic pathologies,
including cancer. This scenario highlights the systemic impact of intestinal dysfunction and
emphasizes the connection between different organs within the body (Ohtani and Kawada,

2019; Pabst et al., 2023).

5.2 Aim2

IBD patients are at increased risk for CA-CRC, which accounts for 1-2% of colorectal
cancers and 15% of IBD deaths annually [(Eaden et al., 2001; Eluri et al., 2017; Fornaro et al.,
2016; Selinger et al., 2014); reviewed in (Long et al., 2017; Lu et al., 2022)]. Compared to
sporadic CRC, CA-CRC patients are diagnosed at a younger age, resulting in poorer survival,
with the severity and duration of inflammation being a significant risk factor [reviewed in
(Flores et al., 2017)]. The genetic alterations in CA-CRC are different from those in sporadic
CRC. While both show high genomic instability in critical driver genes, such as APC, P53, MYC,
KRAS, PIK3CA, SMAD4, and ARID1 (Rajamaki et al., 2021; Robles et al., 2016; Yaeger et al.,
2016), CA-CRC shows mutations occurring more frequently and earlier, even in non-dysplastic
lesions, contributing to a higher risk of developing tumors (Du et al., 2017; Wanders et al.,
2020). Although driver genes contributing to tumorigenesis in CRC are well established, the
molecular mechanisms in CA-CRC, where the inflammatory pathways predispose to the
accumulation of genomic instability and mutagenesis, remain largely unexplored (Wanders et

al., 2020).

Our study shows that genes/proteins crucial for maintaining the mechanical resilience
of the intestinal epithelium, including IFs and IF-associated junctional complexes Ds and HDs,
exhibit downregulation in patients with UC. The altered expression and structural changes of
these proteins disrupt the mechanical stability of IECs, rendering them more susceptible to
mechanical stress-induced DNA damage, and promoting the development of CRC. The
presence of mutations in keratin encoding genes, altered keratin expression, and aberrant
architecture of KFs in patients diagnosed with IBD and CRC/CA-CRC underscored the
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significance of these structural proteins in intestinal health and disease (Evans et al., 2015;
Moll et al., 1992; Owens et al., 2004; Polari et al., 2022; Stenling et al., 2007; Tao et al., 2007;
Yun et al., 2000). Moreover, levels of K8 expression are associated with UC disease progression.
During the acute phase of inflammation, K8 levels are reduced; during remission, expression
levels are restored or even increased. Importantly, this dynamic restoration process is
inefficient in UC patients at high risk of CA-CRC, suggesting that monitoring of KF expression

levels can serve as a read-out for disease progression (Corfe et al., 2015).

As demonstrated in Aim 1, plectin deficiency results in aberrant cytoskeletal architecture
of KFs and impaired cell-cell/cell-ECM junctions. Consequently, these changes result in
reduced mechanical stability of the intestinal epithelium, which gives rise to a colitis-like

inflammatory phenotype in Ple?/t¢

mice. The plectin-dependent anchorage of IFs to Ds and HDs
at the cell periphery (Dsp, Itgs) and the nuclear envelope (nesprin-3), facilitates the formation
of a functional and mechanically robust IFs network that aids in resistance to mechanical forces
and shields the cell nucleus against deformations and DNA damage. Such DNA damage can
induce genomic instability, driving the accumulation of mutations that promote tumorigenesis
(Almeida et al., 2015; Kechagia et al., 2023; Laly et al., 2021; Patteson et al., 2019; Shah et al.,
2021). Our findings demonstrate that Ple?t¢ mice spontaneously develop CRC characterized
by hyperproliferation and increased DNA damage in IECs. Chromosomal instability is evident
in early adenomas, suggesting that chromosomal instability is an early event in tumorigenesis
(Shih et al., 2001). Chromosomal instability often results from chromosomal missegregation
during mitosis, where errors in segregation can lead to the partitioning of entire chromosomes
into micronuclei. The nuclear envelope of micronuclei is inherently fragile, and DNA release
from micronuclei can trigger DNA damage response and inflammatory pathways, ultimately
promoting metastasis (Bakhoum et al., 2018). These findings imply that impaired epithelial
stability and intestinal inflammation in Pl mice, may contribute to DNA damage,

predisposing these mice to CRC/CA-CRC development.

