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SUMMARY |V

| SUMMARY

Tumour growth and metastasis are complex processes in cancer development, significantly
influenced by the tumour stroma across all cancer types. Among the several components of
the tumour microenvironment, cancer-associated fibroblasts (CAF) play a crucial role by
secreting extracellular matrix proteins, cytokines, and proteases. Multipotent mesenchymal
stromal cells (MSC) are considered precursors of CAF, residing in a perivascular niche, and
have been shown to promote the growth of colorectal cancer (CRC). Tumour-cell-derived
factors, like cytokines e.g. transforming growth factor 1 (TGF-B1), have been hypothesised
to induce the myofibroblastic differentiation of precursor cells like MSC into CAF. This
differentiation process is associated with significant actin remodelling and increased
expression of marker genes. In this thesis, | demonstrate that primary human bone
marrow-derived MSC from different donors differentiate into CAF when stimulated with TGF-
B1 or tumour-conditioned medium (TCM) within 48 h. The TCM was conditioned by HCT8
colorectal cancer cells. Both recombinant TGF-f1 and TCM increased the expression of
myofibroblastic marker genes, including alpha-smooth muscle actin (a-SMA), Calponin 1, and
collagen 1A1 (COL1A1), at both mRNA and protein levels. The effect of TCM on MSC was
shown to involve Alk5 receptor kinase activity, as evidenced by SMAD2 (Mothers against
decapentaplegic homolog 2) western blot analysis using Repsox, an ALK5 (Activin A receptor
type ll-like protein kinase) inhibitor. Most importantly, the myocardin-related transcription factor
A (MRTF-A) was identified as a key regulator of myofibroblastic MSC to CAF differentiation in
vitro. MRTF-A activation during differentiation was confirmed by fluorescence microscopy
translocation assays and luciferase reporter assays, both of which showed comparable
activation upon stimulation with TGF-B1 and TCM. The luciferase reporter construct was
designed as part of the thesis. Further MRTF-A knockdown experiments using siRNA and
shRNA revealed that MRTF-A is essential for TGF-31 and TCM-induced expression of a-SMA
and Calponin 1, but not COL1A1. Additionally, in vivo experiments showed that MRTF-A
knockdown reduced xenograft growth of CRC. The results suggest a critical role for MRTF-A
in the functional differentiation of MSC to CAF and their subsequent support of CRC tumour
growth in vivo. However, MRTF-A knockdown did not completely abolish xenograft growth,
indicating that other mechanisms beyond MRTF-A may also contribute to MSC to CAF
differentiation and tumour growth. Future studies should focus on investigating additional
signalling pathways, particularly those regulating COL1A1, to fully understand the role of MSC

in early tumour support.
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ZUSAMMENFASSUNG

Tumorwachstum und Metastasierung sind komplexe Prozesse der Karzinogenese, die
malgeblich vom Tumorstroma beeinflusst werden. Unter den vielfaltigen Komponenten des
Tumormikromilieus spielen vor allem Krebs-assoziierte Fibroblasten (CAF) eine grof3e Rolle,
da sie extrazelluldare Matrixproteine, Zytokine und Proteasen sekretieren. Multipotente
mesenchymale Stromazellen (MSC) gelten als Vorlaufer von CAF. Sie Gberdauern in einer
perivaskularen Nische und férdern nachweislich das Wachstum von kolorektalen
Karzinomzellen (CRC). Tumor sekretierte Zytokine, wie beispielsweise transforming growth
factor 31 (TGF-B1), wurden als mogliche Induktoren der myofibroblastaren Differenzierung von
Vorlauferzellen wie MSC zu CAF beschrieben. Dieser Prozess ist mit signifikanten
Umbauprozessen des Aktinzytoskeletts und einer erhdhten Expression von Markern
verbunden. Die vorliegende Dissertation zeigt, dass sich MSC bei der Stimulation mit TGF-31
oder HCT8 tumorkonditioniertem Medium (TCM) innerhalb von 48 h in CAF differenzieren.
Sowohl rekombinantes TGF-B1 als auch TCM erhéhten die Markerexpression auf mMRNA- und
Proteinebene, darunter alpha-smooth muscle actin (a SMA), Calponin 1 und Kollagen 1A1
(COL1A1). Die TCM-Wirkung auf MSC ist mit der Aktivitdt der Alk5-Rezeptorkinase
verbunden, wie durch eine SMAD2-Western-Blot-Analyse unter Verwendung von Repsox,
einem ALK5-Inhibitor (Activin A receptor type ll-like protein kinase), nachgewiesen wurde.
Besonders hervorzuheben ist, dass MRTF-A (myocardin-related transcription factor A) als
Schllsselregulator der Differenzierung von MSC zu CAF in vitro identifiziert wurde. Die
Aktivierung von MRTF-A wurde durch Fluoreszenzmikroskopie und Luciferase-Reporter-
Analysen bestatigt. Nach Stimulation mit TGF-1 oder TCM zeigten beide Experimente eine
vergleichbare Aktivierung von MRTF-A. Die Erstellung des Luciferase-Reporterkonstrukts war
Teil dieser Dissertation. Weiterflihrende MRTF-A-Knockdown-Experimente mit si- und shRNA
zeigten, dass MRTF-A essenziell fur die TGF-B1- und TCM-induzierte Expression von a-SMA
und Calponin 1 ist, COL1A1 davon jedoch unbeeinflusst bleibt. In-vivo-Experimente
demonstrierten, dass der MRTF-A-Knockdown das Xenograft-Wachstum von CRC reduzierte.
Damit konnte diese Arbeit eine entscheidende Rolle von MRTF-A bei der funktionellen
Differenzierung von MSC zu CAF und deren Unterstiitzung des CRC-Tumorwachstums in vivo
belegen. Allerdings wurde durch den MRTF-A Knockdown das Xenograft-Wachstum nicht
ganzlich aufgehoben. Dies deutet darauf hin, dass neben MRTF-A auch andere Mechanismen
zur Differenzierung von MSC zu CAF und zum Tumorwachstum beitragen kdnnten. Zukiinftige
Studien sollten sich demnach auf die Untersuchung zusatzlicher Signalwege konzentrieren,
insbesondere die COL1A1 regulierenden, um die Rolle von MSC bei der frihen

Tumorentwicklung vollstandig zu verstehen.
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1 INTRODUCTION

“To eventually win the war on cancer, and meanwhile to win more battles against particular
forms of cancer, we need to better understand the enemy.”

Douglas Hanahan, Presentation at Technion Integrated Cancer Centre, Israel, 2016
1.1 Cancer and carcinogenesis

1.1.1 General characteristics

Cancer is a disease where normal cells begin to divide abnormally without any control and can
invade nearby tissues in any organ. In 2018 9.6 million people worldwide

are estimated to have died from cancer, whereby colorectal, lung and liver cancer are most
common among men and women (WHO 2021).

The transformation from normal to malignant cells can be triggered by outside noxa e.g.
pollutant burden, radiation, inappropriate diet and physical activity or even by genetic
predisposition. Those factors lead to genetic mutations that occasionally cause growth
advantages compared to normal cells. Taking advantage of mutations, tumour development
follows a process, formally analogous to Darwinian rules (Foulds 1954, Nowell 1976). Hanahan
and Weinberg became famous describing the hallmarks of cancer as “rules that govern the
transformation of normal human cells into malignant cancer” (Hanahan and Weinberg 2000).
The six common traits shared by all types of cancer are (1) self-sufficiency in growth signals,
(2) insensitivity to anti-growth signals, (3) tissue invasion and metastasis, (4) limitless

replicative potential, (5) sustained angiogenesis (6) evading apoptosis (see Figure 1).

Evading
apoptosis

Sustained : Tissue invasion
angiogenesis & metastasis

Figure 1: The hallmarks of cancer
The illustration shows the six hallmarks of cancer.
Modified according to (Hanahan and Weinberg 2000).
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1.1.2 The tumour microenvironment — cell types, cytokines and micro-RNA
Over the years cancer research changed massively from focussing on cancer cells themselves
to including surrounding tissue, considering the cancerous condition as a bigger entity. David
W. Smithers, a British pioneer in cancer radiotherapy, already outlined in 1962 that “Cancer is
a disease of organisation, not a disease of cells [...]. The main task of this science is to analyse
the reactions between one cell or tissue and another and of both to the outside world, and to
learn to foresee their repercussions as far as possible, even though some of them may well be
unforseeable.” (Smithers 1962). Consequently, Hanahan and Weinberg decided in 2011 to
extend the hallmarks of cancer by the tumour microenvironment (TME) (Hanahan and
Weinberg 2011). The tumour is like a “rogue organ” consisting of malignant cells and other
cells recruited to its periphery (Balkwill et al. 2012). The interaction of cancer cells and non-
malignant host tissue cells creates the TME. The communication of cancer and surrounding
cells implements secreted factors like cytokines and other regulatory factors like micro-RNA
(Taylor et al. 2011, Pan et al. 2020b). An overview of typical cells found in TME is shown in
Figure 2.

Malignant celis C

S~ Lymphatc endoth .
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Figure 2: The tumour microenvironment at a glance

The figure shows the key cell types found in the tumour microenvironment including malignant cells,

pericytes, endothelial cells, carcinoma-associated fibroblasts (CAF), dendritic cells, mesenchymal stem

cells, red blood cells, extracellular matrix, adipocytes, cells of the immune system (macrophages,

T lymphocytes, B lymphocytes), lymphatic cells (NK- and NKT-cells, lymphatic endothelial cells)
Modified according to (Balkwill et al. 2012)
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It involves, next to the malignant cells, a framework of extracellular matrix (ECM) and all non-
malignant cellular and non-cellular components e.g., fat cells, lymphatic cells, blood cells,
endothelial cells, stromal cells, and immune cells (Pienta et al. 2008, Beltrao et al. 2010, Mareel
and Constantino 2011, Ziogas et al. 2011, Valkenburg et al. 2018). In short, tumours are more
like a separate ecosystem where the cancer cells interact and communicate with host cells
(Camacho and Pienta 2012). As different as the components of the TME are as multifaceted
their impact is on the TME. Accordingly, the following sections will focus on ECM, Cytokines,

immune cells, and microRNA.

1.1.2.1 The extracellular matrix (ECM)

The diverse cell types within the TME are embedded in the ECM. A bidirectional
communication between the ECM macromolecules and the cells determines tumour
progression and metastasis (Brassart-Pasco et al. 2020). One main cell type, the CAF,
secretes the majority of ECM. It is composed of collagens, polysaccharides, proteoglycans,
and glycoproteins (Santi et al. 2018, Socovich and Naba 2019). During cancer progression the
tumour cells aim to cross the ECM, for example, to invade nearby tissue. By secreting several
proteolytic enzymes like MMPs (Matrix metalloproteinases) the cancer cells can break down
and modify the ECM barrier to pierce through it. This process is part of the tumourigenic ECM
remodelling and results in the release of soluble active ECM fragments, called matrikines
(Winkler et al. 2020). They act either pro- or anti-tumourigenic in several cancer models
[reviewed in (Brassart-Pasco et al. 2020)] and can be used to measure tumour invasiveness
and activity, thereby they are proposed as biomarkers (Kehlet et al. 2016). Furthermore, the
ECM binds soluble factors like cytokines [interleukin 6 (IL-6), transforming growth factor-§
(TGF-B) etc.] and growth factors [e.g. epidermal growth factor (EGF)]. During ECM
degradation, these factors are released and receptors on the cell surface interact with them,
regulating processes like apoptosis, differentiation, migration or proliferation (Hastings et al.
2019).

1.1.2.2 Cytokines — Focus TGF-1

Cytokines per se are signal molecule proteins that affect nearly every biological process:
specific and non-specific responses to infections and antigens, embryonic development,
ageing, disease pathogenesis and cancer. Furthermore, cytokines are included in vaccine
efficacy, allograft rejection and stem cell differentiation (Dranoff 2004, Dinarello 2007). There
is no standardised classification system for cytokines. Therefore, cytokines are sorted by
functional activity, primary cell origin (lymphokine, monokine etc.), and numeric order of
discovery (interleukins). The TGF-B superfamily consists of pleiotropic proteins, including the
TGF-subfamily, the bone morphogenetic proteins (BMPs), the glial cell line-derived
neurotrophic factor (GDNF) family, and the activin/inhibin family (Kubiczkova et al. 2012).
Further statements will focus on the TGF-B-subfamily, consisting of TGF-p1, TGF-f2, and
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TGF-B3, whereby all of them share highly conserved regions. TGF-B1 is the most abundant
member of the TGF-B-subfamily in mammalian tissue. Independent of the isoform, the
signalling pathway works by the same receptor (Cheifetz et al. 1987, Mittl et al. 1996).

Newly synthesised TGF-B is secreted as a latent and biologically inactive form, which cannot
bind its receptor (Khalil 1999a). This form is inactive since the mature TGF-B peptide is bound
to the latency-associated peptide (LAP), forming the small latent complex (SLC) (Gentry and
Nash 1990). Additionally, there is the large latent complex (LLC), composed of the latent
TGF-pB binding protein (LTBP) bound to the SLC via disulfide bonds (Hayashi and Sakai 2012).
After secretion, the LTBP is crucial for ECM anchoring, as its C-terminal and N-terminal regions
bind to the ECM components fibrillin or fibronectin, respectively. Most cell types secrete the
LLC, whereas the SLC is secreted in exceptional, but its secretion is described as ineffective
cases (Miyazono et al. 1991, Olofsson et al. 1992, Dallas et al. 1994). By tissue injury or
tumourigenic ECM remodelling active TGF-8 is released by several mechanisms mediated via
integrins, thrombospondin, proteases, and reactive oxygen species (Barcellos-Hoff and Dix
1996, Crawford et al. 1998, Yu and Stamenkovic 2000, Yang et al. 2007). In detail, the TGF-8
precursor undergoes several processing steps before it can bind to its receptor. Most crucial,
after the LLC was divided into SLC and LTBP the SLC is digested by the endopeptidase furin
into (LAP) and the mature TGF-3 peptide (Dubois et al. 1995).

In general, TGF-B cytokines are a group of versatile and powerful cytokines with
anti-inflammatory, immune-suppressing, tumour-suppressing and tumour-promoting effects
and well-documented roles in adhesion, differentiation, proliferation, and invasion (Santibanez
et al. 2011, Taylor et al. 2011). TGF-B1 is one of the most abundant and important cytokines
within the TME along with interleukins and tumour necrosis factor alpha. Especially, TGF-f31
plays a special role in tumour progression. Normally, TGF-31 has an anti-cancerous effect
preventing uncontrolled proliferation in hematopoietic, endothelial, and epithelial cells. During
tumourigenesis, defects in TGF-B1 signalling develop and cause cell resistance to its cytostatic
activity. TGF-B1 converts from a tumour suppressor to a supporter of growth, metastasis and
invasion. This is called the TGF paradox (Tian and Schiemann 2009). For example, in a low
dose, TGF-B1 supports tumour growth by activating angiogenic factors like VGEF (vascular
endothelial growth factor). In contrast, higher TGF-B1 levels impair angiogenesis, since the
growth of endothelial cells is inhibited in the tumour niche (Sakurai and Kudo 2011, Roy et al.
2015). Additionally, TGF-B1 is proposed to influence immune cells in the TME by affecting

inflammatory response via T-cells.

1.1.2.3 Immune cells
In general, immune cells in the TME can be divided into two categories: Tumour-suppressing

and tumour-supporting immune cells. Tumour-suppressing immune cells include natural



INTRODUCTION |5

killer (NK) cells, M1-macrophages, effector T cells (e.g. CD8" cytotoxic and CD4* effector T
cells), dendritic cells and N1-neutrophiles (Lei et al. 2020).

NK cells are guided to the cancer tissue by dendritic cell-secreted chemokines (Habif et al.
2019). Their tumour-killing response is mainly performed by the release of cytolytic proteins
and proteases inducing the target cell apoptosis (Voskoboinik et al. 2006). In addition, NK cells
are described to secrete chemokines and cytokines with pro-inflammatory properties like
tumour necrosis factor (TNF), IL-6 and many others (Guillerey et al. 2016).

Macrophages belong to the white blood cells of the immune system and digest and engulf
every type of foreign cells and substances that do not belong to a healthy body like microbes,
cell debris and cancer cells (Mills et al. 2000, Wynn et al. 2013). They originate from circulating
monocytes or embryonic precursors that create self-sustaining peripheral areas surviving the
host lifetime (Ginhoux et al. 2016, Perdiguero and Geissmann 2016). Macrophages are
typically sectioned in M1-polarized (proinflammatory) and M2-polarized (anti-inflammatory,
pro-tumourigenic, tumour-associated macrophages [TAM]). M1-polarized macrophages, also
known as classically activated macrophages, produce cytokines and reactive oxygen or
nitrogen species pivotal for killing tumour cells and host defence. Thus, M1 macrophages are
classified as ‘good’ macrophages (Aras and Zaidi 2017).

Effector T cells, especially cytotoxic CD8" and CD4* cells represent essential groups of
T-lymphocytes within tumour suppression. CD8* T cells, formerly known as killer cells, interact
with major histocompatibility complex class | molecules (MHC I). As soon as MHC | present
viral or cancerous antigens, CD8" cells interact with them via its T cell receptor and get
activated to annihilate the harmful foreign cells (Maimela et al. 2018). Additionally, there are
costimulatory signals by dendritic cells that trigger the maturation of CD8" cells, whereby they
mainly act as professional antigen-presenting cells. Moreover, the help signals from CD4* cells
were described to be essential for CD8" activation. CD4" cells either interact directly with CD8*
cells to promote proliferation, empower dendritic cells by cross-presenting antigens or embark
on producing cytokines (e.g. IL-2) and costimulatory molecules (Bennett et al. 1997, Ahrends
and Borst 2018).

As specified above, dendritic cells act as professional antigen-presenting cells related to
T-cell activation. Furthermore, they interact with NK cells and B cells [details in (Batista and
Harwood 2009, Guillerey et al. 2016). Once mature, active dendritic cells infiltrate tumours,
they enhance the recruitment and activation of immune effector cells. On the other hand,
tumour cells can suppress dendritic cell function. An exemplary colorectal tumour explant
tissue set-up revealed that dendritic cells pre-treated with tumour-conditioned medium (TCM)
exhibited maturation inhibition. This effect is mediated by high levels of cytokines like Vascular
Endothelial Growth Factor (VEGF) and other angiogenic cytokines like CXCL1 and CXCL5
(Michielsen et al. 2011)
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N1-polarized neutrophils are found to invade several tumour types. Classically, neutrophils
defend the human body from infections mainly by phagocytosis and secretion of chemokines
and cytokines to induce the inflammatory response (Kolaczkowska and Kubes 2013).
Neutrophils are described as potent anti-tumour effector cells that can destroy malignant cells
which can also recruit other cells with anti-tumourigenic activity by cytokine and chemokine
secretion (Uribe-Querol and Rosales 2015). Nevertheless, evidence is accumulating for the
existence of tumour-associated neutrophils (TAN) which support tumour progression. In
greater detail, similar to the macrophage phenotypes, neutrophils are divided into N1- and N2-
polarized neutrophils, whereby the latter seem to represent TAN (Coffelt et al. 2016).
Tumour-supporting immune cells will be described in the next paragraphs, whereby the
focus is set on regulatory T cells (Tregs) and myeloid-derived suppressor cells (MDSCs).
Tregs are a specialized subgroup of T cells, which are essential for immune tolerance.
Normally they deactivate CD4* and CD8* T cells after a viral or microbial infection has been
overcome. But in a cancerous context, this ability of Tregs leads to impaired immune reaction
towards the tumour. In detail, Tregs inhibit dendritic cells, NK cells and effector T-cells in
targeting tumour cells (van der Veeken et al. 2016). Five main mechanisms of Tregs affect the
immune response to tumour cells: (1) Secretion of inhibitory cytokines like TGF-$ and IL-10,
(2) Termination of effector T cells, NK cells and others by granzymes and perforin, (3) Affection
of effector cell function by interference with their metabolism, (4) Regulatory impact on dendritic
cells and (5) Crosstalk with MDSCs to expand the suppressive environment for other immune
cells [reviewed in (Li et al. 2020)].

MDSCs can be subdivided into polymorphonuclear (PMN-MDSCs) and monocytic MDSCs (M-
MDSCs), whereby PMN-MDSCs share morphologic characteristics with N2 neutrophils and M-
MDSCs with M2 Macrophages (Veglia et al. 2018). The interaction between the tumour and
MDSC is described to be crucial for tumour progression: cytokines and chemokines within the
TME stimulate MDSC proliferation which themselves trigger angiogenesis via e.g. VEGF
(Talmadge and Gabirilovich 2013). Immunosuppressive cytokines like TGF-B and IL-10
produced by MDSC inhibit T cell function (Gabrilovich et al. 2012). Additionally, MDSCs
promote metastasis, since they induce cancer cells to migrate towards endothelial cells (Zhou
et al. 2018).

1.1.2.4 microRNA

MicroRNA (miR) are small non-coding RNA molecules of 22 nucleotide length which are known
to regulate post-transcriptional gene expression (Pan et al. 2020a). MiR are involved in a
tremendous amount of pathological and physiological processes. The biogenesis and
maturation pathway of miR starts with the primary miR which is transcribed from DNA
(deoxyribonucleic acid) sequences followed by a stepwise procession from precursor to

mature miR (Figure 3, [reviewed in (Winter et al. 2009)]). In most cases, there is a functional
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Figure 3: MiR Processing
In general, the primary miR (pri-miR) is generated by transcription of a miRNA gene or an intron in the
nucleus and is processed into the precursor hairpin (pre-miR). The pre-miR is exported to the cytoplasm
where the hairpin is cleaved and the miR duplex with its mature length remains. The functional strand
of the miR (red) is guided by different proteins to silence its target mRNA by deadenylation, translational
repression or MRNA cleavage. Simultaneously, the passenger strand (black) is degraded.

Modified according to (Winter et al. 2009)

miR leading strand and a passenger strand which is degraded. It depends on the miR if the
5-3' (5p) or the 3’-5 (3p) arm is the biologically active miR species, the leading strand.
Moreover, the co-expression of both miR species in parallel has been reported in colon cancer
cells (Choo et al. 2014). In detail, miR bind the target mRNA within the 3’ untranslated region
(3UTR) causing translational inhibition or mRNA degradation (O'Brien et al. 2018).
Additionally, miR interaction has also been shown with 5 untranslated region (5’'UTR),
promoters and coding sequence (Broughton et al. 2016). Under certain conditions, gene
activation by miR has been proven, too (Vasudevan 2012).

Within the last decades, increasing evidence implies a key role of miR in the function and
biology of cancer cells in almost every part of cancer initiation and progression (lorio and Croce
2012, Chou et al. 2013b). Tumour suppressors and classic oncogenes are predicted targets
of miR. The miR-21 family was one of the first oncogenic miR to be discovered in 2006 with a
high expression level in colon and breast cancer. Overexpression of miR-21 was associated

with higher patient mortality (Volinia et al. 2006). MiR-21 was shown to support tumour growth



INTRODUCTION |8

by targeting an apoptosis-inducing protein (Asangani et al. 2008, Frankel et al. 2008, Becker
Buscaglia and Li 2011). Additionally, miR-21 is involved in TGF-B1-induced CAF formation by
targeting SMAD7 (Mothers against decapentaplegic homolog 7), an inhibitory SMAD protein
(Yao et al. 2011, Li et al. 2013). Since its linkage to cancer progression, CAF formation and
TGF-B1 signalling, miR-21 was one of the chosen miR to be researched in this project.

The second miR of interest is miR-29 family. miR-29 targets proteins linked to fibrosis including
fibrillins, elastin and collagens. Hence, the downregulation of miR-29 is anticipated to enhance
fibrotic processes (van Rooij et al. 2008). Independent research attempts have shown a
connection of miR-29, TGF-B1 and collagens in cardiac fibrosis. In detail, high levels of miR-29
were accompanied by low levels of collagen and TGF-B1. In contrast, high levels of TGF-f31
cause decreased miR-29 levels and increased collagen amounts (Bi et al. 2017). MiR-29 is
considered a promising biomarker to predict e.g., the pathogenesis of cancer, since it is meant
to be related to prognosis and aggressive progression of malignant neoplasms (Jiang et al.
2014, Peng et al. 2019). For instance, the increased amount of miR-29 is described to promote
colorectal cancer (CRC) cell invasion targeting the transcription factor Kruppel-like factor 4
(KLF4) (Tang et al. 2014).

In conclusion, the influence of miRs is implicated in processes within the TME e.g., the
activation of stromal cells to their CAF-like state. Furthermore, miRs are key players in
regulatory mechanisms of the cancer cells by facilitating metastasis and progression and can

be shuttled by exosomes between tumour cells and the TME (Tan et al. 2020).
1.1.3 Key player: The Cancer-associated fibroblast

The most abundant cell type in the TME is the CAF, supporting tumour growth and metastasis
(Orimo et al. 2005, Karnoub et al. 2007). But what is the difference between a ‘normal’
fibroblast and a CAF? Fibroblasts in healthy tissue are described as non-immune non-epithelial
cells having a likely mesenchymal lineage origin and being part of the diverse connective tissue
components (Tarin and Croft 1969). Fibroblasts are quiescent cells present in the interstitial
space or occasionally near a capillary as single cells. They have no association with the
basement membrane even so they are embedded within the interstitial fibrillar ECM (Kalluri
2016). Kalluri divides the activation process of fibroblasts into reversible and irreversible
profiles (Kalluri 2016) whereby the latter is partly affected by epigenetic regulation (Zeisberg
and Zeisberg 2013, Tampe and Zeisberg 2014). The activation of resting fibroblasts to normally
activated fibroblasts (NAF), such as during wound healing is a reversible process. Once the
wound is closed, NAF revert to a resting state or undergo apoptosis (Desmouliere et al. 1995).
Due to their increased alpha-smooth muscle actin (a-SMA) expression activated fibroblasts
are also called myofibroblasts (Micallef et al. 2012). Myofibroblasts exhibit a temporary
increased abundance in wounds but are also present in areas of chronic inflammation. Despite

their beneficial influence on tissue repair, myofibroblasts are problematic in contributing to
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pathological fibrosis in tissues like lung, kidney, and liver (Hanahan and Weinberg 2011). Even
though wound healing is the most noted process activating quiescent fibroblasts, the leading
principles still need to be unravelled.

In contrast, the differentiation of fibroblasts into CAF is described as an irreversible process
partly influenced by epigenetic regulation (Mrazek et al. 2014). CAF are phenotypically as well
as functionally different from normal fibroblasts which are in the same tissue but not in the
tumour environment. The difference between general fibroblasts to CAF is that the latter are
perpetually activated, neither revise to a normal phenotype nor undergo apoptosis and
elimination. CAF share characteristics with activated fibroblasts in wounds as they appear as
spindled cells expressing a-SMA in the TME (Li et al. 2007). In this accordance already Dvorak
proposed tumours to be “wound[s] that never heal” (Dvorak 1986).

CAF are shown to be associated with a bunch of pro-tumourigenic mechanisms like supporting
initiation, proliferation/progression of cancer cells as well as angiogenesis and metastasis of
the tumour (Figure 3) as further described in detail.

Tumour growth is subjected to cancer cells with rogue proliferation beyond control (Tao et al.
2017). Increasing evidence has revealed that CAF are initiating tumour growth by
supplementing tumourigenic activation signals (Bhowmick et al. 2004, Gonda et al. 2010). CAF
produce paracrine and/or autocrine cytokines for example monocyte chemotactic protein 1,
interleukin 1, vascular endothelial growth factor and TGF-B1 (De Boeck et al. 2013).

The increased proliferation and progression of cancer cells are also highly connected to the
CAF secretome since they contribute diverse growth factors, hormones and cytokines.
Classical mitogens such as epidermal growth factor (EGF) and hepatocyte growth factor
(HGF), as well as cytokines like stromal cell-derived factor 1 (SDF-1) and interleukin 6 (IL-6),
are all considerably expressed by CAF (Cirri and Chiarugi 2011). Furthermore, ECM
remodelling by CAF was described to contribute to cancer proliferation by expressing members
of the matrix metalloproteinase (MMP) family (Knauper et al. 1997, Vong and Kalluri 2011).
Besides, reconstitution experiments, whereby CAF and tumour cells are injected as mixed
xenografts, demonstrate that in the presence of CAF, tumour progression is enhanced (Orimo
et al. 2005, Mishra et al. 2008, Widder et al. 2016)

Tumour growth and progression depend on an adequate supply of nutrients and oxygen as
well as the removal of waste products (Nishida et al. 2006). For that, angiogenesis (new growth
of vasculature) is crucial. CAF are described to support angiogenesis by enhanced promotor
activity of the Vascular Endothelial Growth Factor (VEGF) in spontaneous mammary tumours
(Fukumura et al. 1998). Also increased SDF-1 production in CAF causes enhanced
recruitment of endothelial progenitor cells promoting angiogenesis in MCF-7-ras human breast

carcinoma xenograft tumours (Orimo et al. 2005).
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Aside from the processes already mentioned, CAF support metastasis of primary tumours.
Secreting HGF and TGF-B1 epithelial-to-mesenchymal transition (EMT) is promoted, a
process directly connected to metastasis (Bhowmick et al. 2004). During EMT cells acquire
mesenchymal properties and loose cell-cell contact (Hay 1995). While metastatic cancer cells
physically enter the blood vessels whereby proteolytic degradation by stromal cell-derived
proteases like MMP or plasminogen activator is needed (Joyce and Pollard 2009). Tommelein
et. al demonstrate that CAF incubated with CRC cell supernatants expressed an increased
amount of various MMPs and urokinase-type plasminogen activators adopting a proteolytic
phenotype (Tommelein et al. 2015). As a result of the associated ECM degradation cell-cell
contacts and adhesion to the ECM are disrupted facilitating cancer cell migration to blood

vessels and other tissues (Pietras and Ostman 2010)

1.1.4 Origins of CAF
The sources of CAF are versatile and continuously researched. They develop from different
mesodermal cell types (De Wever et al. 2014), are locally present at the place of tumour growth
(Arina et al. 2016) or invade from the bone marrow (Quante et al. 2011). Based on different
theories of where CAF come from, they were roughly classified depending on their line of origin
(Cirri and Chiarugi 2011):

1) resident cells
2) mutational

3) mesenchymal stromal cell (MSC)-derived.

According to the first theory, CAF originate from resident stromal cells including adipocytes,
pericytes, smooth muscle cells, inflammatory cells and resting fibroblasts by activation through
tumour-secreted factors like TGF-f (Cirri and Chiarugi 2011). It was shown that a-SMA (typical
CAF marker) production is induced associated with the activation process (Ra@nnov-Jessen
and Petersen 1993). This first model of CAF origin was confirmed in vivo demonstrating that
human mammary fibroblasts convert to CAF in the course of tumour progression in a breast
cancer xenograft model. This effect is mediated by TGF- § and SDF-1 causing autocrine
activating signalling loops (Kojima et al. 2010). Moreover, SDF-1 was reported as a key factor
in resident fibroblast activation in human adenocarcinoma (Toullec et al. 2010).

The second proposed CAF origin are normal epithelial cells that transdifferentiate by EMT
achieving mesenchymal characteristics by becoming fibroblasts (Petersen et al. 2001, Kalluri
and Neilson 2003, Kalluri and Zeisberg 2006b, Radisky et al. 2007). EMT was demonstrated
to respond to stimuli from the TME in fibrosis (Zeisberg et al. 2003, Zeisberg and Kalluri 2004).
In kidney fibrosis, 30 % of activated fibroblasts were shown to originate from tubular epithelial
cells by EMT (lwano et al. 2002). Therefore, EMT of resident epithelial cells could contribute

to the pool of CAF in cancer.
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Furthermore, a connection between genetic alteration and EMT of epithelial cells to CAF was
established. In detail, MMP-driven oxidative stress caused DNA oxidation and mutations in
epithelial cells causing a specialized EMT into activated myofibroblasts (Radisky et al. 2005).
Also, genetic studies reported somatic mutations in p53 and PTEN [Phosphatase and Tensin
homolog (mainly carried out in breast cancers)] together with copy number alterations in the
tumour stroma (Moinfar et al. 2000, Kurose et al. 2002, Tuhkanen et al. 2004). Taken together
these studies foster the idea that the tumour promoting CAF activity may be mainly based on
somatic mutations in key tumour suppressor genes.

Besides normal epithelial cells, CAF are hypothesised to directly emerge from cancer cells by
EMT (Kalluri and Zeisberg 2006a, Radisky et al. 2007). Thereby cancer cells become more
migrative and invasive adopting a mesenchymal phenotype. Analyses in mammary carcinoma
confirmed this hypothesis. An X-chromosome-inactivation pattern was found in fibroblasts as
well as in cancer cells, suggesting a shared origin of both cell types (Petersen et al. 2003). In
contrast, other studies have expounded that genetic alterations were only detected in cancer
epithelial cells and not in CAF with the result that a mutual origin of CAF and cancer cells
remains doubtful (Allinen et al. 2004)

Addressing the third and most relevant source of CAF for the current thesis, several studies
suggest that CAF are derived from infiltrating or resident MSC (Melzer et al. 2018). It was
shown that bone marrow-derived MSC can engraft into injured tissues like lung or kidney to
contribute to the myofibroblast population in these organs (Direkze et al. 2003). Further studies
indicate that the bone marrow can contribute to the tumour microenvironment (Direkze et al.
2004, Ishii et al. 2005). Since MSC reside as pericytes in many tissues throughout life (Crisan
et al. 2008) they are suggested to play an initial role in cell-to-cell contacts with circulating
tumour cells providing a pre-metastatic niche. MSC actively migrate towards tumours (Khakoo
et al. 2006) and tumour-integrated MSC with myofibroblast characteristics are demonstrated

to enhance tumour growth in CRC xenografts (Shinagawa et al. 2010, Widder et al. 2016).

1.2 Mesenchymal stromal cells: Characteristics and potential role in

tumour biology

1.2.1 General characteristics of mesenchymal stromal cells

In the 1970s Friedenstein et al. first described non-hematopoietic mesenchymal precursor cells
isolated from human bone marrow. The cells were cultivated in vitro using plastic cell culture
flasks in a humified atmosphere. Small colonies of spindle-shaped cells, described as CFU-F
(colony-forming unit fibroblasts), appeared within the first days of cultivation (Friedenstein et
al. 1970, Friedenstein et al. 1976). Further studies revealed a multipotent character of the cells
identified by Friedenstein, differentiating into multiple mesodermal cell lineages e.g.

osteoblasts, chondrocytes and adipocytes (Prockop 1997). Thereby the term ‘mesenchymal
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stem cells’ was introduced (Caplan 1991). Resident cells with mesenchymal stem cell
characteristics have been also isolated from other sources than bone marrow: salivary glands
(Rotter et al. 2008), umbilical cord blood (Lee et al. 2004a), the human gut (Lanzoni et al. 2009)
and adipose tissue (Kern et al. 2006). MSC isolated from bone marrow have been used for the
current thesis. The amount of MSC in the bone marrow among all nucleated cells accounts
notably below 1 % (Pittenger et al. 1999). However, mesenchymal stem cells derived from
bone marrow and other sources are not functionally identical. Consequently, studies using
bone marrow-derived mesenchymal stem cells may not be replicated with cells isolated from
other sources (Lee et al. 2004b, Wagner et al. 2005).

However, the term ‘mesenchymal stem cells’ is controversially discussed in the literature, since
convincing data supporting the ‘stemness’ of unfractionated plastic-adherent cells from bone
marrow are lacking (Horwitz and Keating 2000). For this reason, using the label ‘mesenchymal
stromal cells’ was recommended (Horwitz et al. 2005). To minimise confusion among
researchers and due to the lack of one unique marker for MSC, Dominici and colleagues

defined the following consensus criteria for MSC (Dominici et al. 2006):

- adherence to plastic

- specific surface antigen (Ag) expression: 295 % of the cells must express CD73,
CD90 and CD105 and these cells must lack (<2 %) expression of CD11b or CD14,
CD19 or CD79a, CD34, CD45 and HLA-DR

- multipotent in vitro differentiation potential to osteoblasts, adipocytes, chondroblasts

(demonstrated by staining of in vitro cell culture)

In the bone marrow, MSC are described to take part in the establishment of the haematopoietic
niche (Muguruma et al. 2006). Furthermore, MSC seem to be involved in the maintenance of
the haematopoietic homeostasis by influencing the proliferation and differentiation of
haematopoietic stem cells (Valtieri and Sorrentino 2008). Another beneficial role of MSC has
been found in wound healing and tissue regeneration. Thereby murine MSC, tagged with the
green fluorescent protein (GFP), have been injected intravenously in wounded mice, resulting
in the detection of GFP-positive cells around the wounded sites. MSC reside throughout life as
pericytes in many tissues (Crisan et al. 2008). In this regard, it has been shown that these cells
detach from local capillaries and migrate to the site of injury supporting wound healing by
secreting soluble factors and differentiating into myofibroblasts [reviewed by (Wong et al.
2015)].

Furthermore, MSC are described as ‘hypoimmunogenic’ escaping alloreactive cells showing
immunomodulatory and immunosuppressing properties (Rasmusson 2006). The
immunomodulatory competence of MSC is determined by the concentration and types of

inflammatory mediators in the MSC microenvironment. Besides, there are distinctly various
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responses to MSC treatment dependent on the state of inflammation indicating
immunomodulatory plasticity of MSC (Wang et al. 2014). For instance, there is a major role of
MSC immunomodulatory ability in the graft-versus-host disease (GvHD), a cytotoxic reaction
that can occur as a result of allogeneic bone marrow or stem cell transplantation, whereby
mainly T-lymphocytes from the donor react against the recipient organism (Jacobsohn and
Vogelsang 2007). It has been reported that in GvHD severely progressing inflammation can
be treated by MSC, but infusing MSC on the same day as the bone marrow transfusion is less
effective (Sudres et al. 2006, Ren et al. 2008). This demonstrates that MSC do not
constitutively exhibit their immunosuppressive function it’s rather activated by inflammation
(Wang et al. 2014). Next to their application in GvHD, MSC are implicated in a wide variety of
clinical trials and experimental settings for numerous diseases according to the US National
Institute of Health, including skeletal muscle (most targeted), haematological malignancies,
autoimmune diseases, kidney disease, diabetes, cardiovascular conditions, neurological
diseases and bones and cartilage defects (Jo et al. 2014, Squillaro et al. 2016, Moreira et al.
2017, Ayala-Cuellar et al. 2019, Bochon et al. 2019, Pittenger et al. 2019). At Clinical Trials.gov
there is a detailed overview of about 270 clinical trials with MSC, for example, their implications
in Type-1 diabetes, heart failure and of course COVID-19 (National Library of Medicine 2021,
April 4th).

1.2.2 MSC as part of the tumour stroma

Next to all the beneficial roles of MSC in wound healing and curing diseases, there exists a
contrasting perspective. MSC own tumour-homing characteristics. In detail, MSC were found
to actively migrate to wounded structures (Fox et al. 2007, Ponte et al. 2007). They are capable
of homing to sites of inflammation, including several kinds of tissue e.g. injured skin (Cihova
et al. 2011). Concerning the hypothesis of Dvorak, about the likeness between tumours and
“wounds that do not heal”, it immediately suggests itself that there is an important role of MSC
in tumour biology (Dvorak 1986). Indeed, it was found that MSC actively migrate towards
tumour sites. Thereby MSC are attracted by chemokines, growth factors and great numbers
of further signals (Spaeth et al. 2008). It was shown by experimental tumour research, that
MSC have both suppressive and promotive effects on tumour cells. Those bidirectional effects
could be shown for breast cancer, lung cancer, melanoma, bladder cancer, gastric cancer,
colorectal cancer and much more [reviewed in (Wang et al. 2020)].

But how do MSC affect tumour growth? At first, it depends on the source of MSC. For example,
studies on glioblastoma have shown that umbilical cord blood-derived MSC inhibit cancer
proliferation whereas adipose tissue-derived MSC promoted cancer growth (Akimoto et al.
2013). Also, several studies have shown promotive effects of bone marrow-derived MSC on
breast cancer (Karnoub et al. 2007, Mishra et al. 2008, Shangguan et al. 2012a, Lacerda et al.

2015) whereby Sun and colleagues have shown suppressive effects of umbilical cord blood-
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and adipose tissue-derived MSC on the same tumour entity (Sun et al. 2009). Those findings
are potentially based on findings that MSC isolated from different sources (bone marrow,
adipose tissue, umbilical cord blood) show significant differences in their transcriptome and
functionality (Lee et al. 2004b, Wagner et al. 2005).

Secondly, MSC play an essential special role in the TME. As described in 1.1.2, the TME itself
holds a key role in tumour growth consisting of several cell types. Thereby CAF are supposed
to play an essential role in tumour growth, invasion and metastasis (Galie et al. 2005, Powell
et al. 2005). CAF secrete several extracellular matrix proteins and signalling molecules
generating a beneficial surrounding for cancer cells to grow and develop. Boriello and
colleagues demonstrated CAF sharing protumourigenic activity with MSC, supporting the
hypothesis of CAF originating from MSC (Borriello et al. 2017). This process was proven by
several independent research groups. In detail, MSC differentiate into CAF induced by several
tumour-secreted factors thereby contributing to the tumour stroma (Jeon et al. 2008, Bagley et
al. 2009, Quante et al. 2011). The MSC to CAF differentiation is described as myofibroblastic
differentiation characterised by elevated amounts of marker proteins like a-smooth muscle
actin (a-SMA), Calponin 1 (CNN1) and collagen 1 A1 (COL1A1) (Mishra et al. 2008, Martinez-
Outschoorn et al. 2010, Cirri and Chiarugi 2011). Whether MSC are already present in the
tissue as a part of the premetastatic niche (Psaila and Lyden 2009) or migrate towards the
tumour site (Khakoo et al. 2006) is not fully understood.

Since colorectal cancer cells were used in several experimental settings in the current thesis,
the following paragraph sums up the ambivalent effects of MSC on colorectal cancer. On the
one hand it was shown that human bone marrow-derived MSC reduced colorectal cancer
progression and initiation resulting in a decreased tumour size in an immunocompetent rat
model. The MSC affected CRC by polarizing resident immune cells resulting in attenuated
tumour development (Francois et al. 2019). In contrast, human bone marrow-derived stem
cells were shown to support CRC in mice as well. In greater detail, MSC led to increased
proliferation and metastasis (Zhu et al. 2006). Additively, Mele and colleagues demonstrated
that epithelial-mesenchymal transition in CRC cells is induced in MSC coculture triggered by
TGF-B1 resulting in increased tumour size and invasiveness in vitro (Mele et al. 2014).

Most importantly, cooperating local researchers (Lutz Mdiller, Jana Lutzkendorf, Miriam
Widder) demonstrated human bone marrow-derived MSC promoting CRC tumour growth in a

B1-integrin-dependent manner in mice (Widder et al. 2016).
1.2.3 Myofibroblastic differentiation

Myofibroblasts are defined as an intermediate cell type between normal fibroblasts and
smooth-muscle cells (SMC). They can develop from e.g. fibroblasts, MSC or several other cell
types and are described as contractile, ECM-depositing cells with ruffled membranes

expressing typical marker proteins like a-SMA (Gabbiani 1992, Baum and Duffy 2011).
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Myofibroblasts were first detected in granulation tissue; formed in the initial phase of wound
healing containing fibroblasts and several numbers of inflammatory cells. The differentiation of
fibroblasts, MSC or several other cell types into myofibroblasts starts with the transformation
of quiescent cells into activated, migratory and proliferative proto-myofibroblasts, but those
cells are mainly devoid of contractile proteins like a-SMA (Tomasek et al. 2002, Hinz 2007).
This process is mainly triggered by mechanical stress (stiffened ECM), pro-fibrotic cytokines
or inflammatory signals. In the further course of differentiation proto-myofibroblasts transform
into myofibroblasts by growing ECM stiffness and activated cytokine signalling e.g. TGF-1,
resulting in a a-SMA positive, highly ECM depositing cell type which is known as myofibroblast
(Otranto et al. 2012). In the case of MSC, the myofibroblastic differentiation into CAF can be
simply detected under the microscope. Since MSC typically exhibit a small and triangular
shape, myofibroblastic differentiation leads to cell flattening (Haasters et al. 2009, Barcellos-
de-Souza et al. 2016). On the molecular level, Crider and colleagues demonstrated in 2011
that the a-SMA gene expression is regulated by the activity of the serum response factor (SRF)
and its co-factor myocardin-related transcription factor A (MRTF-A) binding a special promotor
region named CArG box (Crider et al. 2011). Besides a-SMA other myofibroblastic marker
genes like collagen 1 A1 (COL1A1) and CNN1 are regulated by MRTF-A as well (Descot et al.
2009, Esnault et al. 2014). The MRTF-SRF signalling pathway is crucially connected to actin
treadmilling and thereby to actin cytoskeleton reorganization, inevitable for the myofibroblastic
differentiation (Miralles et al. 2003, Olson and Nordheim 2010).