Notably, the highest increase in DSBs is observed in differentiated cells, which are the
most exposed to friction forces from the intestinal lumen, highlighting the important role of

AEC mice show signs of apoptosis prior to

mechanical stress in DNA damage. Interestingly, Ple
weaning, where mice experience even minimal mechanical stress exerted on the intestinal

epithelium and early onset of intestinal inflammation. Furthermore, inflammation has been
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shown to be an important risk factor for cancer [reviewed in (Anuja et al., 2017)]. During
inflammation, a variety of mutagenic compounds are generated in the form of cytotoxic
mediators. Reactive oxygen and nitrogen species generated by immune cells directly induce
DNA damage, leading to the formation of cytotoxic and mutagenic DNA lesions and DSBs,
ultimately resulting in genomic instability. In addition, proteins involved in DNA repair can
promote proinflammatory gene transcription, creating a positive feedback loop which, when
combined with inflammation-induced cell proliferation, greatly enhances the risk of exposure-
related mutagenesis [(Kiraly et al., 2015); reviewed in (Friedrich et al., 2019)]. As a result, an
uncontrolled inflammatory response can lead to chronic inflammation and the development
of cancer (Meira et al., 2008). The data from ATB-treated mice implied that the interplay
between mechanical stress and inflammation contributes to DNA damage in Ple?t¢ mice,
where the inflammatory environment in Ple?¢ mice can further aggravate DNA damage and

promote colorectal carcinogenesis.

DNA damage can result from various sources, including exposure to external insults or
internal processes such as replication, cell division, or repair [reviewed in (Cannan and
Pederson, 2016)]. Deficiencies in genes encoding DNA damage repair factors are associated
with increased sensitivity to DNA damage, severe chromosomal abnormalities, and oncogene
activation [reviewed in (Cannan and Pederson, 2016; Mills et al., 2003; Tiwari and Wilson,
2019)]. Mechanical stress, an extrinsic factor, can induce nuclear deformations, contributing
to DNA damage and genetic instability. Tumor stiffness correlates positively with genomic
instability, and persistent cell migration through micro-constrictions can lead to nuclear
envelope rupture, loss of repair factors (Cho et al., 2019; Irianto et al., 2017; Pfeifer et al.,
2017; Pfeifer et al., 2018; Xia et al., 2019) or influx of exonucleases from the endoplasmic
reticulum (Nader et al.,, 2021). Mechanical stress-induced DNA damage may occur even
without nuclear envelope rupture, often linked to replication stress. During replication, DNA
undergoes structural changes which allow synthesis of new DNA at places called replication
forks. Mechanical stress induced by cell migration through micro-constrictions or cell
compression leads to nuclear deformation, causing torsional stress and replication fork
stalling. When mechanical insult persists, replication forks collapse and form DNA damage,
resulting in replication stress (Shah et al., 2021). Lesions from DNA replication stress can be

transmitted into the mitotic phase, resulting in chromosomal missegregation (Ichijima et al.,
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2010). Interestingly, skeletal muscle tissues from mice and humans with muscular dystrophy
and subsequent sarcoma development show significant DNA damage associated with somatic
aneuploidy. DNA damage is detectable before the onset of macroscopic muscle degeneration,
inflammatory responses, and cancer development. These findings suggest that the early
accumulation of DNA damage in tissues exposed to mechanical stress may act as a precursor
to later stages of disease progression, including inflammation and tumorigenesis (Schmidt et
al.,, 2011). As we do not observe differences in DNA damage repair or nuclear envelope
ruptures during mechanical stress, we speculate that DNA damage in plectin-deficient
intestinal epithelium results, at least in part, from the mechanical stress-induced nuclear

deformation and consecutive replication stress.

Epithelial sheets utilize specific mechanisms to protect the genome from damage when
subjected to prolonged uniaxial cyclic stretch. For instance, cells can reduce heterochromatin
occupancy at the nuclear periphery, thereby alleviating nuclear membrane tension. Epithelial
cells also exhibit AJ-mediated supracellular alignment of epithelial sheets and engage in strain
avoidance by reorganizing F-actin and nuclei perpendicularly to the direction of cyclic stretch,
thus minimizing nuclear strain (Nava et al., 2020; Obbink-Huizer et al., 2014). Interestingly,
plectin-deficient monolayers exposed to cyclic stretch display a significant delay in F-actin and
nuclear realighment, along with reorientation of cell mass, which correlates with compromised
nuclear envelope integrity. To investigate acute changes in nuclear adaptation, examining
heterochromatin status in plectin-deficient cells is essential. It is hypothesized that ineffective
supracellular adaptation prolongs the exposure of nuclei to mechanical stress, leading to
nuclear deformation and increased DNA damage. Experiments to test this hypothesis are

ongoing.