1.3 The actin-MRTF-SRF-signal pathway

1.3.1 The serum response factor (SRF)

SRF was discovered in 1986 by Richard Treisman and is a ubiquitously expressed 67 kDa
MADS-box (MCM1, Agamous, Deficiens, SRF) transcription factor conserved from fly to
human (Treisman 1986). It is characterized as a nuclear protein that binds to specific promotor
elements, regulating ‘immediate early genes’ like e.g., c-fos or cytoskeletal actin (Treisman
1985, Treisman 1986, Miralles et al. 2003). Furthermore, SRF target genes include
transcription factors, signalling molecules and plenty of cytoskeletal components (Philippar et
al. 2004, Sun et al. 2006). The 57 amino acid MADS-box in SRF mediates protein-protein-
interactions, homodimerization and most importantly DNA binding at its target genes (Shore
and Sharrocks 1995). The SRF binding site on c-fos was described as serum response
element (SRE) which is a conserved 23 bp DNA sequence with a special consensus sequence
of 10 base pairs CC(A/T)eGG called CArG-box nowadays (Treisman 1986, Boxer et al. 1989,
Taylor et al. 1989). SRF was found to coordinate entirely different sets of gene expression
associated with cellular growth, migration and differentiation in a tremendous diversity of

tissues and cell types (Philippar et al. 2004, Selvaraj and Prywes 2004, Posern and Treisman
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2006, Miano et al. 2007). The vast complexity of regulated genes and processes led to the
assumption that cooperating transcriptional factors specify spatial and temporal gene
expression. A huge number of studies has been made to identify and specify two major families
of transcriptional co-activators for SRF: ternary complex factors (TCF) and myocardin-related
transcription factors (MRTF) [review by (Gualdrini et al. 2016)]. Since the present thesis is

focussing on the MRTFs, TCFs are skipped and MRTFs are discussed below.
1.3.2 Myocardin and Myocardin-Related Transcription Factors

In mammals, there are three myocardin family members: Myocardin (MYOCD), MRTF-A and
MRTF-B [reviewed in (Pipes et al. 2006)]. Structurally, the myocardin family members share
several functional domains: At the N-terminus MRTFs comprise up to 3 RPEL motives (core
sequence RPxxxEL; Pfam accession number: PF02755) mediating G-acting binding, whereby
responsiveness to cytoskeletal signalling is provided (Miralles et al. 2003, Mouilleron et al.
2008). C-terminally from the RPEL motives, there is a basic box (B-box/B1) and a glutamine-
rich Q-domain (Q), necessary for nuclear translocation and SRF interaction (Wang et al. 2001,
Wang et al. 2002, Miralles et al. 2003, Posern and Treisman 2006). Furthermore, the
myocardin family harbours an SAP domain, named after SAF-A/B, Acinus and PIAS
proteins, adjacent to the B1 and Q areas. The function of SAP domains is not finally resolved
yet. In general, SAP domains are described to be involved in DNA binding and -repair, RNA
processing and chromosomal dynamics (Aravind and Koonin 2000). It is known that
SAP-domain deletion leads to abrogation of the ability of MYOCD to activate the cardiac-
specific ANF gene in vitro (Wang et al. 2001). For MRTF-A things are even more complicated,
since its target genes can be either be transcribed SRF-dependent + SAP-independent, SRF-
dependent + SAP-dependent or SRF-independent + SAP-dependent (Gurbuz et al. 2014). The
leucine zipper (LZ) followed on the SAP domain is described to mediate homodimerization and
to be required for the efficient activation of smooth muscle genes (Wang et al. 2003). The
transcriptional activation domain (TAD) at the C-terminus mediates transcriptional activity.
Overall MYOCD, MRTF-A and MRTF-B share 35 % amino acid identity, whereby the identity
is 60 % within the important functional domains (B1, Q, SAP). Beyond those regions, further
amino acid consensuses are found in the TAD ()region. Additionally, the amino acid identity
between MRTF-A and -B is 42 %. Nevertheless, MYOCD and MRTF-A/-B display important
differences.

MYOCD was discovered in 2001 by Wang and colleagues using a bioinformatics-based screen
to discover unknown cardiac-specific genes (Wang et al. 2001). Initially, MYOCD was thought
to be mainly found in heart and smooth-muscle cells in different isoforms, but its MRNA was
also detected in multipotent stem cells stimulated by TGF-B1 to undergo SMC differentiation
(Yoshida et al. 2003, Yoshida et al. 2004, Kurpinski et al. 2010). Compared to MRTF-A and -B,
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MYOCD has a much weaker affinity for G-actin and is exclusively localized in the nucleus
caused by the sequence aberrations within the RPEL domains (Wang et al. 2001, Miralles et
al. 2003, Kuwahara et al. 2005). Myocardin forms a ternary complex with SRF, in detail binds
it as a dimer and is described as extraordinarily potent transcriptional co-activator of SRF
pushing the expression of cardiac and smooth muscle genes, including alpha-smooth muscle
actin, transgelin, smooth muscle myosin light and heavy chain and many more (Wang et al.
2003, Gurbuz et al. 2014).

B2
RPEL 1-3 B1 Q SAP Lz

856

TAD
-92 Lleu +1 Met
MYOCD-935
(cardiacisoform) u]ll I] . >

MYOCD-856
(smooth muscle isoform)

Figure 4: Schematic structure of MRTF-A, MRTFB and MYOCD isoforms

Functional domains are displayed in coloured stripes. RPEL: RPxxxEL actin-binding motif core

consensus, B1/B2: basic boxes, Q: glutamine-rich domain, SAP: 35-residue motif, homology domain

found in SAF-A/B, acinus and PIAS, LZ: leucine zipper, TAD: transcriptional activation domain.
Modified according to (Posern and Treisman 2006)

Even though several commercial antibodies are available to detect MYOCD, there is evidence
that they do not reliably detect endogenous but exogenous proteins. Thus, MYOCD research
is mainly restricted to RNA (Miano 2015). To circumvent the trouble of unreliable MYOCD
antibodies, in 2018 Lyu and colleagues created a new mouse model by targeting the
endogenous MYOCD locus with two independent epitope tags (3x FLAG or 3x HA). The
molecular weight of MYCOD isoforms is predicted to 97-106 kDa, resulting in the expectation
to detect protein signals at around 100 kDa. Interestingly, Lyu et al. detected a specific 150
kDa band, using the mouse model they created, which was verified as MYOCD by mass
spectrometry, whereby the 100 kDa band revealed no evidence of MYOCD protein (Lyu et al.
2018).

MRTF-A and MRTF-B are expressed in an extensive range of tissues, including epithelial cells
of various organs (Wang et al. 2002) as well as embryonic stem cells (Du et al. 2004). MRTF-A,
also known as megakaryoblastic leukaemia 1 (MKL1), was first described in 2001 by two
independent publications in connection with a genetic defect of children causing acute
megakaryoblastic leukaemia (Ma et al. 2001, Mercher et al. 2001). In 2002 MRTF-A and



INTRODUCTION |18

MRTF-B were found to be effective SRF co-activators (Wang et al. 2002). Comparing MYOCD,
MRTF-A and MRTF-B, the latter is a relatively weak SRF co-activator, even though it contains
a powerful TAD domain like MRTF-A and MYOCD (Wang et al. 2002). In general, the activity
of MRTF-A and MRTF-B is regulated by Rho family GTPases (RhoA, Rac1, CDC42 etc.) and
depends on actin treadmilling (Hill et al. 1995, Sotiropoulos et al. 1999, Gineitis and Treisman
2001, Miralles et al. 2003, Ge et al. 2018). Remarkably, combined RNAIi knockdown (KD) of
MRTF-A and MRTF-B is necessary to efficiently compromise RhoA-dependent SRF-mediated
gene expression, suggesting redundant functions of MRTF-A and MRTF-B (Cen et al. 2003).
Knockout studies in mice demonstrated that MRTF’s and MYOCD are not able to assume
respective functions in total. The MYOCD knockout (KO) resulted in a lack of vascular SMC
causing lethal mouse embryos at E 10.5. As opposed to this cardiac development seemed to
be unaffected. Thereby the authors postulated a functional takeover of MRTF’s in MYOCD
knockout mice possibly lacking in the SMC lineage (Li et al. 2003). MRTF-A KO mice show a
surprising defect in lactation: The myoepithelial cells in the mammary glands of MRTF-A KO
mice fail to differentiate resulting in abolished contractility needed to secrete milk (Li et al. 2006,
Sun et al. 2006). In detail, Seifert and Posern demonstrated the necessity of concise temporal
MRTF expression control in MCF10A mammary acini to ensure normal morphogenesis.
MRTF-A KD (knockdown) led to obviously smaller acini size and impaired lumen formation,
whereby those effects were rescuable by MRTF-A and partially by MRTF-B re-expression. In
contrast, MRTF-A and -B overexpression caused increased acini size without lumen and
affected apicobasal polarity. Additionally, high expression of MRTF-A was associated with
decreased survival in two breast cancer cohorts (Seifert and Posern 2017). MRTF-B KO mice
are not viable. Two independent studies show defective cardiovascular development as well
as affected differentiation of SMC (Li et al. 2005, Oh et al. 2005). Furthermore, MRTF-B -/-
embryonic stem cells show an altered cytoskeleton and reduced cell adhesion based on a
TGF-B2 signal cascade malfunction (Li et al. 2012). Since the focus of the present thesis was
set to MRTF-A, the following paragraphs will omit MRTF-B.

1.3.3 The actin-MRTF-A-SRF signalling pathway

In general, MRTF-SRF-regulated genes include a plethora of cytoskeletal, cell moatility,
transcriptional and cell adhesion components, including a-SMA, Calponin 1 and collagen
(Descot et al. 2009, Esnault et al. 2014). The regulatory pathway activated by MRTF-A is
strongly connected to actin treadmilling as displayed in Figure 5:. Actin was first shown to
regulate the MRTF-A activity in 2003 (Miralles et al. 2003). MRTF-A is sequestered in the
cytoplasm in resting cells and unstimulated fibroblasts (Olson and Nordheim 2010, Gualdrini
et al. 2016). Confined to the cytoplasm, MRTF-A it is bound to G-Actin via its N-terminal RPEL

motives. In this MRTF-A/G-actin complex, the nuclear translocation signal for the importin o/
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Extracellular stimuli (e.g. serum, cytokines, mechanical stress)

@b éTPé.JeD
F-actin
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—pp- target genes

Figure 5: General regulatory pathway of SRF target gene expression through actin-MRTF
interaction.
Altered actin dynamics, aroused by Rho GTPase signalling induced by extracellular stimuli, are
regulating MRTF-A activity. MRTF-A is prevented from nuclear translocation being bound to G-actin.
MRTF-A:G-actin dissociation appears in result to forced F-actin formation, associated with extracellular
stimuli or differentiation processes.

Modified according to (Olson and Nordheim 2010)

transport receptor is blocked, preventing MRTF-A from nuclear translocation (Pawlowski et al.
2010). By extracellular stimuli (serum, cytokines, mechanical stress) the activation of
RhoGTPases is triggered, leading to the activation of several cytoskeletal regulators increasing
F-actin polymerisation (Sotiropoulos et al. 1999, Copeland and Treisman 2002, Gau and Roy
2018). The enhanced F-actin assembly leads to decreased G-actin amounts in the cytoplasm.
Thereby MRTF-A/G-actin complexes dissociate and MRTF-A is capable of translocating into
the nucleus. Once in the nucleus, MRTF-A binds to SRF as a homo — or heterodimer to
stimulate MRTF-SRF-dependent gene expression, including a-SMA, Calponin 1 and collagen
(Descot et al. 2009, Esnault et al. 2014). The regulatory capabilities of actin on MRTF-A within
the nucleus are also employable on nuclear MRTF-A. As G-actin prevents cytoplasmic
MRTF-A from nuclear import it also unleashes nuclear export and prevents SRF activation
(Vartiainen et al. 2007)
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Alongside the classical regulatory pathway, it was also shown that there are cell lines with
predominant nuclear expression of MRTF-A. In breast cancer epithelial cells and primary
neurons MRTF-A was shown to be constitutively located in the nucleus, prompting the
presence of unknown additional regulatory pathways (Kalita et al. 2006, Medjkane et al. 2009).
As mentioned above, extracellular stimuli can be versatile: from serum to mechanical stress
through to cytokines. For example, MRTF-A is a key regulator of TGF-B1-induced fibroblast to
myofibroblast differentiation (Crider et al. 2011).

As recently shown, MRTF-A was found to be regulated by miRs. A novel mechanism was
described whereby endogenous MRTF-A protein abundance and activity were inhibited by
several miRs in C2C12 myoblasts during myogenic differentiation (Holstein et al. 2020).
Moreover, MRTF-A is capable of regulating the expression of miR-21. The promotor of miR-
21 contains a highly conserved CArG box where SRF in conjunction with MRTF-A binds to

regulate its expression.
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1.4 Aim of the thesis

Colorectal cancer (CRC) is a severe disease that represents approximately 10 % of cancer-
related mortality in western countries (Kuipers et al. 2015). Hence, it is necessary to
understand the molecular mechanisms of tumour initiation and progression of CRC in detail.
Tumour growth and metastasis are heavily influenced by the surrounding tumour
microenvironment, especially by the tumour stroma including cancer-associated fibroblasts
(CAF). Even though multipotent mesenchymal stromal cells (MSC) are mainly known to
possess beneficial traits within the human body they are also known precursors of CAF. On
the one hand, MSC are attributed to hold protective and regenerative potential since their well-
known trilineage differentiation ability to osteoblasts, chondrocytes and adipocytes (Prockop
1997, Dominici et al. 2006). As opposed to this, upon tumour interaction or cytokine stimulation
by TGF-B1, it was shown that MSC undergo myofibroblastic differentiation into CAF-like cells
(Mishra et al. 2008), connected to distinct morphological changes which are most likely
connected to cytoskeletal changes and reorganisation. Myocardin-related transcription
factor A (MRTF-A) is a key transcriptional regulator of smooth muscle cell differentiation,
targeting specific genes like a-smooth muscle actin, Calponin-1 and collagen 1A1 (Miralles et
al. 2003, Descot et al. 2009, Esnault et al. 2014). Moreover, MRTF-A, CAF differentiation and
TGF-B1 signalling are connected to microRNA (miR).

This thesis intends to examine the regulation of MRTF-A during the myofibroblastic MSC to
CAF differentiation. Additionally, the role of MRTF-A on the tumour-propagating function of
MSC in CRC was assessed. Therefore, this thesis aims to investigate the following topics in
detail:

1) Primary MSC, isolated from the iliac crest of human donors, should be analysed if they
own the ability to differentiate into CAF upon stimulation by tumour-conditioned medium
from HCTS8 colorectal cancer cells or recombinant TGF-1 cells in vitro.

2) The role of MRTF-A during MSC to CAF differentiation was investigated through
transient siRNA transfection and stable shRNA knockdown via lentiviral transduction.

3) The expression of miR-21 and miR-29 in MSC upon TGF-1 stimulation and the effects
of their overexpression and knockdown was investigated.

4) The role of MRTF-A should be resolved for MSC-mediated support of CRC tumour

formation via HCT8 xenograft experiments in nude mice in vivo.
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2 MATERIALS AND METHODS

2.1 Materials

2.1.1 Equipment

Table 1: List of technical supplies

UTILIZATION DESCRIPTION MANUFACTURER
Agarose gel . Workshop of MPI of

. H tal Elph
equipment onzontal Eipho Biochemistry (Martinsried)
Agarose gel. Gel Stick Intas Science Imaging
documentation

Kern ABS

Balances Kern 752 Kern & Sohn GmbH

BD Accuri Flow
Cytometer

Flow Cytometer

BD Biosciences

Cell counter

Neubauer Improved
Casy Cell Counter

Marienfeld GmbH & Co. KG
OMN!I Life Science

Cell culture incubator | HERAcell 150i Thermo Scientific
CeII. culture safety HERAsafe Thermo Scientific
cabinet

Allegra X-15R Beckmann Coulter

Centrifuge 5417C Eppendorf
Centrifuges Centrifuge 5417R Eppendorf

Sprout Mini-Centrifuge Biozym

Perfect Spin 24R PEQLAB

Duomax 1030 (orbital shaker) | Heidolph

Mixing Block MB-102 BIOER
Incubation RMS5 (Roller mixer) CAT

Thermomixer comfort Eppendorf

WB 120 K (37°C incubator) Mytron

New Brunswick Scientific 126 | Eppendorf

Clariostar BMG Labtech
Microplate readers GloMax 96 Microplate Promega

Luminometer w/Dual Injectors

Axio Observer7 Zeiss Jena

Microscopes

Evos Core AMG

Thermo Fischer

Evos fl AMG Thermo Fischer
Lab Dancer IKA

Mixing Magnetic Stirrer R 1000 Carl Roth gmbH
MR Hei-Standard Heidolph
Vortex Genius 3 IKA

Page equipment Mini-PROTEAN Tetra System | BIO-RAD
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Continued table 1

UTILIZATION DESCRIPTION MANUFACTURER
PCR equioment LightCycler 480 Instrument Il | Roche Life Science
quip T3000 Thermocycler Biometra
pH meter LE409 Mettler Toledo
Power supplies Consort EV261 Peqlab
PP peqPOWER Peglab

Sonicator UTR2000 Hielscher Ultrasonic
Spectrophotometer Nanodrop 2000c Thermo Scientific
Ultracentrifuge Optima L-100 XP Beckman Coulter
Western Blot imaging | Odyssey CLx LI-COR

2.1.2 Chemicals and Reagents

Table 2: General Laboratory Chemicals

CHEMICAL / REAGENT MANUFACTURER

Acrylamide/Bis solution

Carl Roth GmbH

Agar-Agar, bacteriological grade

Carl Roth GmbH

Agarose Standard

Carl Roth GmbH

Albumin fraction from bovine serum (BSA)

Carl Roth GmbH

Ammonium persulfate (APS)

Merck

Boric acid (BH3O03)

Merck

Bromophenol blue

Carl Roth GmbH

Citric acid monohydrate (CsHsO7 x H20)

Carl Roth GmbH

Coomassie Brilliant Blue R-250

Carl Roth GmbH

Deoxynucleotides, solution mix

New England Biolabs

N,N-dimethylformamide (DMF) Merck

Dimethyl sulfoxide (DMSO) Merck
Ethylene-diamine-tetra-acetic acid (EDTA) Carl Roth GmbH
Ethidium bromide, 1 % solution Promega

Ethyl alcohol, absolute Merck

Glutaraldehyde, 50 %

Carl Roth GmbH

Glycerol, 87 %

Carl Roth GmbH

Glycine

Carl Roth GmbH

4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES)

Merck

Hydrochloric acid (HCI), 37 %

Merck

Hydrogenperoxide (H202), 30 %, ROTIPURAN®), p.a., ISO,
stabilised

Carl Roth GmbH

Magnesium chloride hexahydrate (MgCl, x 6 H,O) Merck
2-Mercaptoethanol Merck
Methyl alcohol, absolute Merck
Monopotassium phosphate (KH2PO4) Merck

Mowiol 4—-88

Carl Roth GmbH

Non-fat milk powder

Carl Roth GmbH

Paraformaldehyde

Merck
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Continued table 2

CHEMICAL / REAGENT MANUFACTURER
Potassium chloride (KCI) Merck
Potassium hexacyano-ferrate (Il) trihnydrate Merck
(Ka[Fe(CN)e] x 3 H20)

Potassium hexacyano-ferrate (lll) (Ks[Fe(CN)e] Merck
Potassium dihydrogen phosphate (KH2PO,) Merck
Di-potassium hydrogen phosphate trihydrate Merck

(KzHPO4 x3 Hzo)

Polybrene (hexadimethrine bromide) Merck

Prolong Gold Antifade

Life Technologies

2-Popanol

Merck

Sodium acetate (C,H3sNaOy) Merck

Sodium chloride (NaCl) Carl Roth GmbH
Sodium hydroxide (NaOH) Merck

Sodium phosphate dibasic (Na;HPO4) Merck

Sodium dihydrogen phosphate monohydrate Merck
(NaH2PO4 X HzO)

Di-sodium hydrogen phosphate dihydrate Merck
(Na2HPO,4 x 2 H20)

N,N,N,N-Tetra-methyl-ethylene-diamine (TEMED) SERVA

2-amino-2-(hydroxymethyl) propane-1,3-diol (Tris)

Carl Roth GmbH

Triton-X 100

Carl Roth GmbH

Tween20

Carl Roth GmbH

5-bromo-4-chloro-3-indolyl-3-D-galactopyranoside (X-Gal)

Table 3: Cell Culture Reagents, antibiotics, transfection reagents

CHEMICAL / REAGENT

MANUFACTURER

Ampicillin

Carl Roth GmbH

Antibiotic-Antimycotic (Penicillin/Streptomycin)

Life Technologies

DMEM, Glutamax, low glucose, pyruvate

Gibco

Fetal bovine serum (FBS)

Life Technologies

Heparin

Ratiopharm GmbH

Human platelet lysate (hPL)

Transfusion Medicine,
University Hospital Halle
(Saale)

L-Glutamin (100x, 200 mM)

Life Technologies

Opti-MEM reduced serum medium (Gibco)

Life Technologies

Polyethylenimine (PEI) Sigma Aldrich
Puromycin Gibco
TGF-B1, recombinant human (C-63499) Promocell

0,5 % Trypsin-EDTA (10x)

Life Technologies

Viromer Blue

Lipocalyx
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Table 4: Standards

DESCRIPTION

MANUFACTURER

GeneRuler 100 bp DNA ladder

Thermo Scientific

GeneRuler 100 bp Plus DNA ladder

Thermo Scientific

GeneRuler 1 kb DNA ladder

Thermo Scientific

Precision Plus Protein Standard (10-250 kDa) BIO-RAD

2.1.3 Kits, enzymes, inhibitors

Table 5: Kits and miscellaneous materials
DESCRIPTION MANUFACTURER
Dual-Glo Luciferase Assay Kit Promega

Fast SYBR Green Master Mix

Thermo Scientific

Human TGF-B1 DuoSet ELISA

R&D Systems

Immobilon-FL PVDF membrane

Merck Millipore

Micro BCA Protein Assay Kit

Thermo Scientific

miRCURY RNA Isolation Kit - Cell and Plant

Exicon

miScript I RT Kit Qiagen
miScript SYBR Green PCR Kit Qiagen
NucleoSpin RNA XS Macherey-Nagel
QIAGEN Plasmid Maxi Kit Qiagen
QIAGEN Plasmid Mini Kit Qiagen
QIAquick MinElute Gel Extraction Kit Qiagen
QIAquick MinElute PCR Purification Kit Qiagen

Substrate Reagent Pack

R&D Systems

Verso cDNA Kit

Table 6: Enzymes and Buffers

DESCRIPTION

Thermo Scientific

MANUFACTURER

BstBI restriction enzyme

New England Biolabs

Clal restriction enzyme

New England Biolabs

CutSmart Buffer

New England Biolabs

Mlul restriction enzyme

New England Biolabs

Q5 High-Fidelity DNA Polymerase

New England Biolabs

Q5 High-Fidelity Reaction Buffer (10x)

New England Biolabs

Q5 High GC Enhancer (10x)

New England Biolabs

Shrimp Alkaline Phosphatase

Thermo Scientific

T4 DNA Ligase

New England Biolabs

T4 DNA Ligase buffer

New England Biolabs

Taq DNA Polymerase

New England Biolabs

Thermo Pol Reaction Buffer (10x)

New England Biolabs
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Table 7: Inhibitors

DESCRIPTION MANUFACTURER
Aprotinin Merck
Phenylmethylsulfonyl fluoride (PMSF) Merck
RepSox (kindly provided by AG Huttelmaier) Selleckchem, S7223
Sodium orthovanadate (Na3VOa4) Merck
2.1.4 Plasmids, oligonucleotides and antibodies
Table 8: Plasmids
NAME DESCRIPTION REFERENCE
Firefly luciferase expression is
controlled by triple cfos-derived SRF
p3D.A-Luc binding sites, in front of a TATA-box Guido Posern

of cytoskeletal actin in pGL3
(Sotiropoulos et al. 1999, Geneste et
al. 2002)

TRC2 pLKO.5-puro Non-

Mammalian shRNA Control
(MISSION® Control Vector)

lentiviral plasmid, harbouring control
shRNA and puromycin resistance
cassette

Merck, SHC202

MKL1 MISSION shRNA
Plasmid (#41)

lentiviral plasmid, harbouring shRNA
against MRTF-A
(CCGGTTGTGGGCCAGGTGAACT
ATCCTCGAGGATAGTTCACCTGG
CCCACAATTTTTG) and puromycin
resistance cassette

Merck,
TRCNO0000303841

MKL1 MISSION shRNA
Plasmid (#42)

lentiviral plasmid, harbouring shRNA
against MRTF-A
(CCGGCTGTCTGTCTGGCTACAAT
TTCTCGAGAAATTGTAGCCAGAC
AGACAGTTTTTG) and puromycin
resistance cassette

Merck,
TRCNO0000303842

MKL1 MISSION shRNA
Plasmid (#77)

lentiviral plasmid, harbouring shRNA
against MRTF-A
(CCGGGACTATCTCAAACGGAAG
ATTCTCGAGAATCTTCCGTTTGAG
ATAGTCTTTTTG) and puromycin
resistance cassette

Merck,
TRCNO0000299977

MKL1 MISSION shRNA
Plasmid (#78)

lentiviral plasmid, harbouring shRNA
against MRTF-A
(CCGGGCTCAAGTACCACCAGTA
CATCTCGAGATGTACTGGTGGTA
CTTGAGCTTTTTG) and puromycin
resistance cassette

Merck,
TRCNO0000299978

pLVX_shRNA2_Crimson_
Puro

pLVX_shRNA2 (Clonetech) was
modified exchanging ZsGreen with
E2-Crimson and inserting an IRES
site connected to a puromycin
resistance cassette

Kindly provided by
AG Huttelmaier
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Continued table 8

NAME DESCRIPTION REFERENCE
Originated from pLVX-shRNA2-
Crimson-Puro by exchanging the U6

pLVX shRNA2_3D.A-Luc promoter with the 3D.A-Luc firefly This study

luciferase reporter (amplified from
p3D.A-Luc plasmid) via Clal/BstBI

2nd generation lentiviral packaging

Kindly provided by

psPAX2 plasmid, Addgene #12260 Didier Trono
pPMD2.G VSV-C_S envelope expressing Kindly provided by
plasmid, Addgene #12259 Didier Trono
Table 9: Oligonucleotides for gPCR
AMPLICON | NAME SEQUENCE (5°-3’) SOURCE
SMA_fwd CGGTGCTGTCTCTCTATGCC
ACTAZ | SMA rev AGCAGTAGTAACGAAGGAATAGCCA | A Descot
ALAS ALAS_ fwd CTGCAAAGATCTGACCCCTC This stud
ALAS rev CCTCATCCACGAAGGTGATT y
CNN1 CNN1_fwd CTGTCAGCCGAGGTTAAGAAC This stud
CNN1 rev GAGGCCGTCCATGAAGTTGTT y
COL1A1 COL1A1_fwd CGATGGATTCCAGTTCGAGTAT This stud
COL1A1 rev | GACAGTGACGCTGTAGGTGAAG y
GAPDH GAPDH_fwd ACCCAGAAGACTGTGGATGG A. Kehlen
GAPDH rev TTCTAGACGGCAGGTCAGGT ]
MRTE-A MRTF-A_fwd GAGCCAGACTAGCCGATGAC This stud
MRTF-A rev | CACAGAACCCTGGGACTCAT y
Myocd_fwd ACCAGTCAGATGCGGGGAA .
MYOCD | \ivocd rev CCAAGGATTTGGACTTTACAGCA | This study
TGF-B1 TGF_fwd CTAATGGTGGAAACCCACAACG This stud
TGF rev TATCGCCAGGAATTGTTGCTG y
. miR-21 Qiagen,
miR-21-5p primer assay TAGCTTATCAGACTGATGTTGA MS00009079
. miR-29 Qiagen,
miR-29-3p primer assay TAGCACCATTTGAAATCAGTGTT MS00006566
SNORD®61 . Qiagen,
SNORD®61 primer assay Not given by the company MS00033705
SNORD72 . Qiagen,
SNORD72 primer assay Not given by the company MS00033719
SNORD95 , Qiagen,
SNORD95 primer assay Not given by the company MS00033726

Table 10: Oligonucleotides for cloning and sequencing

AMPLICON/ NAME SEQUENCE (5°-3’)
PURPOSE
3DA Luc 3DA fwd_Clal | CTGAATCGATCATTTCACACAGGAAACAGCT
3DA _rev_BstBl | GATCTTCGAAAACTTGTTTATTGCAGCTTATAATGG
Sequencing | 3DA_Seq_fwd | GGGTACAGTGCAGGGGAAA
3DA _Seq_rev | CGTTACTATGGGAACATACGTC
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Table 11: Small interfering RNA (siRNA)

TARGET NAME MANUFACTURER

Non target | siCtrl. siTOOLs Biotech

control

MRTF-A siMRTF-A siTOOLs Biotech, 30 siRNA species against GenelD:

57591
Table 12: Antagomirs and miR mimics

TARGET NAME MANUFACTURER

miR-21-5p | mirVana miRNA Thermo Fischer Scientific, AssaylD: MH102086,
inhibitor (antagomir) | Catalog # 4464084

miR-29b-3p | mirVana miRNA Thermo Fischer Scientific, AssaylD: MH10103,
inhibitor (antagomir) | Catalog # 4464084

miR-21-5p | mirVana miRNA Thermo Fischer Scientific, AssaylD: MC102086,
mimic Catalog # 4464066

miR-29b-3p | mirVana miRNA Thermo Fischer Scientific, AssaylD: MC10103 |,
mimic Catalog # 4464066

Table 13: Primary antibodies and reagents used for Western Blot and immunofluorescence

ANTIBODY/REAGENT | DESCRIPTION SOURCE USED IN
. : Santa Cruz, )
anti-Calponin 1 Mouse monoclonal IgG1 5c-58707 WB 1:250
, , Cell Signaling, WB 1:500
anti-MRTF-A Rabbit polyclonal #14760 IF 1:100
anti-a-SMA Mouse monoclonal WB 1:500
IgG2a, clone 1A4 Merck, A5228 IF 1:500
anti-SMAD2 Rabbit monoclonal ot g onaling, WB  1:1000
Anti-pSMAD2 Rabbit polyclonal gg;'oi'gna“”g' WB  1:1000
anti-a-tubulin Mouse monoclonal IgG1, | Merck, T9026 WB  1:2000
clone DM1A
4' 6-Diamidino-2-
DAPI phenylindole Merck, D9542 IF 1:50000
dihydrochloride
Phalloidin-Alexa 647 | F-actin marker Invitrogen, A22287 IF 1:200

All antibodies used for Western Blot (WB) were diluted in 5 % milk/TBS-T, despite Anti-pSMAD2
which is diluted in 5 % BSA/TBS-T. Reagents and antibodies used for immunofluorescence (IF) are
diluted in a special antibody diluent (2.1.5.1).

Table 14: Secondary antibodies used for Western Blot and immunofluorescence

REAGENT SOURCE USED IN

Alexa 488-goat anti-mouse 1gG Molecular Probes, A11001 IF 1:200
Alexa 546-goat anti-rabbit IgG Invitrogen, 11010 IF  1:200
Anti-rabbit-HRP Cell Signaling, #7076 WB 1:1000
IRDye680RD-goat anti-mouse IgG LI-COR, 926-68070 WB 1:15000
IRDye680RD-goat anti-rabbit 1IgG LI-COR, 926-68071 WB 1:15000
IRDye800CW-goat anti-mouse IgG LI-COR, 926-32210 WB 1:15000

All antibodies used for Western Blot (WB) were diluted in 5 % milk in TBS-T. Reagents and antibodies
used for immunofluorescence (IF) are diluted in a special antibody diluent (2.1.5.1).
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2.1.5 Buffers, solutions and media

2.1.5.1 Common buffers and solution

ANTIBODY DILUENT (IF)
0.05 % (v/v)

BLOCKING SOLUTION (IF)
10 % (v/v)
1 % (w/iv)

BLOCKING SOLUTION (WESTERN BLOT)
5 % (wiv)

FIXATION (IF)
3.7 % (vIv)

6X LOADING BUFFER (DNA) PH 8
85 % (viv)
0.5M
0.03 % (w/v)
1x
LOW SALT LYSIS BUFFER (PROTEIN)

50 mM
150 mM
1 mM

10 %
1%

100 mM
10 mM

1 mM

1 mM

10 mg/mi

PBS (PH 7.4)
2.7mM
137 mM
10 mM
1.8 mM
PERMEABILIZATION SOLUTION (IF)

Tween20
In PBS

Horse Serum
BSA
In PBS

Milk Powder
In TBS-T

Formaldehyde (pH 7)
In PBS

Glycerol

EDTA
Bromophenol blue
TE-Buffer

HEPES (pH 7.5)
NaCl

EGTA

Glycerol

Triton X-100

NaF

Na4P207x 10 Hzo
Na3VO4

PMSF

Aprotinin

KCI

NaCl
NazH PO4
KH;HPO,

0.2 % (v/v) | Triton-X 100

RUNNING BUFFER (SDS PAGE)
25mM
192 mM
0.1 % (v/v)

RUNNING GEL (PAGE) PH 8.8

9%
375 mM
0,1 % (v/v)
0,1 % (v/v)
0,1 % (v/v)

TRIS
Glycine
SDS

Acrylamide/Bis
TRIS HCI

SDS

APS

TEMED
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6X SDS PROTEIN LOADING BUFFER
375 mM | TRIS HCI
9% | SDS
50 % | Glycerol
0.03 % (w/v) | Bromophenol blue
STACKING GEL (PAGE) PH 6.8
5 % | Acrylamide/Bis
127 mM | TRIS HCI
4,5 % | Glycerol
0,1 % (v/v) | SDS
0,1 % (v/v) | APS
0,1 % (v/v) | TEMED
TAE BUFFER (1X) PH 8.0
400 mM | TRIS
50 mM | C2H3sNaO:
10 mM | EDTA

TBS BUFFER (1X) PH 7.5

20 mM | TRIS
150 mM | NaCl
TBS-T BUFFER (1X) PH 7.5
20 mM | TRIS
150 mM | NaCl
0.1 % (v/v) | Tween 20
TE Buffer (1x) pH 8.0
10 mM | Tris-HCI
1 mM | EDTA
TRANSFER BUFFER (WESTERN BLOT)
25mM | TRIS
192 mM | Glycine
20 % (v/v) | Methanol
0.05 % (v/v) | SDS

2.1.5.2 Cell culture media

FREEZING MEDIUM

90 % | FBS
10 % | DMSO
HCT8 MEDIUM
10 % | FBS
1 % | Antibiotic-antimycotic
In RPMI 1640 (Gibco, 21875091)
HEK293T MEDIUM

10 % | FBS
1 % | Antibiotic-antimycotic
1 % | L-glutamine
In DMEM (Gibco, 11965084)

MSC CULTIVATION MEDIUM
10 % | hPL
1 % | Antibiotic-antimycotic
1 IE | Heparin
In DMEM GlutaMAX (Gibco, 21885025
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MSC STARVATION MEDIUM
0.5%
1%

MSC TRANSFECTION/TRANSDUCTION MEDIUM
10 %
1%

2.1.5.3 Bacterial growth media

FLUID LB CULTURE MEDIUM

BSA
Antibiotic-antimycotic
In DMEM GlutaMAX

FBS
Antibiotic-antimycotic
In DMEM GlutaMAX

Lysogen broth powder (LB, Carl Roth)
100 pg/ml | Ampicillin
In H.0
SoLID LB CULTURE MEDIUM
LB-agar powder (Carl Roth)
100 pg/ml | Ampicillin
In Hzo
2.1.6 Cells
Table 15: Used bacterial strains
BACTERIAL STRAIN GENOTYPE SOURCE

F— ®80/acZAM15 A(lacZYA-
argF) U169 recA1 endA1

E. coli DH5a hsdR17 (K=, mK+) phoA Thermo Scientific
supE44 \—thi-1 gyrA96 relA1
rpsL thr leu thi lacY galK galT
ara tonA tsx dam dcm

E. coli IM110 ginV44 A(lac-proAB) e14- [F' | Addgene (#49763)

Table 16: Used cell lines

CELL LINE/CELL TYPE

traD36 proAB+ laclq
lacZAM15] hsdR17(rK-mK+)

DESCRIPTION

SOURCE

Human bone marrow-
derived stromal cells (MSC)

Primary cells, fibroblastic
morphology, isolated from
bone-marrow samples taken
from the iliac crest

Kindly provided by Dr. Jana
Lutzkendorf (University
Hospital Halle, Polyclinic of
Internal Medicine)

(Mueller et al. 2006)

human embryonic kidney
cells with epithelial | . .
HEK293T morphology, genetically glgggt Tg:i:ded by Dr.
modified to express the Sv40
T antigen
HCT8 Human colorectal cancer cell ATCC Nr. CCL-244

line




MATERIALS AND METHODS

| 32

2.1.7 Software

Table 17: Used software

SOFTWARE

SOURCE

Adobe Photoshop CS6 Extended, Version
13.0.1

Adobe Systems GmbH (Miinchen)

AxioVision Rel. 4.8.1

Carl Zeiss Jena GmbH (Jena)

Clariostar Reader Control and MARS Data
Analysis Software

BMG Labtech

GloMax Software, Version 1.9.2

Promega GmbH (Mannheim)

Image Studio Software flr Odyssey CLx,
Version 3.1

LI-COR Biosciences GmbH (Bad Homburg)

ImageJ/Fiji

(Schindelin et al. 2012)

Light Cycler 480 Software, Version 1.5.0
SP4

Roche (Mannheim)

Microsoft Office 2010

Microsoft Deutschland GmbH (Miinchen)

NanoDrop 2000c, Version 1.6.198

Thermo Fisher Scientific (Schwerte)

SnapGene, Version 2.8.3

GSL Biotech LLC (Chicago, IL, USA)

SPSS 24.0

IBM Corp., Armonk, NY, USA)
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2.2 Methods

2.2.1 Microbiological techniques
2.2.1.1 Cultivation and maintenance of bacterial strains

E. coli strains DH5a and JM110 were grown at 37 °C overnight in LB culture medium or on LB
agar plates supplemented with 100 pug/ml ampicillin for selection. For short-term storage, E.
coli cultures were kept on LB agar plates at 4 °C. For long-term storage, 1 ml glycerol stocks
were generated containing 500 pl of the overnight culture and 500 pl of 50 % sterile glycerol.

Glycerol stocks were stored at -80 °C.
2.2.1.2 Transformation of competent bacteria

Chemically competent E. coli strains DH5a and JM110 were used for transformation. One
hundred ng plasmid DNA or 5 pl of a ligation reaction was used for transformation for 100 pl
cells. The DNA was mixed with competent cells by snapping the Eppendorf tube and incubated
on ice for 30 minutes. Afterwards, a thermal shock (45 seconds at 42 °C) was done followed
by re-incubation for 5 minutes on ice. Next, cells were mixed with 500 pl pre-warmed
LB-medium without antibiotics and incubated for 1 hour under constant shaking (550 rpm) at
37 °C. One hundred pl of transformed cells were plated on LB-agar plates containing 100 pug/ml

ampicillin and incubated overnight at 37 °C to cultivate positively transformed DH5a cells.
2.2.2 Cell culture techniques
2.2.2.1 General procedures and cell cultivation

Cell culture work was performed in sterile laminar flow cabinets under biosafety level S1
conditions. All cell types were cultured at 37 °C and 5 % CO.. Cell passaging was done
every 2-3 days depending on cell density and type. For passaging, cells were washed with
warmed PBS followed by detaching cell-cell- and cell-surface-contacts using warmed 1 x
trypsin solution (10 x trypsin-EDTA in PBS). The trypsin reaction was stopped by adding
fresh medium. The mixture was resuspended to obtain a single-cell suspension. New
passages were seeded diluting cells in fresh medium depending on cell type: 1:10-1:20 for
HCT8 and HEK293T and 1:3 to 1:5 regarding MSC. Cell number and size were determined
using the CASY cell counter according to the manufacturer’s instructions. Cryo stocks
were maintained at -150 °C for long-term storage. Per tube, 1 x 108 cells (HCT8 &
HEK293T) or 2.5-5 x 10° cells (MSC) were resuspended in 1 ml freezing medium (2.1.5.2).
For gentle freezing conditions, stocks were stored at -80 °C for 48 hours in CryoTube™
vials in an isopropanol-filled container and afterwards transferred to a -150 °C freezer. For
re-use, cells stocks were thawed at 37 °C in the water bath for 1-2 minutes, mixed with

culture medium and transferred into sterile culture dishes.
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2.2.2.2 Cultivation of human primary bone marrow-derived MSC

Primary bone marrow-derived MSC were recovered from patients at the University Clinic Halle.
All donors gave written consent to the additional bone marrow aspiration according to a
protocol approved by the institutional review board (Ethics Committee of the Medical Faculty
of Martin-Luther-University Halle-Wittenberg; Prifplan Vers. 2, Amendment 1, Ethikvotum
20.04.2010). Isolation and initial cultivation of MSC were done in the University Clinic in the
Department of Internal Medicine IV by Dr. Jana Litzkendorf and colleagues and performed as
described previously (Mueller et al. 2006, Werner et al. 2019). MSC with passage number 1 or
2 were kindly provided by Dr. Jana Litzkendorf. All experiments were performed with MSC

from at least three different donors and passage numbers between 3 and 6.

2.2.2.3 Generation of tumour-conditioned medium from HCT8 cells

Tumour cell-conditioned medium (TCM) was generated by seeding 2.5 x 106 HCT8 cells in
25 ml MSC starvation medium in 150 mm cell culture dishes. After 72 h TCM was separated
from the cells by centrifugation (5200 g, 10 min. The control medium was processed in parallel.
TCM has been activated directly before use by acidification to release mature TGF-B from its

latent complex, as described by Mazzieri (Mazzieri et al. 2000).

TCM/Ctrl. production Medium/TGF- activation

Inactive TGF-8 Active TGF-

HCTS8 cells

—
LAP
@ i: ToF TGF-B

Tumor conditioned medium Activation
—
via acidification

(TCM)

No TGF-§ No TGF-B

@
Control medium (Ctrl.)

Figure 6: Schematic representation of the generation of TCM from HCT8 cells

TCM and control medium were incubated for 72 h. After harvesting the medium acidification to pH 2 by
HCI was performed followed by neutralization to pH 7,4 using NaOH. Acidification led to the release of
TGF-B from LAP. LAP= latency associated protein
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TGF-B is known to be secreted in its inactive form bound to the latency-associated protein
(LAP) by cultured cells (Lawrence et al. 1984). The interaction can be easily disrupted by
enzymatic or physical treatments (Gleizes et al. 1997). Here, acidification (1 M HCI to pH 2,
for 1 h, room temperature) followed by neutralisation (1 M NaOH to pH 7.4) was used to disrupt

TGF-B:LAP interaction and to release mature active TGF-31.

2.2.2.4 MSC treatment (TGF-B1, TCM, RepSox)

5000 cells/cm? MSC were seeded into a 100 mm dish and cultivated 24 h under standard
conditions. Afterwards, medium was removed, MSC were washed with PBS and 6 ml
starvation medium (2.1.5.2) containing 10 ng/ml TGF-B1 or 6 ml TCM medium (2.2.2.3) was
added per dish. As control either 6 ml starvation medium or control TCM were added. Cells
were cultivated for a further 24 h or 48 h for RNA or protein harvest, respectively. For
continuous TGF-B1 stimulation over 10 days, media were replaced every 48 h. Combined
TGF-B1/RepSox or TCM/RepSox treatment was performed by supplementing the media with
200 nM RepSox. Cells were additionally incubated 1 h with 200 nM RepSox in 6 ml starvation

medium 24 h medium post-seeding.
2.2.2.5 siRNA transfection of MSC

Transient transfection of siRNA (see Table 11) was performed using Viromer Blue (Lipocalyx)
according to the manufacturer’s instructions. Five thousand cells/cm? were seeded and
cultured overnight in cultivation medium (2.1.5.2) in 60 mm dishes. The next day cells were
washed with PBS, following transfection medium (2.1.5.2) and 2 nM siRNA were added. Cells
were harvested after 24h for gene expression analysis.