In Ple®EC crypts, we have observed an elevation in DSBs in highly proliferative TA cells.
Plectin-mediated recruitment of IFs to the F-actin cell cortex, controls the cortical tension,
providing mitotic cells with mechanical support. Depletion of plectin and vimentin reduces
mitotic cortex tension, with vimentin deficiency leading to inefficient mitotic rounding and
chromosomal missegregation under cell confinement (Serres et al., 2020). During interphase,
cells activate checkpoints to facilitate DNA repair. However, once cells enter mitosis, these DNA
damage checkpoints are absent, preventing the arrest of cell division for DNA repair. Thus, the

DNA damage occuring during mitosis is likely to remain unrepaired, thereby promoting
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chromosomal instability and increasing the risk of genetic aberrations during cell division.
[reviewed in (Blackford and Stucki, 2020)]. Our findings suggest that compromised IF networks
in plectin-deficient cells contribute to increased deformability and DNA damage during
mitosis, resulting in chromosomal aberrations and accumulation of micronuclei under cell

confinement.

Mechanical stress elicits a rigidity-dependent response from cells, triggering various
mechanisms to cope with the tension. Recent studies have highlighted several pathways
through which cells react to mechanical tension: (i) activation of mechanoresponsive signaling
pathways such as ERK, PI3K/Akt, or ROCK; (ii) opening mechanosensitive ion channels Piezo
1/Piezo2; (iii) stretching nuclear pore complexes and translocation of mechanoresponsive
transcription factors such as YAP into the nucleus. Through these pathways, mechanical stress
can induce the expression of genes associated with cell cycle progression and cell survival
(Andreu et al., 2022; Aureille et al., 2019; Benham-Pyle et al., 2015; Dupont et al., 2011,
Elosegui-Artola et al., 2017; Gudipaty et al., 2017; Murthy et al., 2017; Tijore et al., 2021).
Furthermore, studies mimicking tumor growth by applying mechanical pressure have
demonstrated hyperproliferation and enlargement of colonic crypts in mice (Fernandez-
Sanchez et al., 2015). These findings are consistent with our results, where stretching increases

proliferation in plectin-deficient monolayers.

Of note, YAP/TAZ act as crucial coactivators enhancing the expression of core genes
specific for CRC, thereby activated in many cancer cells (Della Chiara et al., 2021). Therefore,
it is of interest to investigate the molecular mechanisms underlying mechanically-induced
proliferation in plectin-deficient monolayers. By exploring these mechanisms, we can gain
valuable insights into how plectin deficiency influences the activation of signaling pathways

involved in CRC development.

In Ple?’E¢ mice, we observed a higher degree of epithelial injury with increasing age
(12-, 25-, and 50-week-old), while inflammation reached its peak at 12-week-old mice. This
suggests that inflammation and mechanical instability are primary risk factors, exacerbating
the carcinogenic process. Our data demonstrate that mechanical stress-induced proliferation
and chromosomal instability have oncogenic potential. Previous studies have highlighted that
the early onset of CRC correlates with the level and extent of chromosomal instability

(Hoevenaar et al.,, 2020). Our observations that colonies grown from stretched plectin-
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deficient monolayers do not expand in size suggest that some other stimulus is required for
colony growth. Such stimulus can be either persistent mechanical stress or an inflammatory
environment. Even though the effect of oxidative stress caused by inflammation cannot be
excluded, our data show that mechanical stress significantly contributes to the proliferation
and chromosomal instability in the plectin-deficient intestine, thereby conferring oncogenic

potential.