In case siRNA transfection and TGF-31 stimulation were conducted in parallel, 10 nM siRNA
were transfected overnight (approximately 16 h) followed by a medium change to starvation
medium (2.1.5.2) supplemented with 10 ng/ml human recombinant TGF-B1. Cells were
harvested as described in 2.2.4.1 after 24 h.

2.2.2.6 microRNA mimic/antagomir transfection of MSC

Transient transfection of miR mimics and antagomirs (listed in Table 12) was performed using
Viromer Blue (Lipocalyx) according to the manufacturer’s instructions. Five thousand cells/cm?
were seeded and cultured overnight in cultivation medium (2.1.5.2) in 60 mm dishes. The next
day cells were washed with PBS once and the medium was changed to transfection medium
(2.1.5.2) followed by transfection of 30 nM miR mimic/antagomir in total. Cells were harvested

for miR and gene expression analysis after 48 h.
2.2.2.7 Generation and preparation of lentiviral particles, titer determination

For virus production, HEK293T were transfected using Polyethylenimine (PEI) as transfection

reagent using the guidelines by Longo et al. (Longo et al. 2013). For each transfer plasmid,
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3 x 10° cells were seeded in a 100 mm dish. The following day, cells were transferred to the
S2 laboratory and transfection was performed using a DNA:PEI ratio of 1:1.5. Fourteen ug of
DNA, including the transfer vector (Merck shRNA plasmids and pLVX shRNA2_3DA-Luc;
listed in Table 8) and the packaging plasmids psPAX2 and pMD2.G (ratio 4:2:1) were mixed
with Opti-MEM to a final volume of 500 ul. PEIl were diluted in 500 pl Opti-MEM as well. DNA
and PEI solution were mixed in equal volumes and incubated for 20 min at room temperature.
Meanwhile, HEK293T cells received 9 ml fresh medium. The transfection mix was added
dropwise to the cells. The medium was harvested 48 h after transfection and filtered through
a 0.45 pl PVDF (polyvinylidene fluoride)syringe to remove living cells. Viral particles were
harvested by ultracentrifugation (80000 rcf, 4 °C, 2 h). The translucent pellet was air-dried (5-
10 min) at room temperature, resuspended in 50 pl of ice-cold PBS and stored at 4 °C

overnight. The next day aliquots were transferred to the -80 °C freezer or used for infection.
2.2.2.8 Lentiviral transduction and generation of stable cell batches of MSC

For the infection, 5000 MSC cells/cm? were seeded in 100 mm dishes in cultivation medium
(2.1.5.2). After 24 h, MSC were transferred to the S2 laboratory, washed with PBS and
supplemented with 6 ml transfection/transduction medium (2.1.5.2) containing 8 pl/ml
Polybrene and 7.5 ul concentrated virus particle suspension. Medium was removed 24 h after
infection. Cells were washed with PBS and cultivation medium (2.1.5.2) containing 0.5 mg/ml
Puromycin for selection was applied. Transduced MSC pools were kept under selection
pressure for 2 days and afterwards constantly cultivated with 0.1 mg/ml puromycin as multi-

clonal population.
2.2.3 Molecular cloning, DNA Manipulation and techniques
2.2.3.1 Plasmid isolation

Preparation and purification of plasmid DNA from bacterial cultures were performed using
QIAGEN Plasmid Mini (4 ml E. coli overnight culture) or Maxi Kit (100 ml E. coli overnight
culture) according to the manufacturer’s instructions. Plasmid DNA was eluted in 40 ul and
200 pl H20, respectively. DNA purity and concentration were determined using the Nanodrop

2000c system.
2.2.3.2 High fidelity PCR

DNA fragments of interest for molecular cloning were amplified via polymerase chain reaction
(PCR) (Mullis et al. 1986) using Q5 High-Fidelity DNA polymerase and primers depicted in

Table 10. In detail, the following reagents were mixed:
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x plI Plasmid DNA (0.3-1 pg)
10 yl 5 x Q5 High-Fidelity Reaction Buffer (final concentration 1 x)
10 yI 1 x Q5 High GC Enhancer (final concentration 1 x)
1yl 10 mM dNTPs (final concentration 200 pM)
2.5yl 10 uM primers each (final concentration 0.5 yM)
0.5 pyl Q5 High-Fidelity DNA Polymerase (0.02 U/ul)
add x pl H20 to a final volume of 50 pl

The Amplification reaction was performed in the T 3000 Thermocycler utilising the PCR

program described in Table 18.

Table 18: PCR program Q5 High-Fidelity DNA Polymerase

STEP TEMPERATURE TIME CYCLES

Initial denaturation | 98 °C 30 seconds 1

Denaturation 98 °C 10 seconds

Primer annealing 3 C. lower than primer 30 seconds 30
melting temperature

Synthesis 72 °C 30 seconds/kb

End synthesis 72°C 2 minutes 1

Hold 4°C 0 -

After synthesis PCR products were analysed in an agarose gel and afterwards purified using
QIAquick MinElute Gel Extraction Kit or directly cleaned up by QIAquick MinElute PCR
Purification Kit.

2.2.3.3 Restriction digestion and 5’-end dephosphorylation

For restriction digestion (plasmid DNA or amplified DNA fragment from PCR) approximately
0.5 - 2 ug of DNA were digested using NEB restriction endonucleases. According to the

manufacturer's instructions, the reaction mixture contained:

Xyl DNA (0.5 -2 ug)
0.5 yl  Restriction enzyme 1 (5 units)
0.5 ul Restriction enzyme 2 (5 units)
2.5yl CutSmart Buffer
add x yl H20 to a final volume of 25 pl

Incubation temperature and time were adapted to the corresponding restriction enzyme. To
prevent recircularization of digested DNA de-phosphorylation of the 5’-end using 1 ul shrimp
alkaline phosphatase (NEB) for 30 minutes at 37 °C was conducted. DNA was analysed by

agarose gel electrophoresis and purified using the QlAquick MinElute Gel Extraction Kit.
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2.2.3.4 Ligation

DNA ligation was performed in a molar ratio of 1:5 (vector:insert) using T4 DNA ligase (NEB).

Molar ratios were calculated using the following formula:
Vi=5*(M/My)* (CJ/Ci) * Vy

Ci Concentration of solution with the insert
Cv Concentration of solution with the vector
M; Mass in base pairs of the insert

M, Mass in base pairs of the vector
Vi Volume in pl of insert solution

Vy Volume in pl of vector solution (corresponding to 100 ng)

The ligation reaction mixture was set up according to NEB standard protocol and contained:

x Ml Vector DNA (~100 ng)
y ul Insert DNA
1 ul 10x T4 DNA ligase buffer
0.5yl T4 DNA ligase
add z yl  H20 to a final volume of 10 pl

Ligation was carried out overnight at 16 °C or 2 hours at room temperature. As a control, the
ligation was performed without insert DNA. After ligation, 5 ul of the reaction were transformed

into chemically competent E. coli DH5a.
2.2.3.5 Agarose gel electrophoresis

Agarose gel electrophoresis was performed using 1 % agarose gels (1 g of agarose powder in
100 ml 1x TAE buffer) containing 0.01 % (v/v) ethidium bromide. DNA samples were mixed
with 5x DNA loading dye, loaded into the wells and separated at 100-120 V for approximately
40 min. Utilising the Gel Stick imaging system (Intas Science Imaging) DNA separation was
visualized using UV light (312 nm). The fragment sizes were determined using a suitable

GeneRuler DNA ladder (Thermo Scientific) which was loaded as size control.
2.2.3.6 DNA extraction

DNA fragments cut out from agarose gels were purified using QlAquick MinElute Gel Extraction
Kit. For PCR products QIAquick MinElute PCR Purification Kit was used according to the
manufacturer’s instructions. Elution was performed using 10 pl H.O. DNA amounts were

measured with the Nanodrop 2000c (Thermo Scientific).
2.2.3.7 Determination of DNA and RNA concentrations

For spectrophotometric analysis of DNA fragments and plasmids, purity and concentration

were determined using Nanodrop 2000c measuring absorption at 260 nm and 280 nm.
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2.2.3.8 DNA Sequencing

Sequencing of plasmids and DNA fragments was performed by Microsynth Seglab
according to the Sangers chain-terminating technique (Sanger et al. 1977). Sequencing

results were analysed using the SnapGene software.

2.2.3.9 Cloning of the lentiviral MRTF-A reporter construct pLVX_shRNA2_3D.A-Luc

The reporter plasmid pLVX shRNA2_3D.A-Luc (Supplementary figure 1) originated from a
lentiviral sShRNA plasmid (pLVX-shRNA2-Crimson-Puro) and was modified to create a lentiviral
transducable reporter construct for MSC. The U6 promoter of the original plasmid (pLVX-
shRNA2-Crimson-Puro) was exchanged with the 3D.A-Luc firefly luciferase reporter, amplified
from p3D.A-Luc plasmid, via Clal/BstBI restriction sites. The luciferase reporter expression is
regulated by a special MRTF-SRF dependent promoter called 3D.A, consisting of triple cfos-
derived SRF binding sites, in front of a TATA-box of cytoskeletal actin (Sotiropoulos et al. 1999,
Geneste et al. 2002). Additionally, a constitutively expressed E2-Crimson was inserted being
used as an internal control for the firefly luciferase. The construct shown in Supplementary
figure 4 was inserted in the MSC genome randomly by long terminal repeats (LTR) at the 3’
and 5’ end. By external stimuli, like TGF-B1 or TCM, MRTF-A is triggered to translocate to the
nucleus binding SRF inducing MRTF/SRF dependent gene expression by binding the 3D.A

promoter. Afterwards MRTF-A activity was monitored as described in 2.2.5.5.
2.2.4 RNA techniques
2.2.41 RNA isolation

Total RNA was isolated from cell cultures using the NucleoSpin RNA XS Kit (Macherey-Nagel).
1.4 x 10° MSC were seeded in 6 cm cell culture dishes, grown overnight and harvested after
24 h (TGF-B1/TCM treatment), 48 h (siRNA transfection) or 72 h (siRNA transfection combined
with TGF treatment). Harvesting was performed as follows: cell culture medium was removed,
cells were gently washed with PBS, complete PBS was removed, and the kit’s lysis buffer was
directly added to the cells. Cell lysates were harvested using a cell scraper and immediately
stored on ice. Further purification steps were performed according to the manufacturer’s
instructions. RNA purity and concentration were determined using the Nanodrop 2000c.

Isolated RNA was directly used for cDNA synthesis or stored at -20 °C.
2.2.4.2 microRNA (miR) isolation in parallel with total RNA

The miRCURY RNA Isolation Kit - Cell and Plant (Exicon) allows the isolation of miR and total
RNA in the same attempt. 1.4 x 10° MSC were seeded in 6 cm cell culture dishes, grown
overnight and harvested after 48 h (miR mimic or antagomir transfection; TGF-B1 treatment)
or 10 days (TGF-B1 treatment). Cells were washed with PBS, subsequently PBS was

completely removed, and lysis solution (kit included) was added to the culture plate. By using
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a cell scraper, the lysis buffer was evenly distributed, and cells were detached. Further steps
were performed according to the manufacturer’s instructions. RNA purity and concentration
were determined using the Nanodrop 2000c. Isolated RNA was directly used for cDNA

synthesis or stored at -20 °C.
2.2.4.3 cDNA synthesis from total RNA

Single-stranded complementary DNA (cDNA) was synthesized from total RNA via reverse
transcription. First-strand cDNA synthesis was performed in a 10 ul reaction using Verso cDNA
Synthesis Kit (Thermo Scientific), 500 ng RNA and oligo dT primer according to the
manufacturer’s instructions. The reaction mix was filled up with H2O to a total volume of 100 pl

after synthesis.
2.2.44 cDNA synthesis from miR in parallel with total RNA

Using the miScript I RT Kit (Qiagen) and the included HiFlex buffer mature miRNA, precursor
miRNA, ncRNA and mRNA were reversely transcribed. The synthesis mix was prepared in 10
Ml reaction volume with 500 ng of template according to the manufacturer’s instructions. The

final solutions were diluted 1:10 with H2O for further analysis.
2.2.4.5 Quantitative real-time PCR (qPCR) from total RNA

The gPCR reactions were performed using the DyNAmo ColorFlash SYBR Green qPCR Kit
(Promega). Gene-specific primer (Table 9) mixes were prepared by mixing 10 ul forward primer
solution (100 yM), 10 ul reverse primer solution (100 uyM) and 80 pl H>O. According to the

manufacturer’s instructions the reaction mixture for the gPCR contained:

1.5yl Diluted cDNA (~5 ng/pl)
5ul SYBR Green
0.25 ul gene-specific primer mix
Add 3.25 pl H20 to a final volume of 10 pl

The gPCR was performed using LightCycler 480 Il and the PCR programme in Table 19.

Table 19: qPCR program DyNAmo ColorFlash SYBR Green

STEP TEMPERATURE TIME CYCLES
Initial denaturation 95 °C 7 minutes 1
Denaturation 95 °C 10 seconds
Prlmer.anneallng and 60 °C 30 seconds 40
extension

Melting curve 65-95 °C 0.11 °C/s -

Hold 40 °C 0 -

ALAS and GAPDH expression levels were analysed as references (housekeeping genes) and

H20O was included as negative control for each primer pair. To access the specificity of PCR,
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melting curves were routinely generated from every reaction. Relative gene expression levels
were calculated according to the Pfaffl method (Pfaffl 2001). Thereby the differences of target
gene Civalue to housekeeping gene C; value were calculated and compared as fold inductions

between samples.
2.2.4.6 Quantitative real-time PCR (qPCR) from miRNA

The gPCR reaction was performed using the miScript SYBR Green PCR Kit (Qiagen).

According to the manufacturer’s instructions. The reaction mixture contained:

1l Diluted cDNA (~5 ng/pul)

5ul SYBR Green

1yl 10x miScript universal primer

1yl 10x miScript primer assay
Add 3.25 pl H20 to a final volume of 10 pl

The gPCR was performed using the LightCycler 480 Il and the program in Table 20.

Table 20: qPCR program miScript SYBR Green

STEP TEMPERATURE TIME CYCLES
Initial denaturation 95 °C 15 minutes 1
Denaturation 94 °C 15 seconds 40
Primer annealing 55 °C 30 seconds

Extension 70 °C 30 seconds

Melting curve 65-95 °C 0.11 °C/s -

Hold 40 °C 0 -

SNORD61, SNORD72 and SNORD95 expression levels were analysed as references
(housekeeping genes) and H,O was included as negative control for each primer pair. Melting

curve analysis and calculation were performed as described in 2.2.4.5.

2.2.5 Protein analysis
2.2.5.1 Cell lysis for immunoblotting

For protein analysis, 5000 cells/cm? MSC were cultured in 60 mm dishes and harvested after
48 h of TCM or TGF treatment. For this, cells were directly placed on ice and washed with pre-
chilled PBS. Afterwards, 70 pl pre-chilled low salt lysis buffer (2.1.5.1) were applied to the cells
which were harvested using cell scrapers. Lysates were transferred into Eppendorf tubes and
sonicated for 30 seconds (Sonicator UTR2000, Hielscher Ultrasonic, 100 W, cycle 0.5,
amplitude 70 %, duration 30 s) and centrifuged at 4 °C and 20000 rcf 10 minutes. Supernatants
were transferred into fresh Eppendorf tubes. There was no quantitative measurement of

protein concentration done since MSC starvation medium and TCM contain 0.5 % BSA. Due
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to this, protein quantification would give distorted results. Hence, equal volumes of protein
lysate were supplemented with 6 x SDS protein loading buffer (2.1.5.1), denatured (5 minutes
at 95 °C) and loaded on SDS gel or stored at -20 °C.

2.2.5.2 SDS-polyacrylamide gel electrophoresis (SDS-PAGE)

Proteins were analysed using SDS-polyacrylamide gel electrophoresis for electrophoretic size
separation according to Laemmli (Laemmli 1970). Running- and stacking-gels were prepared
as listed above (2.1.5.1). Equal volumes of protein lysate (20-50 pl) were loaded. Separation
on SDS gel was performed at 130V for 1-1.5 h, depending on the protein size to be analysed.
Protein size was determined using the Precision Plus Protein Standards (BIO-RAD). SDS gels

with size-separated proteins were used for immunoblotting.

2.2.5.3 Immunoblotting (Western Blot)

Size-separated proteins in the SDS gel (2.2.5.2) were transferred via wet blotting onto PVDF
membranes using the Mini-PROTEAN Tetra System (BIO-RAD) according to the
manufacturer’s instructions. Initially, the PVDF membranes were activated in 100 % methanol
for 5 min and afterwards equilibrated in transfer buffer. The blotting was performed in cold
transfer buffer at 100 V for 75 min at room temperature under constant cooling by ice packs.
Following blotting, the membranes were washed in TBS-T and blocked in 5 % milk/TBS-T for
60 min to avoid unspecific antibody binding. Next, the membranes were incubated with primary
antibodies diluted in 5 % milk or BSA (depending on antibody) dissolved in TBS-T at 4 °C over
night. Subsequently, membranes were washed in TBS-T (3 x 5 min) and incubated with
fluorophore- or HRP-conjugated secondary antibody in 5 % milk/TBS-T for 1 h. Applied
antibody concentrations are listed in Table 13 and Table 14. Afterwards, the membrane was
washed 3 x 5 min in TBS-T. In case of HRP-substrate use, the membrane was washed once
with 1x TBS prior to substrate addition, since tween could disturb the HRP to properly convert
the substrate. Substrate incubation was performed using transparent film. Fluorescence
signals were detected and quantified using ODYSSEY CLx (LI-COR) and quantified using the
associated LI-COR Image Studio software according to the manufacturer’'s recommendations.
Signals are given as fluorescence intensity per area and were calculated relative to the loading

control.

2.2.5.4 Immunofluorescence staining, microscopy and quantification

For fluorescence microscopy analysis of cytoskeletal structures and protein localisation, cells
underwent immunostaining using fluorophore-labelled antibodies and staining reagents. In 12-
well plates 5000 cells/cm? cells were seeded on glass coverslips and cultured overnight. Cells
underwent TCM or TGF treatment for 48 h and were fixed (3.7 % formaldehyde in PBS for 10

minutes), permeabilized (0.2 % (v/v) Triton X-100 in PBS for 10 minutes) and unspecific
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binding sites were blocked in blocking solution (2.1.5.1) for 60 minutes. Incubation with primary
antibodies (in antibody diluent, dilutions listed in Table 13 and Table 14, 1 h at room
temperature) was followed by washing (3 x with PBS) and incubation with Alexa-conjugated
secondary antibodies and DAPI (in antibody diluent, dilutions listed in Table 14, 1 hour at room
temperature). Stained cells were washed 3 x with PBS and embedded in Mowiol. For
imaging, the Zeiss Axio Observer7 (20 x objective) equipped with a monochrome Axiocam

MRm camera was used. For image adaption, Adobe Photoshop CS6 software was used.
2.2.5.5 Luciferase reporter assay

A luciferase-based reporter system (Supplementary figure 4) was used to analyse the MRTF-
SREF transcription factor activity. Seven x 10* reporter-MSC (harbouring pLVX_shRNA2_3DA-
Luc plasmid) were grown in a 12-well plate overnight. The next day, cells were washed once
with PBS and medium changed to starvation medium (0) for 24 h. Following starvation, stimuli
were set for 7 h, 24 h and 48 h. The luciferase assay was done using the Dual-Glo Luciferase
Assay Kit (Promega) according to the manufacturer’s instruction. In brief, cells were washed
1 x with PBS, 100 ul pre-chilled 1 x passive lysis buffer (Promega) was applied and the 12-well
plate was placed on an orbital shaker for 15 min at room temperature until cells were lysed
and detached. Next, the lysates were transferred to Eppendorf tubes and centrifuged (15
minutes at 20817 x g and 4 °C). 20 ul of cell extract were transferred in a white 96-well plate.
Using the GloMax 96 Microplate Luminometer, injectors automatically dispensed 50 ul of the
luciferase substrate in the wells and measured the bioluminescence signal. For normalisation
purposes the constitutively expressed E2-Crimson [far-red noncytotoxic tetrameric variant of
DsRed fluorescent protein (Strack et al. 2009), stably expressed from 3D.A reporter MSC] was
measured separately. 50 ul of the cell extract were transferred in a black 96-well plate and
measurements were performed using the Clariostar (BMG Labtech) at 600-25/650-25 nm.

Firefly luciferase signals were normalised to E2-Crimson and are displayed as fold induction.
2.2.5.6 TGF-B1 ELISA (Enzyme-linked Immunosorbent Assay)

Human TGF-B1 DuoSet ELISA was performed according to the manufacturer’s instructions to
determine amounts of active TGF-B1 in TCM. Buffer compositions are listed in 2.1.5.1.

Samples of three independent TCM productions were analysed.
2.2.5.7 Senescence assay detecting senescence-associated B-galactosidase

The senescence-associated B-galactosidase (SA-Bgal) is a biomarker to detect senescence.
Five thousand MSC cells/cm?were seeded per well in a 6 well plate and grown under standard
conditions overnight. The next day, the growth medium in one well was supplemented with
5000 uM H20; to serve as positive control. In case effects of TCM or TGF stimulation were

analysed the medium was exchanged as described in section 2.2.2.4. One untreated well
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served as negative control. After 48 h of treatment the cell staining procedure was performed
as described by Debacg-Chainiaux and colleagues (Debacg-Chainiaux et al. 2009). In brief,
2 ml of staining solution (containing 1 mg/ml X-gal) were applied per well. The plate was sealed
with parafilm to prevent evaporation and to omit crystal formation. The plate was incubated at
37 °C at least overnight in a dry incubator (no CO,, bacterial growth incubator was used).
Finally, the staining solution was removed, cells embedded in Mowiol and stored at 4 °C for
long term storage. Morphology of at least 50 cells per condition were analysed using the Evos
Core AMG (Thermo Fischer). Experiments were performed in three biologically independent

replicates.
2.2.6 Calculation and Statistics

Data represent means with corresponding standard deviation (SD) including experimental
results of at least three independent biological replicates. Statistical analysis was performed
using SPSS 24.0 software applying an unpaired two-sample Student’s t-test, a one-way
ANOVA with Dunnett’'s multi comparison test (post-hoc) or a one-way ANOVA with Tukey's

multiple comparison test (post-hoc) as indicated. Significance is indicated by * p<0.05.
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3 RESULTS

The myofibroblastic differentiation from mesenchymal stem cell (MSC) to cancer-associated
fibroblast (CAF) is likely to be connected to myocardin-related transcription factor (MRTF-A)
dependent gene regulation. Furthermore, we hypothesised that MRTF-A influences the
tumour-supporting role of MSC in mixed colorectal cancer (CRC) xenografts. To examine
these issues, primary human bone marrow-derived MSC were differentiated with recombinant
transforming growth factor beta 1 (TGF-81) or tumour-conditioned medium (TCM) and
monitored for myofibroblastic markers. The influence of microRNA (miR) on differentiation
initiation and progression was additionally analysed. Furthermore, MRTF-A was knocked down
by RNA interference (RNAI) in a transient or stable approach, respectively. In mixed xenograft
experiments, MSC partially depleted for MRTF-A were used to investigate their effect towards
HCT8 CRC cells in vivo.

3.1 Primary human MSC undergo myofibroblastic differentiation

Even though MSC are known to differentiate into myofibroblasts (Mishra et al. 2008) the
primary human MSC used in the present thesis needed to be analysed for their myofibroblastic
differentiation potential. Initial experiments aimed at the characterisation of the myofibroblastic
differentiation process per se. For this purpose, differentiation was stimulated by TGF-1 and
protein markers indicating differentiation and CAF formation were analysed. In particular,
alpha-smooth muscle actin (a-SMA) is one of the most reliable markers for myofibroblastic
differentiation (Cherng et al. 2008). Calponin 1 and collagen 1A1 (COL1A1) were investigated
since they are described as myofibroblast markers too (Martinez-Outschoorn et al. 2010, Cirri
and Chiarugi 2011). Thus, an upregulation of a-SMA, Calponin 1 and COL1A1 should indicate
the transition of MSC.

To analyse the MSC myofibroblastic differentiation, cells were seeded under standard culture
conditions and treated with human recombinant TGF-B1 serving as differentiation initiator for
24 h (mMRNA) or 48 h (protein) in starved medium. The experiment was performed with MSC
from 3 different donors to include inter-individual differences and increase the robustness of
the results (n=3). The MSC donors were chosen independently of age, sex, or disease but on
the following characteristics: similar endogenous expression of myofibroblastic markers and
availability of enough cell material for the whole study. Changes in mRNA or protein amount
after TGF-B1 treatment were monitored (Figure 7) as fold changes compared to the
unstimulated starved control (Ctrl.T¢F).

TGF-B1 treatment resulted in significantly upregulated mRNA amounts of all considered
myofibroblastic markers (Figure 7 a). In detail, the RNA level of a-SMA was increased 4.9-fold,

Calponin 1 RNA showed 6.5-fold upregulation and the RNA encoding the ECM component



RESULTS | 46

COL1A1 exhibited a 2-fold rise. Furthermore, a similar increase of a-SMA (2-fold) and
Calponin 1 (3.4-fold) protein expression was detected following TGF-f stimulation (Figure 7 b).
COL1A1 was not analysed by western blot, as no reliable primary antibody was available.
Referring to the results displayed in Figure 7, myofibroblastic differentiation of MSC is triggered
by TGF-$1 and results in a CAF-like mRNA and protein expression pattern. Next, it was aimed
to establish conditions mimicking the pathophysiological differentiation of MSC into CAF-like
myofibroblasts, reminiscent of the influence of colorectal cancer cells on MSC in xenografts.
The HCTS cell line was selected because those cells have been shown to be growth-promoted
by MSC when co-transplanted in subcutaneous xenografts of male athymic Nude-Foxn1nu
mice (Widder et al. 2016). By using cell culture-conditioned medium, cytokines like TGF-1
and other soluble mediators that can affect MSC are included. It is hypothesised that
extracellular signals, especially TGF-B1 from HCT8 tumour cells are required to trigger MSC
differentiation. Therefore, it was tested if tumour cell conditioned medium (TCM) obtained from
the HCT8 CRC line may trigger the same effects as recombinant TGF-81. Thus, TCM was
obtained by growing HCT8 cells in MSC starvation medium (see 2.1.5.2) for 72 h as described
in 2.2.2.3 in detail.
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Figure 7: TGF-B induces expression of myofibroblastic markers in MSC.

MSC were treated with TGF-B1 (TGF) and analysed for myofibroblastic markers on mRNA and protein
levels. (a) Endogenous expression of Calponin 1, a-smooth muscle actin (a-SMA) and collagen 1A1
(COL1A1) was increased after TGF-31 treatment for 24 h. mMRNA amounts were quantified by gPCR
and normalised to the mean of ALAS and GAPDH. (b) Western blots of a-SMA and Calponin 1 show
increased protein amounts after 48 h of TGF-B1 (TGF) treatment. Relative protein amounts were
normalised to the a-tubulin signal. All data were normalised to the value of the starved control (Ctrl.)
which was set to 1. Equal loading was controlled by a-tubulin. Error bars correspond to SD (n=3).
Asterisks indicate significant differences *p<0.05 according to an unpaired Student’s t-test.
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MSC were treated with TCM or control medium (Ctrl.™M) for 24 h to analyse mRNA expression
changes and for 48 h to validate effects on protein level. In line with the results obtained with
TGF-B1 treatment; a-SMA, Calponin 1 and COL1A1 mRNA levels were significantly induced
in MSC by TCM treatment by 4.6-, 5- and 2-fold; respectively (Figure 8 a). Furthermore, a-
SMA and Calponin 1 protein amounts were substantially increased to 3.4- and 2.7-fold 48 h
after TCM stimulation compared to control treatment (Figure 8 b).

MSC change their cellular shape significantly during differentiation (Han et al. 2017). To
monitor the stretching and enlargement of differentiating MSC, phase contrast pictures were
taken of MSC growing under standard conditions (medium supplemented with 10 % hPL,
cycling MSC), starved MSC and MSC after TGF-1 and TCM treatment with 20 x
magnification. Cycling MSC are of relatively small size and display a triangular shape with
lamellipodia-like protrusions at the cell edges. In comparison, starved cells can be
characterised by spindle-shaped slender cell bodies. Most importantly, it was observed that
MSC spread-out exhibiting a flattened cell shape after TGF-$1 or TCM stimulus (Figure 9 a)
suggesting a CAF phenotype according to literature (Mishra et al. 2008).
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Figure 8: TCM induces expression of myofibroblastic markers in MSC comparable to TGF-1.
MSC were treated with freshly activated TCM and analysed for myofibroblastic markers on mRNA and
protein levels. (a) Endogenous expression of Calponin 1, a-SMA and COL1A1 were increased after
TCM treatment for 24 h. mMRNA amounts were quantified by gqPCR and normalised to the mean of ALAS
and GAPDH. (b) Western blots of a-SMA and Calponin 1 show increased protein amounts after 48 h of
TCM treatment. Relative protein amounts were normalised to the a-tubulin signal. All data were
normalised to the value for the starved control (Ctrl.) which was set to 1. Equal loading was controlled
by a-tubulin. Error bars correspond to SD (n=3). Asterisks indicate significant differences *p<0.05
according to an unpaired Student’s t-test.
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Additionally, MSC were immunostained for a-SMA to analyse their expression pattern during
the myofibroblastic MSC to CAF differentiation. Next to a-SMA (Figure 9 b, green) the nucleus
of MSC was counterstained with DAPI (Figure 9 b, blue). Fluorescence signals were captured
with the Axio Observer7 epifluorescence microscope at 20 x magnification. In conjunction with
the ascertained morphological changes (Figure 9 a), the expression pattern of a-SMA was
significantly altered (Figure 9 b), comparing cycling, starved and differentiated cells
(TGF, TCM). Cycling and starved MSC showed a diffusely distributed and unorganized a-SMA
signal localised across the whole cell. However, the a-SMA signal changed to distinct fibres in
TGF-B1 or TCM differentiated MSC samples, typical for myofibroblasts and accompanied by
cytoskeletal changes (Hinz et al. 2007).
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Figure 9: TGF-B1 and TCM cause morphological and cytoskeletal changes in MSC.

MSC have been treated with TGF-1 or TCM for 48 h. (a) Phase contrast images displaying the
morphology of untreated proliferating MSC (cycling), quiescent MSC (starved) and MSC differentiated
by TGF-B1 or TCM. Treated cells display a flattened cell shape compared to cycling and starved cells
(b) Immunofluorescence images of a-SMA in MSC. Cells were seeded on glass coverslips, treated with
TGF-B1 or TCM for 48 h, fixed, immunostained for a-SMA (green) and counterstained with DAPI (blue).
20 x magnification, scale bars 20 um.
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3.2 TCM contains active amounts of TGF-1 activating SMAD2

The above data hint at the presence of secreted factors like TGF-B1 by HCTS8 cells, triggering
MSC myofibroblastic differentiation in the same way as recombinant human TGF-f1. In this
context, TCM from HCT8 was checked for active amounts of TGF-B1 by ELISA. As already
mentioned, TGF-B1 is known to be secreted in its inactive form complexed with the LAP (Khalil
1999b). In this context, the harvested TCM was activated by acidification before it was used
for MSC differentiation, to gain stable and reproducible amounts of activated TGF-B1 as
described in 2.2.2.3.

To investigate an approximate amount of active TGF-B1 in TCM, an ELISA was performed
which enables to exclusively quantify active TGF-B1. There was one set of non-acidified
samples, harvested by centrifugation without further processing. The acidified set of samples
was harvested by centrifugation and acidified according to the protocol in 2.2.2.3. Additionally,
non-acidified and acidified samples underwent ELISA included sample activation, which is
similar to the acidification process. In non-acidified samples, active amounts of human TGF-31
could be only detected in the ELISA-activated TCM sample. Ctrl. Medium as well as TCM

without activation lack the presence of measurable active TGF-1 amounts.
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Figure 10: Physiological amounts of TGF-31 detected in TCM

HCT8 tumour-conditioned medium (72 h) and corresponding control medium (Ctrl.) were analysed via
ELISA for active amounts of TGF-B1. Non-acidified samples on the left side were harvested by
centrifugation and directly used for the Elisa. Acidified samples were acidified after centrifugation to
release biologically active TGF-31 from the LAP. The + and — signs below the bar chart indicate whether
samples underwent additional ELISA-included acid treatment. Human recombinant TGF-f1 was used
for calibration. n.d., not detectable. Error bars correspond to SD (n=3). LAP, latency-associated protein
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In acidified samples, active amounts of TGF-31 were detected in ELISA-activated and non-
activated samples. These data suggest that acidification releases the mature TGF from its
latent non-active complex. Compared to the amount of recombinant human TGF-B1 (10 ng/ml)
the concentration of TGF-1 in the HCT8 TCM is relatively low but obviously not less effective
as demonstrated in Figure 8.

Since the ELISA data prove the presence of TGF-B1 in TCM it was the next step to monitor
TGF-B1 specific signalling events. SMAD2 phosphorylation was analysed after TCM treatment.
An increase of phosphorylated SMAD2 (pSMAD2) with unaltered total SMAD2 (tSMAD2)
signal points towards activated TGF-31 signalling. Attempts using recombinant TGF-31 to
trigger differentiation served as positive control. Furthermore, two negative controls were
included (Ctrl.TM, Ctrl.T®F). While Ctrl."®" consists of MSC starvation medium (see 2.1.5.2)
without any supplements, Ctrl."® was treated as TCM without having contact with HCT8 cells
(see 2.2.2.3). TGF-B1 specific signalling events were monitored by pSMAD2 after TGF-31 and
TCM treatment (Figure 11). Both stimuli significantly induced SMAD2 phosphorylation by 6.5-
fold (TGF-B1) or 7.7-fold (TCM) in MSC within 1 h, whilst tSMAD2 protein levels remained
unaffected. Control media (Ctrl."®™, Ctrl.TF) showed no effect on pSMAD2, as expected.
Therefore only Ctrl.™™ was used as negative control for future experiments, named Ctrl.
Together, these results demonstrate that TGF-31 is secreted by HCT8 tumour cells and elicits

SMAD signalling responses upon differentiation of MSC.
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Figure 11: TGF-B-like signalling via SMAD 2 triggered in MSC during CAF differentiation
Western Blot showing the ratio between phosphorylated SMAD2 (pSMAD2) and total SMAD2. Cells
were treated with TCM or TGF-B1 (TGF) for 1 h, respectively. For quantification, pSMAD2 was
normalised to the total SMADZ2 signal. Error bars correspond to SEM (n=3). Asterisks indicate significant
differences (*p<0.05) compared to the control sample (Ctrl.) according to an unpaired Student’s t-test.
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3.3 Blocking TGF-1 signalling interferes with MSC differentiation

To further investigate the role of TGF-1 signalling, combinatory experiments were done using
the AIk5 kinase inhibitor RepSox together with TGF-B1 and TCM treatment. RepSox is
inhibiting ATP (adenosine triphosphate) binding to ALK5 and its autophosphorylation (Gellibert
et al. 2004). By using RepSox along with TGF-B1 or TCM impaired phosphorylation of SMAD2
was shown.

The MSC were treated with 200 nM RepSox for 1 h prior to TGF-B1 and TCM stimulus blocking
the Alk5 receptor. During stimulation, RepSox was also present in TGF-containing medium
and TCM to ensure constant blocking of Alk5 (western blot Figure 12 a). Protein expression
changes of pPSMAD2 were quantified and normalised to tSMAD2. Without RepSox TGF-31
and TCM induced SMAD2 phosphorylation 2.6- to 3.3-fold, respectively. tSMAD?2 levels were
not affected. RepSox did not change the pSMAD2 protein amount (Figure 12 a) under control
conditions (Ctrl. +) but prevented pSMAD?2 increase triggered by TGF-B1 (TGF +) and TCM
(TCM +). pSMAD2 levels upon RepSox treatment during differentiation (TGF +, TCM +)
dropped to endogenous protein levels, as there are no significant differences compared to the
unstimulated control sample (Ctrl. -) as well as to the RepSox treated control (Ctrl. +). The
corresponding Western Blot quantification is shown in Figure 12 b.
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Figure 12: Increased SMAD2 signalling during MSC differentiation is impaired by RepSox.

MSC were pre-treated with 200 nM RepSox for 1h, afterwards differentiated with recombinant TGF-31
or freshly activated TCM under the presence of RepSox. Samples were analysed for phosphorylated
(pPSMAD2) and total SMAD2 protein levels. (a) Representative Western blots of pSMAD2 and total
SMAD2 show increased protein amounts after 1 h of TGF-B1 and TCM treatment. RepSox prevents the
induction caused during differentiation. The + and — signs indicate whether samples have been treated
with DMSO as negative control (-) or RepSox (+). (b) For quantification, pPSMAD2 was normalised to the
total SMAD2 signal. Error bars correspond to SEM (n=3). Asterisks indicate significant differences
(*p=<0.05) compared as specified by brackets according to an unpaired Student’s t-test.
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Moreover, changes in myofibroblastic marker expression were analysed via western blot
during the differentiation of MSC into CAF (Figure 13 a). MSC were pre-treated for 1 h with
RepSox, whereat TGF-31 and TCM medium were supplemented with RepSox as well during
48 h of stimulation. Stimulating MSC with TGF-1 and TCM without RepSox (TGF -, TCM -)
increased Calponin 1 (2.7-fold) and a-SMA (1.3-fold) protein levels compared to Ctrl. - which
was setto 1. a-SMA and Calponin 1 induction by either TGF-31 or TCM was effectively blocked
by RepSox (TGF +, TCM+, Figure 13 b). Both markers seemed to be expressed below
endogenous protein levels comparing TGF + (a-SMA p<0.05, Calponin 1 p=0.05) and TCM +
(a-SMA p=0.05, Calponin 1 p<0.05) samples with Ctrl. -. The inhibitor itself slightly
downregulates a-SMA and Calponin 1 protein amounts (Ctrl. +), independent of differentiation
(TGF +, TCM +). Together, these results demonstrate, that HCT8 colorectal cancer cells are
likely to produce secreted factors such as TGF-B1 inducing SMAD2 signalling, stimulating
Calponin 1 and a-SMA in an Alk5 S/T kinase activity dependent way.
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Figure 13: Impaired MSC differentiation by RepSox treatment disturbing TGF-1 signalling.
MSC were pre-treated with 200 nM RepSox for 1h, afterwards differentiated with recombinant TGF-31
or freshly activated TCM under the presence of RepSox. Samples were analysed for myofibroblastic
markers protein level. (a) Representative Western blots of a-SMA and Calponin 1 show increased
protein amounts after 48 h of TGF-B1 and TCM treatment. The + and — signs indicate whether samples
have been treated with DMSO as negative control (-) or RepSox (+). (b) Relative protein amounts of a-
SMA and Calponin 1 were normalised to the a-tubulin signal. Quantification data were normalised to the
value for the starved control without RepSox (Ctrl. -) which was set to 1. Equal loading was controlled
by a-tubulin. Error bars correspond to SEM (n=3). Asterisks indicate significant differences *p<0.05
according to an unpaired Student’s t-test.
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3.4 MSC to CAF differentiation does not lead to altered senescence

Several publications associate senescence with CAF-dependent tumour support (Alspach et
al. 2013, Schosserer et al. 2017, Wang et al. 2017). CAF are a very heterogeneous cell
population that can be divided into several sub-populations. Mellone et. al described two
prominent sub-populations: senescent fibroblasts and myofibroblasts, whereby both express
a-SMA and promote tumour malignancy (Mellone et al. 2016). The differentiation of MSC into
CAF, induced by either recombinant TGF-31 or TCM, was characterized as a myofibroblastic
process, marked by an increase in a-SMA expression, as described in this thesis. By analysing
the senescence status of CAF differentiated MSC it was aimed to gain additional information

on their role within the tumour stroma and tumour support.
a

Phase contrast

Brightfield

b
« 60 1 35
% =
S 50 - x © 30 1
= 2
£ 404 g2 J_
2 5 8 201
s 8 15
2 g
207 & 10
(/2] (/2]
v 10 - s 54
S .
UB 5000 M Ctl. TCM TGF
H,0,

Figure 14: Senescence assay to detect SA-Bgal positive cells.

MSC have been treated with TGF-B1 or TCM for 48 h. (a) Phase contrast images (upper panel) of
untreated proliferating MSC (cycling), H202 treated, quiescent MSC (starved) and MSC differentiated by
TGF-B1 or TCM. H202-treated cells serve as positive control. Starved cells show an elongated cell shape
whereas treated cells (TGF/TCM) display a flattened cell shape. The lower panel shows the same cells
using a brightfield ocular which enables visualising the bluish stained SA-BGal-positive cells
(20 x magnification, scale bars 20 um). (b) Quantification of SA-BGal positive cells. Fifty cells have been
counted whereby blue and non-coloured cells were noted. The left panel shows an increased number
of blue cells upon H20:2 treatment (positive control). The right panel shows a comparison between
starved cells (Ctrl.) and differentiated MSC. Error bars correspond to SD (n=3). Asterisks indicate
significant differences *p<0.05 according to an unpaired Student’s t-test.
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MSC were analysed for increased senescence by senescence-associated B-galactosidase
(SA-BGal) staining. For control purposes, MSC have been treated with 5000 pM H2O; (in
standard hPL containing cell culture medium) serving as senescence inducer. After 48 h of
TGF-f1 and TCM stimulated differentiation, MSC were stained for SA-BGal-activity as
described in 2.2.5.7. Morphological changes were documented by phase contrast and
brightfield microscopy. Figure 14 a shows phase contrast images of cycling, H2O; treated,
starved as well as TGF-B1 and TCM stimulated cells in the upper panel. The lower panel
displays brightfield images of the same samples in an identical area, whereby the blue colour
in the lower panel tags SA-BGal-positive cells. Moreover, cells were counted (50 cells each in
3 independent MSC populations) and the percentage of positively stained cells was calculated
(Figure 14 b). The results of H.O..treated and differentiated MSC (TGF, TCM) were displayed
in two independent graphs since basic culture conditions are different. Cycling cells and
H>O.-treated cells were cultivated in standard culture medium whereby Ctrl., TGF and TCM
medium underlies starving medium (see 2.1.5.2). For this reason, the senescence of
differentiated MSC is not directly comparable with cycling cells or the H20- positive control.
Supplementing the starving medium with H.O. quickly caused cell death, making it an
unsuitable control.

Cycling cells contain only a small number of SA-BGal-positive cells (18 %) which significantly
increased upon H>O, treatment (50 % SA-BGal-positive). In comparison, no significant
changes were measured comparing starved cells (Ctrl.) with TGF-B1 and TCM-treated cells,

concluding MSC undergoing CAF differentiation are not altered in cellular senescence.

3.5 Investigation of miR-21 and miR-29 during MSC differentiation

The differentiation of MSC to CAF is a complex process and might be influenced by microRNA.
Human miR-21 is described to play a role in TGF-B1-induced CAF-formation in human primary
foreskin fibroblasts (Li et al. 2013). In addition, miR-29 was shown to be one of the most
down-regulated miR in CAF (Liu et al. 2017) and miR-29 is targeting COL1A1 (van Rooij et al.
2008), which | found to be increased during MSC to CAF differentiation. Accordingly, the next
part of the project aimed at analysing the influence of hsa-miR-21-5p (miR-21) and hsa-miR-
29-3p (miR-29) on MSC differentiation.