AIEC

Epithelial damage and tumor lesions in Ple®’*“ mice were found mainly in distal colon or

rectal prolapse regions. In addition, the transition to a solid diet and increased muscle

peristalsis in Ple?/E¢

mice significantly exacerbated injury in the distal colon. Interestingly, in a
mouse model of inducible chromosomal instability, CRC tumors arose exclusively in the distal
colon and exhibited increased rates of aneuploidy and karyotypic heterogeneity (Hoevenaar
et al., 2020). This propensity for tumor lesions in the distal part of the colon may be due to
increased mechanical stress along the intestinal tissue. Under normal circumstances, when
DNA damage occurs, cells typically activate mechanisms to repair the damage or induce
programmed cell death to prevent the propagation of genetic abnormalities. However, our
data indicate that mechanically-induced DNA damage, enhanced cellular proliferation, and
concurrent inflammation create an environment promoting genomic instability. These factors
not only exacerbate DNA damage but also promote oncogenic cell signaling pathways that

further drive cellular proliferation and genomic instability. Consequently, the convergence of

these factors ultimately paves the way for the development of CRC in Ple?’¢ mice.
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6 Conclusions

6.1 Aim 1. Does plectin contribute to intestinal barrier homeostasis and colitis?

We assessed plectin expression in colon samples from UC patients and from healthy
controls. We observed an inverse correlation between plectin expression and inflammation
levels in UC patients. To elucidate the role of plectin in the intestinal barrier maintenance, we
generated two novel mouse models with constitutive (Ple?t¢) or inducible (Ple®tERT2) |EC-
specific plectin ablation. Our study demonstrates that Ple?¢ mice exhibit reduced body
weight, chronic diarrhea, hyperproliferation, and increased intestinal paracellular
permeability. Histological examinations revealed significant detachment of plectin-deficient
IECs from the BM accompanied by extensive inflammation. Microbiome analyses excluded
inflammation-associated dysbiosis, as the gut microbiota composition remained similar
between Ple2E€ and Plef mice. In a DSS-induced acute colitis model, Ple2’E¢ mice experienced
more severe body weight loss, a higher disease activity index, crypt damage, ulcerations and
reduced survival rates. IHC and TEM analyses showed profound alterations in KF organization
and intercellular junctions in plectin-deficient IECs. Additionally, plectin deficiency led to a
diminished association of KFs with a6B4 integrin clusters and destabilization of B4-positive
HDs. Analyses of cultured IEC cell lines confirmed that plectin-deficient cells exhibited
decreased adhesion strength and greater vulnerability to dynamic mechanical stress. Taken
together, our findings highlight that plectin is critical for the formation of functional HDs and

thus maintains the integrity of the IEB.
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6.2 Aim 2. What is the role of plectin in mechanical stress-driven DNA damage and
colorectal carcinogenesis?

Our research demonstrates that Ple?’t¢ mice spontaneously develop CRC. Furthermore,
experimental induction of sporadic or CA-CRC revealed that Ple?t¢ mice exhibit increased
susceptibility to and accelerated tumor development compared to Ple//f mice. This increased
tumorigenic potential was documented by faster tumor growth and higher tumor incidence in
the Ple?’t¢ mice. Spontaneous intestinal carcinogenesis in these mice is also associated with a
higher frequency of p-gH2AX-positive foci, indicative of DSBs in DNA. Notably, the highest
incidence of DSBs occurs in differentiated cells, which are exposed to frictional forces exerted
by the luminal content. Additionally, elimination of intestinal microflora by ATB treatment
revealed that inflammation also contributes to DNA damage in Ple?t¢ mice. This indicates that
while mechanical stress is a primary driver of DNA damage in these cells, inflammatory

processes also play a role in exacerbating this damage.

In cultured immortalized intestinal cells, deletion or inactivation of plectin results in the
aberrant organization of IFs, which leads to higher nuclear deformability and increased DNA
damage. This increased DNA damage results in accumulation of chromosomal aberrations
within the plectin-deficient monolayers. The chromosomal instability results from the
inefficient adaptive response of cells to mechanical stress, which is evidenced by delayed
realignment of F-actin and the nucleus, along with altered reorientation of cell mass.
Furthermore, our findings indicate that mechanically-induced DNA damage enhances the
tumorigenic potential of plectin-deficient monolayers. When these cells experience
mechanical stress, the resulting DNA damage promotes their transformation into cancer cells,

thereby increasing their potential to form tumors.

Taken together, we demonstrate the importance of plectin for the mechanical integrity
of IECs, which helps to protect against DNA damage and subsequent colorectal carcinogenesis

in highly mechanically challenged tissue.
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