First, miR-21 and miR-29 expression during MSC to CAF differentiation was quantified by
gPCR (Figure 15). Therefore, cells were stimulated with recombinant TGF-$1 for 2 and 10
days, respectively. MiR-21 showed a slight upregulation after 2 days of differentiation which
further increased to a significant 1.6-fold up-regulation after 10 days of TGF-1. In contrast,
miR-29 significantly decreased by 20 % after 2 days of MSC to CAF differentiation. The effect

became even more prominent (-40 %) after 10 days.
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Figure 15: miR-21 and -29 expression upon TGF-B1 stimulation and CAF differentiation.
MSC have been treated with TGF-1 for 2 days (2 d) or 10 days (10 d) to analyse changes in miR-21
and miR-29 expression during MSC differentiation. The left panel shows relative miR-21 expression
changes, while the right panel displays results for miR-29. The relative miR amounts were determined
by gPCR, normalised to the mean of SNORD61, SNORD72 and SNORD 95. For quantification, the
untreated control (Ctrl.) was set to 1. Error bars correspond to SD (n=3). Asterisks indicate significant
differences (*p<0.05) according to an unpaired Student’s t-test.

To further investigate the role of microRNA, transient miR knockdowns using antagomir and
overexpression studies via miR mimic transfection were performed for miR-21 and miR-29.
Antagomirs are synthetic single-stranded RNA oligonucleotides perfectly complementary to
the mature miR of interest. After transfection, an antagomir binds the target resulting in the
degradation of the miR/antagomir duplex (Krutzfeldt et al. 2007). In contrast, miR mimics are
synthetic double-stranded RNA oligonucleotides mimicking endogenous pre-mature miR.

30 nM antagomir or miR mimics were transfected into MSC and the cells were harvested after
48 h. Figure 16 a shows that the transfection of miR-21 and -29 antagomirs resulted in
significantly decreased miR amounts of 97 % and 54 %, respectively. Corresponding
overexpression by miR mimics (Figure 16 b) resulted in a moderate 4.7-fold increase for
miR-21 and a significant 397-fold increase for miR-29 expression. Subsequently, the effect of
miR-21 and miR-29 on the expression of differentiation marker proteins (a-SMA, Calponin 1,
COL1A1) was analysed (Figure 16¢-f). The miR-21 knockdown decreased a-SMA, Calponin 1
and COL1A1 expression (Figure 16 c) by 26-43 % whereas its overexpression resulted in
increased MRNA amounts of 1.7-fold for a-SMA and 2.3-fold for Calponin 1. COL1A1 remained
unaffected by the mimic transfection. (Figure 16 d). In comparison, miR-29 antagomir
transfection caused a mild a-SMA and Calponin 1 mRNA decrease whereby COL1A1 is
upregulated significantly by 1.3-fold (Figure 16 e).
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Figure 16: Knockdown and overexpression of miR-21 and miR-29.

MSC were transfected with miR-21 or miR-29 antagomirs or mimics for 48h. (a) miR-21 and miR-29
amounts are reduced upon antagomir transfection. (b) miR-21 and miR-29 amounts are increased after
miR mimic transfection. The influence of miR-21 and miR-29 knockdown or overexpression on MRTF-
A and myofibroblastic marker genes is shown in panels (c) to (f), respectively. (c) Knockdown of miR-
21 causes significantly decreased levels of a-SMA, Calponin 1 and COL1A1 whereby overexpression
(d) leads to increased a-SMA and Calponin 1 mRNA amounts. Knockdown of miR-29 by antagomir (e)
leads to slightly diminished a-SMA and Calponin 1 amounts while COL1A1 expression was significantly
elevated. (f) Overexpressed miR-29 by miR-29 mimic usage caused strikingly increased a-SMA and
Calponin 1 whilst COL1A1 was significantly reduced. The relative miR amounts were determined by
gPCR, normalised to the mean of SNORD61, SNORD72 and SNORD 95. For quantification Ctrl.
antagomir or Ctrl. mimic were set to 1, respectively. Error bars correspond to SD (n=3). Asterisks
indicate significant differences (*p<0.05) according to an unpaired Student’s t-test.
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Figure 17: Lentiviral miR-29 expression upon TGF-f1 stimulation and CAF differentiation.

MSC were transduced with lentiviral plasmid to overexpress miR-29. (a) miR29-amount is increased by
lentiviral overexpression. (b) miR-29 lentiviral overexpression caused mildly increased a-SMA and
Calponin 1 amounts whilst COL1A1 was not affected. The relative miR amounts were determined by
gPCR, normalised to the mean of SNORD61, SNORD72 and SNORD 95. mRNA amounts were
quantified by gPCR and normalised to the mean of ALAS and GAPDH. For quantification Ctrl. was set
to 1. Error bars correspond to SD (n=3). Asterisks indicate significant differences (*p<0.05) according to
an unpaired Student’s t-test. (¢) Phase contrastimages displaying the morphology of control transduced
MSC (Ctrl.) and miR-29 overexpressing cells (Lenti miR-29 mimic), whereby the latter show increased
cell detachment. 20 x magnification, scale bars 20 ym.

In contrast, miR-29 overexpression using miR mimics caused a significant upregulation of a-
SMA and Calponin 1 (2.8-fold and 3.3-fold, respectively) and almost abolished COL1A1 mRNA
expression (Figure 16 f). Since transient miR-29 mimic transfection caused severe effects on
COL1A1 mRNA expression stable miR-29 overexpressing MSC (from three different donors)
were created by lentiviral transduction.

It was aimed to analyse the effect of COL1A1 loss on MSC differentiation and its influence on
HCT8 in spheroid co-culture. Lentiviral overexpression led to a mild 2.8-fold overexpression
(Figure 17 a) compared to massive transient overexpression (Figure 16 b). The effect of stable
miR-29 overexpression on myofibroblastic targets was very mild too. The a-SMA and
Calponin 1 expression was increased to 1.2 or 1.3-fold respectively (Figure 17 b). Collagen
expression remained unaffected whereby a massive downregulation was expected.
Additionally, MSC underwent morphological changes after miR-29 lentiviral overexpression.
Figure 17 c shows phase contrast images of control and miR-29 transduced cells 48 h after

infection. MiR-29 overexpression led to increased cell detachment compared to control.
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Taken together, these results suggest a critical role of miR-21 and especially miR-29 during
MSC to CAF differentiation, triggered by recombinant TGF-1 via the regulation of a-SMA,
Calponin 1 and COL1A1. Especially the absence of COL1A1 mRNA after transfection of the

miR-29 mimics may compromise differentiation.

3.6 MRTF-A is activated during myofibroblastic MSC differentiation

In further experiments, the MRTF-A activity was analysed. As described before MRTF-A is a
transcriptional co-activator of the serum response factor (SRF) regulated by actin treadmilling
(Miralles et al. 2003). In detail, in its inactive form, MRTF-A is bound to G-actin and thereby
repressed. During actin polymerisation, the MRTF-actin complex dissociates and active
MRTF-A can accumulate in the nucleus binding SRF (Olson and Nordheim 2010).
Myofibroblastic processes, like the MSC to CAF differentiation, trigger actin polymerisation. It
is thus hypothesised that MRTF-A translocates to the nucleus of MSC after TGF-B1 or TCM
stimulus.

To evaluate this hypothesis, immunofluorescence assays in MSC (Figure 18 a) were
performed. MSC of 3 independent donors were used for CAF differentiation by TGF-31 and
TCM (48 h) and stained for MRTF-A (red colour) and DNA (DAPI, blue) as described in 2.2.5.4.
Cycling and starved cells showed an even distribution of the MRTF-A signal in the whole cell
including the nucleus. In contrast, a slight increase of nuclear MRTF-A upon TGF-B1 and TCM
stimulation was detected compared to the starved control. Quantifying the
immunofluorescence staining’s via ImageJ/Fiji revealed a significant 1.4-fold increase of
nuclear MRTF-A after TGF-B1 and TCM stimulus (Figure 18 b).

To validate adjusted MRTF-A activity during myofibroblastic MSC differentiation, luciferase
reporter MSC (3D.A-luc MSC) were created by lentiviral transduction (see 2.2.2.8). The
reporter plasmid originated from a lentiviral shRNA plasmid (pLVX-shRNA2-Crimson-Puro)
and was modified to meet the requirements of the present study, as described in 2.2.3.9. An
increased amount of nuclear and active MRTF A correlates with increased luciferase synthesis
measurable by luciferase activity. After the stable polyclonal 3D.A-luc reporter MSC have been
created from three different donors, luciferase reporter assays were performed (see 2.2.5.5).
Cells were pre-starved for 24 h and stimulated with TGF-B1 or TCM for 7 h, 24 h and 48 h
afterwards. Increased MRTF-A activity was shown by TGF-B1 stimulation by 3.1-, 2.1- and
1.7-fold compared to the starved control at all three time points (Figure 18 c). TCM caused
similar effects after stimulation for 7 h, 24 h and 48 h (2.6-, 2.5-, 1.6-fold, respectively).
Comparing the immunofluorescence and luciferase studies the ratio of increased nuclear
MRTF-A upon TGF-f1 and TCM stimulation (1.4-fold both) correlates with 1.7- and 1.6-fold

increases in the luciferase assay.
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Taken together the reporter assay and immunofluorescence findings demonstrate that in
primary human MSC, the stimulation with TGF-1 and TCM causes cytoplasmic MRTF-A to
translocate to the nucleus. This event results in increased MRTF-A activity during the
differentiation of myofibroblastic MSC into CAF, even though there are considerable amounts

of nuclear MRTF-A levels under unstimulated conditions.
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Figure 18: Translocation and activation of MRTF-A during myofibroblastic MSC differentiation.
(a) Intracellular localisation of MRTF-A. Cells were immunostained with anti-MRTF-A (red) and DNA
counterstained with DAPI (blue) following 48 h of treatment with TGF-f1 (TGF) or TCM. 20 x
magnification, scale bars 20 ym. (b) Quantification of MRTF-A displaying the change of nuclear to
cytoplasmatic MRTF-A signal in 30 cells (each) from three independent MSC donors. Asterisks indicate
significant differences (*p<0.05) according to an unpaired Student’s t-test. (c) MSC stably infected with
lentiviral MRTF-SRF dependent luciferase reporter constructs were analysed during MSC to CAF
differentiation induced by TCM or TGF-B1 (TGF) for the indicated time points (7 h, 24 h, 48 h). Relative
luciferase activities normalised to constitutive E2-Crimson expression are displayed. Error bars
correspond to SD (n=4)
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3.7 Impaired myofibroblastic marker expression upon MRTF-A

knockdown by RNA interference

To further validate if MRTF-A is a supportive or limiting factor for MSC differentiation,
knockdown studies were performed, using siRNA pools in combination with TGF treatment.
Cells transfected with siRNA against MRTF-A (siMRTF-A) showed significant 83 %
downregulation of MRTF-A (Figure 19). In addition, a-SMA and Calponin 1 mRNA expression
were significantly affected by the MRTF-A knockdown resulting in expression levels reduced
by 80 % and 86 %, respectively. In comparison, COL1A1 remained unaffected. SiCitrl.
transfected and TGF-B1-stimulated MSC exhibit similar induction patterns of CAF marker
genes (a-SMA, Calponin 1, COL1A1) as wild-type cells (Figure 7). Most importantly, the
TGF-B1-induced a-SMA and Calponin 1 upregulations were effectively blocked by transient
siRNA-mediated MRTF-A knockdown, whereas COL1A1 was still inducible under control
conditions.

These results suggest that the TGF-1 induced upregulation of a-SMA and Calponin 1 mRNA
amount during MSC to CAF differentiation requires MRTF-A, whereas COL1A1 expression is
regulated independently of MRTF-A in MSC.

3,0 -

|siCtrl. @siCtrl. +TGF @siMRTF-A OsiMRTF-A +TGF

*

25

2,0 A

1,5 1

1,0 1

Relative mRNA amount

0,0 -

MRTF-A a-SMA Calponin 1 COL1A1

Figure 19: Impaired MSC differentiation by transient MRTF-A knockdown.

Expression of MRTF-A and myofibroblastic marker genes upon TGF-B1 treatment (24 h) following
transient knockdown by MRTF-A siRNA (siMRTF-A) or control siRNA (siCtrl.). The relative mRNA
abundance was determined by quantitative gPCR and normalised to ALAS and GAPDH. To display fold
changes the starved siCtrl. was set to 1. Error bars correspond to SD (n=4). Asterisks indicate significant
differences (*p<0.05) according to an unpaired Student’s t-test.
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Figure 20: Impaired MSC differentiation by stable MRTF-A knockdown.

Representative Western Blot of MRTF A, a-SMA and Calponin 1 in lentiviral transduced MRTF-A
knockdown MSC. Control infected cells (shCtrl.), as well as MRTF-A knockdown cells obtained by three
independent shRNA constructs (#41, #77, #78), were treated with TCM or TGF-B1 (TGF) for 48 h. The
relative protein amounts were normalised to a-tubulin signals. For quantification, data were normalised
to the value for the starved shCtrl., which was set to 1. In the lower panels average results obtained for
3 individual donor MSC are displayed. Error bars correspond to SD (n=3). Asterisks indicate significant
differences (*p<0.05) according to a one-way ANOVA with Dunnett’s multi comparison test (post-hoc).

By lentiviral transduction, stable MRTF-A knockdown MSC (shMRTF-A) were created using
three different shRNA sequences targeting MRTF-A (indicated by #41, #77 and #78 in Figure
20). To reduce donor-specific effects, MSC of three different donors were transduced.The
protein levels of MRTF-A, Calponin-1 and a-SMA were analysed compared to control MSC

transduced with a non-targeting control shRNA (shCtrl.). Sh-MRTF-A and shCtrl. MSC were
treated with TCM and TGF-B1 for 48 h and protein samples were analysed via Western
Blotting. MRTF-A knockdown caused a >90 % MRTF-A reduction independent of the tested
shRNA sequence. Furthermore MRTF-A knockdown caused a significant downregulation of
basal a-SMA and Calponin 1 protein amount compared to shCtrl. MSC (Figure 20) to an
average of 46 % and 27 % remaining protein, respectively. Stimulation of shCtrl. MSC with

TCM and recombinant TGF-B1 led to increased a-SMA and Calponin 1 protein amounts,
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comparable to unmodified MSC. This induction was, however, massively impaired after MRTF-
A depletion. Only a minor increase of a mean of 3 % and 11 % of a-SMA and Calponin 1 could
be detected in stimulated shMRTF-A MSC which did not even reach the level of endogenous
a-SMA and Calponin 1 expression.

In summary, the transient and stable knockdown studies demonstrate that MRTF-A plays an
important role during myofibroblastic MSC differentiation by regulating key elements of the

myofibroblastic differentiation machinery.

3.8 MRTF-A knockdown affects the tumour-supporting role of MSC

in HCT8 xenografts in nude mice

From the above knockdown studies, it became clear that the myofibroblastic MSC to CAF
differentiation is disturbed by MRTF-A depletion. Additional in vivo studies were scheduled to
gain further insights into the effects of MRTF-A knockdown on the tumour-supporting function
of MSC and performed in collaboration with Dr. Jana Lutzkendorf (Werner et al. 2019).

For xenograft experiments, Ds-Red-labelled HCT8 cells were mixed with MSC (shCtrl. or
shMRTF A cells) in a ratio of 5:1. The cell mixture of HCT8 and MSC cells was injected
subcutaneously into the flanks of male six- to eight-week-old athymic nude-fox n1 nu/nu mice.
Seven days after injection, tumour formation was analysed using a calliper. As shown in Figure
21 a, HCTS8 cells transplanted alone solely formed tiny tumours of 0.87 + 1.49 mm?3 (mean
volume + SD) whereby transplantation of HCT8 cells mixed with shCtrl.-MSC caused a
massive increase in tumour volume to 55.54 +29.73 mm?3. Comparing shCtrl.-MSC with
shMRTF-MSC, a significant reduction in xenograft volume was detected (31.27 + 10.98 mm3),
indicating an impairment of early tumour growth in the presence of MRTF-A-decimated MSC.
Similar effects of MRTF-A knockdown were shown on xenograft weight at day 25 post-injection
(Figure 21 b). The tumour mass of mixed xenografts harbouring shCtrl.-MSC increased to
557.3 £ 316.6 mg compared to HCT8 cells alone (28.3 + 31.5 mg). Nevertheless, the weight
of the MRTF-A knockdown xenografts was significantly reduced (359.7 + 231.7 mg) in
comparison to shCtrl.-MSC.

Moreover, the fluorescence of the Ds-Red-labelled HCT8 was imaged and allowed
visualisation of tumour cell growth in anaesthetised mice (Figure 21 c). The Ds-Red signal was
shown to directly correlate with the tumour cell number analysing the R? coefficient in several
colorectal tumour cell lines (Caysa et al. 2012). Hence, the imaging results show that the
decreased tumour size is directly connected to reduced HCT8 cell proliferation and not to failed
stroma generation.

Taken as a whole, these results demonstrate that MRTF-A is not only controlling the
myofibroblastic differentiation of MSC. MRTF-A is also necessary for the functional

differentiation of MSC towards a tumour-promoting CAF phenotype in vivo.
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Figure 21: MRTF-A knockdown partially impairs tumour-promoting effects of MSC on HCT8
xenograft growth in mice.

3 x 108 HCT8 cells were coinjected with or without 7.5x105 MSC s.c. in athymic nude mice. (a) Tumour
volumes were determined using calliper measurement at day 7 (d7). (b) Mice were killed and the
tumours were extracted and weighted after 25 days (d25). One-way ANOVA with Tukey‘s multiple
comparison test (post-hoc) was applied to test for significance. (c¢) /In vivo acquisition of multispectral
images of DsRed expressing tumours in athymic nude mice on d25 post-injection. Pictures were taken
via 2.2 CRi Maestro in vivo fluorescence imaging system (CRi, Woburn, MA, USA) with Maestro
software (2.22). Representative grayscale images were overlayed with respective fluorescence images
(intensity weighted pseudocolour mode, scale bar displayed beneath).

Data presented in this Figure were produced and provided by the cooperating scientist and colleague
Dr. Jana Liitzkendorf (University Clinic of Internal Medicine 1V).
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4 DISCUSSION AND PERSPECTIVE

The research conducted in this thesis aimed to investigate whether the transcription factor
MRTF-A has an impact on the myofibroblastic differentiation of MSC into CAF. Additionally,
the study explored the tumour-propagating capabilities of differentiated MSC.

4.1 TGF-B1 and TCM treatment induce MSC differentiation into CAF

Researchers in tumour biology increasingly realized the importance of stromal cells on tumour
growth and progression. Stromal cells like CAF are well-known components of the tumour
stroma and are directly connected to cancer initiation, progression and metastasis (Bhowmick
et al. 2004, Li et al. 2013). But from what cell type can CAF arise?

MSC hold a lifelong presence in many tissues and their perivascular localisation led to the
assumption that MSC are one possible source of CAF (Crisan et al. 2008). Thereby it is
hypothesised that MSC-derived CAF can provide a pre-metastatic niche for tumour cells.
Consistent with this, MSC were described to support colorectal tumour growth in colorectal
cancer by B1-integrin-dependent mechanisms (Widder et al. 2016).

To prove the MSC to CAF differentiation in the current thesis two settings were designed to
initiate the process: Incubation with recombinant TGF-B1 or TCM. These stimuli are widely
recognised for inducing CAF differentiation in various precursor cells, including MSC, and are
thus considered standard methods for this process. (Mishra et al. 2008, Shangguan et al.
2012b, Barcellos-de-Souza et al. 2016, Yoon et al. 2021).

CAF differentiation is characterised by morphological changes in the initial cell type (Kalluri
and Zeisberg 2006b). In the current thesis, the altered morphology goes along with
cytoskeleton reorganisation, especially characterised by an increased a-SMA signal. In cycling
and starved MSC, the a-SMA staining is distributed over the whole cell, whereas in TGF-31 or
TCM-treated MSC, one can find distinct a-SMA fibres. In accordance with the literature, MSC
show radical morphological changes upon TGF-$1 and TCM stimuli (Figure 9), leading to the
assumption that indeed MSC undergo a myofibroblastic differentiation into CAF (Quante et al.
2011).

To further monitor the myofibroblastic MSC to CAF differentiation, three markers were
analysed on protein and mRNA levels: a-SMA, Calponin 1 and Col1A1 which are described to
be connected to myofibroblastic processes (Crider et al. 2011, Velasquez et al. 2013, Johnson
et al. 2014). Increased a-SMA amounts were shown on protein level via western blot and
elevated mRNA amounts were measured by gPCR (Figure 7 & Figure 8). These results are
consistent with the immunofluorescence results (Figure 9). Together, these findings concur
with other studies, proving a-SMA as a reliable CAF marker in the current experimental setting
(Kalluri and Zeisberg 2006b, Hinz et al. 2007, Brentnall et al. 2012, Wang et al. 2018). Calponin



DISCUSSION | 65

1, the second myofibroblastic CAF marker, showed significantly increased mRNA and protein
amounts (Figure 7 & Figure 8) as described before (Martinez-Outschoorn et al. 2010, Guido
et al. 2012). These results reproduce findings from former studies, which describe Calponin-1
as a myofibroblastic marker being upregulated upon TGF-B1 stimulation in connection to
myofibroblastic CAF formation (Crider et al. 2011). Calponin 1, as well as a-SMA, belong to
the contractile apparatus in smooth muscle cells, thus the results go along with the
expectations to see those markers upregulated during the myofibroblastic differentiation of
MSC to CAF (Hinz et al. 2001, Liu and Jin 2016).

Additionally, Col1A1 levels were examined during MSC differentiation. Col1A1 is described as
an ECM protein and a typical marker of activated fibroblasts (Kojima et al. 2010). Moreover,
myofibroblasts and hence CAF are known as the major cell type to secrete, synthesise, modify
and assemble ECM (Yoshimura et al. 2015, Erdogan et al. 2017). The stroma of several human
tumours shows elevated Col1A1 levels, and increased collagen amounts are associated with
worse outcomes in CRC patients (Faouzi et al. 1999, Zhang et al. 2018, Liu et al. 2019). The
results of the present thesis (Figure 7, Figure 8) correspond to the literature: upon TGF-1 or
TCM stimulation Col1A1 mRNA amounts were elevated to the same extent (Alkasalias et al.
2014). Due to the lack of a reliable Col1A1 antibody for western blot or immunofluorescence,
the cooperating scientists Jana Litzkendorf used Picro-Sirius red staining in cell culture
dishes, which is normally used for histological samples (Schmitz et al. 2010). This experiment
was published in the joint paper and showed 50 % elevated collagen deposition upon 96 h of
TGF-B1 stimulation (Werner et al. 2019). Nevertheless, a differentiation between the several
collagens is not possible in this experimental setting.

To measure the TGF-B1 concentration in TCM, ELISA experiments were performed. Around
80 pg/ml TGF-B1 was detected in the medium conditioned for 72 h by 2,5 x 108 HCT8 cells/ml.
For TGF-B1-induced CAF differentiation, the cytokine concentration of 10 ng/ml was used as
described before (Quante et al. 2011). Comparing the TGF-B1 concentrations between TCM
and the recombinant cytokine it is evident that recombinant TGF-$1 was used at a 125-fold
higher concentration. Regarding the experimental outcome, it seems like the TCM incubation
is as effective as the recombinant TGF-B1 cytokine. In detail the increase of a-SMA, Calponin
1 and Col1A1 mRNA and protein levels is similar.

In the current thesis, there was no adjustment in recombinant TGF-B1 concentrations since
the experimental outcome in both settings was comparable. In future experiments, one could
try to directly compare the cytokine efficiencies, by using the recombinant TGF-81 with a
concentration of 80 pg/ml to resemble the medium concentration of TGF-B1 in TCM of HCT8
cells. On the other hand, recombinant cytokines are designed to mimic the natural proteins as
closely as possible, but the activity of recombinant cytokines compared to their natural

counterparts can vary based on several factors, including their production process, post-
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translational modifications, and the presence of accessory proteins (Punnonen et al. 2019,
Saxton et al. 2023).

Along with the detection of considerable amounts of TGF-31 in TCM, the necessity of the TGFf3
type | receptor kinase (ALK5) activity was shown (Figure 12) during the differentiation of MSC
to CAF. pSMAD?2 levels increased upon TGF-f1 and TCM stimuli whereby tSMAD2 levels
remained unaffected. Additionally, the MSC to CAF differentiation is impaired by blocking TGF-
B1 signalling via RepSox, shown by reduced protein amounts of a-SMA and Calponin 1 protein
amounts (Figure 13). These findings agree with the literature, describing the importance of the
canonical TGF-signalling during CAF generation (Hawinkels et al. 2014, Ringuette Goulet et
al. 2018). Furthermore, MSC are described to be recruited to the tumour site by TGF-f1 and
similar effects of TGF/SMAD inhibition on MSC-CAF differentiation was shown by independent
researchers (Barcellos-de-Souza et al. 2016, Tan et al. 2019).

Taken together, it was successfully demonstrated that primary human bone marrow-derived
MSC differentiated into CAF upon TGF-B1 or TCM stimulation characterised by increased
a-SMA, Calponin 1 and Col1A1 mRNA and protein levels including Alk5 receptor kinase

activity.
4.2 MSC to CAF differentiation and senescence

The elucidation of the MSC senescence during CAF differentiation in the present experimental
setting was an important part of the thesis since senescent and activated myofibroblastic CAF
can unite in a similar secretory phenotype (Schosserer et al. 2017). Both subpopulations of
fibroblasts express a-SMA and promote tumour growth but differ in gene expression profiles
regarding ECM deposition and organisation (Krtolica et al. 2001, Coppe et al. 2010, Goruppi
and Dotto 2013). The differences in the ECM gene expression profiles suggest significantly
different microenvironments during tumour development (Hanley et al. 2016). The TGF-1
signalling pathway is described to play an important role in senescent and myofibroblastic CAF
(Mellone et al. 2016). The induction of contractility and a-SMA expression after different
senescence stimuli is dependent on TGF-f1/SMAD- or SMAD/Rho-signalling (Hinz et al.
2012). Several studies indicate that TGF-B1/SMAD-signalling is essential for senescence
induction itself (Tremain et al. 2000, Vijayachandra et al. 2003, Hassona et al. 2013). Mellone
and colleagues examined the difference in gene expression and ECM deposition in TGF-B1-
treated myofibroblasts and senescent fibroblasts. Both cell types showed a contractile a-SMA
positive phenotype, whereby the ECM deposition was reduced in senescent fibroblasts
(Mellone et al. 2016). Obviously, there is an overlap between myofibroblastic differentiation
and senescence induction. Therefore, it was necessary to clearly differentiate whether the
TGF-B1 or TCM treatment induce myofibroblastic or the senescent CAF of MSC origin.

It is hypothesised that TGF-B1 treatment of MSC leads to an activated myofibroblastic but not

senescent CAF in the present thesis. Back in 1995, a biomarker called ‘senescence-
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associated (-galactosidase’ (SA-BGal) was found to be expressed only in senescent cells
(Dimri et al. 1995). To differentiate between senescent and cycling cells the B-galactosidase
essay according to Debacg-Chainiaux was used (Debacqg-Chainiaux et al. 2009). As a positive
control, MSC were treated with a sublethal concentration of 5000 uM H2O- for 48h in cultivation
medium containing 10 % hPL. The H>O, concentration was titrated in preliminary experiments.
Comparing the 5000 uM H2O, treated MSC with cycling cells, the first showed a significant
2,5-fold increase in the number of SA-BGal-positive cells compared to the negative control.
This supports current research in bone marrow-derived MSC (Chang et al. 2017) and serves
as a valid positive control. For TGF-1 or TCM treatment, cells were cultivated in starvation
medium to distinguish whether differentiation effects are induced by cytokines and growth
factors independently from the protein components in the hPL. Comparing starved (Ctrl.) and
cycling cells the first showed a slightly increased number of SA-BGal-positive cells (Figure 14
b). Since starvation may induce stress to the MSC, this could be the reason there are slightly
more SA-BGal-positive detectable in starved cells than in cycling MSC (Petrenko et al. 2020).
Both TGF-B1 and TCM slightly decreased the number of senescent MSC compared to the
control, which is consistent with previous research indicating TGF-B1 is not a senescence
inducer in MSC (Walenda et al. 2013).

Taken together, the senescence assay demonstrates that the effects of MSC to CAF
differentiation - induced by TGF-B1 or TCM - is not connected to senescence. MSC originated

CAF show an activated myofibroblastic phenotype.

4.3 The influence of miR during the CAF differentiation

MicroRNA (miR) are increasingly described to play a critical role in tumour microenvironment
remodelling (Chou et al. 2013a, Suzuki et al. 2015). Furthermore, it's known that miR hold both
tumour-promoting and tumour-supressing activities in the molecular context of tumour
progression and CAF differentiation (Aprelikova et al. 2010). The current thesis focused on
miR-21 and miR-29, since both are associated with TGF-B1 signalling, which plays an
outstanding role in CAF development from MSC (Li et al. 2013, Bi et al. 2017).

miR-21 was the first oncogenic miR to be discovered and is overexpressed in many tumours.
High miR-21 expression was associated with poor survival (Davis et al. 2008). MiR-21 is
described to target SMAD 7, an inhibitory SMAD. Hence, miR-21 overexpression leads to
decreased SMAD?7 levels and SMADZ2/3 can easily be activated by phosphorylation at the Alk5
receptor kinase (Li et al. 2013). Additionally, miR-21 expression was described to be induced
by TGF-B1 (Wang et al. 2012).

miR-29 plays a significant role in various biological processes and is expressed in several
tissues. Its expression levels can vary in different cell types and under different conditions
(Kriegel et al. 2012). There is a controversial discussion, about whether miR-29 is either a

tumour suppressor, documented in most studies, or an oncogene. The main reason to examine
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miR-29 in this thesis was its role in ECM regulation and fibrosis (Bi et al. 2017, Kwon et al.
2019). In this context, miR-29 was described to be downregulated by TGF-31 connected to
increased expression of Col1A1 and other ECM proteins (Qin et al. 2011).

With reference to the literature, miR-21 and miR-29 showed expected expression patterns in
MSC (Figure 15). miR-21 was slightly increased after 2 days of TGF-B1 stimulus which
changed to significant 1,6-fold expression at 10 days of the stimulus. In the case of miR-29,
the TGF-B1 stimulus caused a significant 20 % reduction after 2 days and an even more
intense effect after 10 days: miR-29 expression was reduced to 0,6-fold. Figure 16 shows the
miR-21 and -29 knockdown by antagomir and overexpression by miR mimics. Knockdown of
both miR was significant, whereby overexpression of miR-21 showed 5-fold increase but
remained without significance.

MiR are generally described to affect their targets through mRNA degradation or translational
repression. When miR are overexpressed using miR mimics, an increased binding of miR
target occurs. This often results in a stronger repression of target gene expression, leading to
decreased levels of the target protein. Vice versa, the knockdown of miR generally results in
enhanced expression of the target gene (Wienholds and Plasterk 2005). While most studies
have shown that miR inhibit gene expression, there are also reports of miRNAs contributing to
translational activation (Vasudevan and Steitz 2007, @rom et al. 2008, Truesdell et al. 2012,
Bukhari et al. 2016).

The effects of miR-21 overexpression and knockdown on the target genes SMA, Col1A1 and
Calponin 1 can be classified into the current research status as follows. The knockdown of
miR-21 (Figure 16 c) results in significant mMRNA downregulation of all target genes. These
findings align with former studies which show the same effects in different cell types than MSC
(Yang et al. 2012, Jafarinejad-Farsangi et al. 2019). Overexpression of miR-21 (Figure 16 d)
by specific mimics was previously described to result in increased a-SMA, Col1A1 and
Calponin 1 levels in various cell types. (Davis et al. 2008, Zhou et al. 2017, Jafarinejad-
Farsangi et al. 2019). These findings apply to a-SMA and Calponin1 but not fto Col1A1, as
there is no effect on its mMRNA levels upon miR-21 overexpression.

Itis impossible to reliably state whether miR-21 directly or indirectly regulates a-SMA, Calponin
1 and Col1A1 in the given experimental setting. Only hypotheses can be formulated,
suggesting that TGF/SMAD signalling is involved. This hypothesis arises from the fact that
miR-21 is known to directly target SMAD 7, thereby influencing SMAD 2/3 signalling (Li et al.
2013). In keloids, miR-21 has been shown to enhance Col1A1 expression upon miR-21
knockdown, revealing a connection between the SMAD7-mediated fibroproliferative
phenotype and Col1A1 (Zhou et al. 2017). Since Col1A1 was not affected by miR-21
overexpression, it can be hypothesised that an additional TGF-B1 stimulus is needed to initiate

the SMAD7 pathway. It is possible that a-SMA and Calponin 1 gene expression are more
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sensitive to reduced SMAD7 levels, and the basal TGF-B1 levels produced by MSC are
sufficient to initiate gene expression. Another possibility of mir21 target gene regulation is an
indirect pathway via the Programmed Cell Death 4 (PDCD4) protein. PDCD4 itself is a direct
target of miR-21 and e.g. Calponin expression has been described to be induced by PDCD4
knockdown (Davis et al. 2008). It's important to note that miR-21's role in different cellular
contexts can vary, and additional studies may provide further insights into its regulatory
mechanisms.

Upon miR-29 antagomir knockdown, a-SMA and Calponin 1 show decreased mRNA amounts
along with increased ColA1 mRNA levels (Figure 16 e). For Col1A1, similar results were
achieved previously in primary rat myocytes and NRK52E (rat kidney cells) in two independent
studies (van Rooij et al. 2008, Qin et al. 2011). Results for a-SMA and Calponin 1 are
confirmable by a publication using Human fetal lung fibroblasts (IMR-90) and human
pulmonary arterial smooth muscle cells (PASMC) (Cushing et al. 2015).

Overexpression of miR-29 showed matching results to the knockdown: a-SMA and Calponin 1
gene expression were induced by miR-29 overexpression and Col1A1 mRNA levels were
nearly suppressed. Col1A1 is described to be directly targeted and inhibited by miR-29 in
human lung fibroblasts, undergoing the classic regulatory pathway of miR (Li et al. 2009).
Interestingly, miR-29 was found to directly target Myocardin (MYOCD) by affimetrix analysis
(Cushing et al. 2015). MYOCD is one of the most important transcriptional factors in promoting
SMC differentiation and belongs to the same family of transcription factors as MRTF-A (Wang
et al. 2002). Eventually, mir-29 targets MYOCD in MSC thereby regulating Calponin and a-
SMA. Further experiments could provide deeper insights in the connection of miR and
MYOCD/MRTF-A signalling. For example, the mRNA levels of MRTF-A, MRTF-B, and
MYOCD should be analysed after miR-29 overexpression and knockdown. Additionally,
luciferase reporter assays could be performed to determine whether altered expression of miR-
29 influences the activity of the myocardin family.

Col1A1 seems to be a crucial extracellular matrix protein in MSC to support tumour growth. It
was described previously that spheroid formation of colorectal HCT8 cells with MSC in vitro
depends on physiological amounts of Col1A1 secreted by MSC. Col1A1-knockdown MSC had
relinquished their capacity to support the formation of spheroids in HCT8 cells. In contrast,
mock-transduced MSC continued to stimulate spheroid formation in HCT8 cells like WT-MSC
(Widder et al. 2016). Therefore, it was decided to switch from transient transfection to stable
knockdown in MSC to perform similar experiments using miR-29 knockdown MSC in HCT8
spheroid formation experiments. Via lentiviral transduction, a construct harbouring the miR-29
sequence was used to ensure overexpression. In contrast to transient overexpression with a
massive miR-29 amount, 400-fold higher than in the control cells, stable overexpression

resulted in mild 2.8-fold overexpression of miR-29 levels, including a high standard deviation.
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The effects on a-SMA and Calponin-1 were very subtle and could only be determined
numerically. Col1A1 showed no change upon the mild miR-29 overexpression. It is also
important to consider that the overexpression of miR-29 led to morphological changes in the
MSC and resulted in increased cell detachment compared to the control group. It is
hypothesised that MSC with extensive miR-29 overexpression and proper Col1A1 knockdown
detach from the cell culture plastic losing them for further cultivation in connection with medium
change. This results in an adherent MSC batch with mildly overexpressed miR-29 and
physiological levels Col1A1. In conjunction with this, MSC with Col1A1 knockdown were
described to exhibit significantly reduced proliferation (Widder et al. 2016). For future
experiments, exploring alternative methods for culturing MSC is a viable option. Traditional
plastic adherent cultivation presents several challenges: obtaining sufficient cell numbers for
experimental purposes can be challenging, large-scale expansion can impact cell quality, MSC
may lose their stem cell characteristics over time, and higher passages may potentially
compromise both proliferation and differentiation potential (Bonab et al. 2006, Jung et al.
2012). Over the past few years, numerous publications have documented the extensive growth
of MSC in suspension culture. Various methods of bioprocessing have been utilised to achieve
this, such as bioreactors, spinner flasks, roller bottles, and multilayered flasks (reviewed in
(Hassan et al. 2020)). Using one of those alternatives to culture MSC might support to maintain
detached MSC created by miR-29 overexpression to perform further research.

Summarising, given the present circumstances, making a conclusive statement regarding the
impact of miR-21 and miR-29 on MSC to CAF differentiation is not feasible. However, there
are indications that both miRNAs play a role in regulating smooth muscle and extracellular

matrix proteins in MSC, which are essential for the formation of CAF.

4.4 MRTF-A: Major regulator of MSC to CAF differentiation and

tumour support?

As discussed in the previous chapters, the differentiation of MSC into CAF is a myofibroblastic
process, marked by elevated expression of key target genes such as Calponin 1, a-SMA, and
Col1A1. The transcriptional coactivator of SRF MRTF-A has been shown to regulate the
expression of these genes across various cellular contexts (Small 2012). The results in Figure
18 show that endogenous MRTF-A activity is upregulated during myofibroblastic CAF
differentiation in primary human bone marrow-derived MSC with both TCM and TGF-1. In
detail, two independent assays were conducted to examine whether MRTF-A is activated
during MSC to CAF differentiation: A translocation assay using immunofluorescence staining
and a promoter activity assay employing a luciferase reporter (Supplementary figure 1Fehler!
Verweisquelle konnte nicht gefunden werden.), which was constructed as part of this

thesis.
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To evaluate the MRTF-A activity the murine cell line NIH3T3 historically served as the initial
standard model to perform translocation assays. In NIH3T3, MRTF-A is inactive and located
in the cytoplasm under starved conditions, thus it is excluded from the nucleus. By external
stimuli like FCS, a common positive control, MRTF-A dissociates from G-actin in the cytoplasm
and translocates to the nucleus (Miralles et al. 2003).

Interestingly, in starved MSC the translocation assay (Figure 18 a) demonstrated that MRTF-A
was not excluded from the nucleus as expected. It was distributed over the whole cell.
Preliminary experiments (Supplementary figure 3) demonstrated that FCS effectively induces
MRTF-A translocation in MSC, altering the ratio between nuclear and cytoplasmic MRTF-A,
while MRTF-A is not entirely excluded from the nucleus. In addition to the FCS positive control,
TGF-B1 and TCM lead to equal nuclear translocation of MRTF-A after 48 h of incubation
(Figure 18). MRTF-A activity in the promoter assay is equally upregulated in response to both,
TGF-B and TCM stimuli (Figure 18 c).

These findings support the literature. Smooth muscle cells were described to express the
majority of MRTF-A in the nucleus (Du et al. 2004, Hinson et al. 2007). It is hypothesised that
the localisation of MRTF-A in starved cells depends on basal RhoA activity which influences
the actin treadmilling. Studies have shown that NIH3T3 cells have a higher need for external
stimulation to activate RhoA, whereas SMC and probably MSC naturally maintain higher RhoA
activity under basal conditions (Btajecka et al. 2012, Fee et al. 2016). In addition, it was
demonstrated that stiffer growth substrates, like standard cell culture dishes as used in the
presented experiments, promote the translocation of MRTF-A to the nucleus (Foster et al.
2017). However, MRTF-A remains activatable by TGF-31 and TCM thereby playing an active
role in MSC during CAF differentiation.

As mentioned before, MRTF-A activity and localisation are highly dependent on actin
dynamics. While a significant portion of actin dynamics occurs in the cytoplasm, actin-related
processes also take place in the nucleus through nuclear actin. Actin is crucial both for
regulating the localisation of MRTF-A and for modulating its activity within the nucleus.
Similar to the process in the cytoplasm, actin monomer-binding inhibits MRTF-A transcriptional
activity within the nucleus (Vartiainen et al. 2007). Nuclear actin polymerisation in response to
mechanotransduction relies on cell surface integrins, which relay signals to LINC proteins in
the nuclear membrane (Plessner et al. 2015). Furthermore, external triggers like FCS, or
TGF/TCM are transmitted to the nucleus by RhoA signalling pathway (Small 2012, Deshpande
et al. 2022). Thereby, the described triggers might be able to activate mDia (mammalian
Diaphanous-related formin) in the nucleus, initiating actin polymerisation, releasing MRTF-A
from nuclear G-actin and leading to the activation of MRTF-A within the nucleus (Plessner and

Grosse 2015). In human bone marrow-derived MSC, MRTF-A activation likely involves both
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the nuclear translocation of cytoplasmic MRTF-A and the activation of MRTF-A that is
predominantly located in the nucleus.

Calponin 1, a-SMA, and Col1A1 are well-established markers of myofibroblastic differentiation
(Crider et al. 2011, Velasquez et al. 2013, Johnson et al. 2014). As demonstrated in Figures 7
and 8, their expression is significantly upregulated during the differentiation of MSC into CAF,
driven by TGF-B1 and TCM. Additionally, the promoters of these genes are reported to be
directly regulated by MRTF transcription factors and are sensitive to actin treadmilling, as
observed in genome-wide expression studies (Descot et al. 2009, Esnault et al. 2014).

In fact, the induction of a-SMA and Calponin 1 during MSC differentiation by TGF-1 and TCM
is dependent on MRTF-A, as demonstrated by siRNA knockdown experiments in Figure 19,
aligning with findings from other studies (Foster et al. 2017, Ge et al. 2018). These results go
in line with the lentiviral knockdown experiments of MRTF-A shown in Figure 20. Using stable
MRTF-A knockdown MSC generated in this thesis in HCT8 colorectal xenograft experiments,
it was shown that tumour growth was significantly reduced but MRTF-A knockdown did not
abolish it (Figure 21). Studies from 2016 have shown that collagen expression and synthesis
are critical for the tumour-supporting function of MSC in colorectal cancer models like HCT8
(Widder et al. 2016). The lacking effect of MRTF-A on Col1A1 expression in MSC may explain
the residual tumour growth observed in the xenograft experiments despite MRTF-A
knockdown. This suggests that the lack of influence on Col1A1 could be a key factor allowing
continued tumour progression, even when MRTF-A is silenced.

These outcomes on Col1A1 expression being regulated independently of MRTF-A are
consistent with a previous study, which reported that MRTFs are not essential for COL1A1
induction in immortalized murine bone marrow MSC stimulated with TGF-B1 (Ge et al. 2018).
In contrast, MRTF-A is crucial for the expression of all three collagen 1 genes in cardiac
myofibroblasts, where their promoters are directly activated and bound by MRTFs (Small et al.
2010, Luchsinger et al. 2011, Novoyatleva et al. 2013). This suggests that in bone
marrow-derived MSC, Col1A1 expression is effectively regulated through alternative
pathways, independent of MRTF-A. Probably there is an interplay between micro-RNA like
miR-29 and MRTF-A in MSC, since the first was found to effectively regulate Col1A1
expression in MSC to CAF differentiation in the current thesis. In contrast, MRTF-B and
myocardin as myocardin family members could be in line to regulate Col1A1 since they are
highly functional redundant to MRTF-A (Small 2012).

Although TGF-B1 is known to regulate MSC to CAF differentiation in MSC and has an impact
on the translocation and activation of MRTF-A in MSC in the current studies, the precise
mechanisms underlying its influence on actin-MRTF signalling remain unclear. Interestingly,
the gene expression profiles induced by MRTF-A and TGF-B1 show significant overlaps
(Esnault et al. 2014). To hypothesise one link between TGF-1 and MRTF-A, one potential
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mechanism involves the integration of the Hippo signalling pathway. TGF-B1 activates the
receptor tyrosine kinase Alk5, which phosphorylates SMAD2. Phosphorylated SMAD2 then
interacts with YAP (Yes-associated protein), facilitating its nuclear translocation and the
subsequent activation of downstream genes (Pefani et al. 2016). Once in the nucleus, YAP
has been shown to interact with the TEAD family of transcription factors (TEA Domain
Transcription Factors), which binds to the promoter region of the MRTF-A gene, inducing its
expression. The resulting increase in MRTF-A expression enhances the transcription of
profibrotic genes such as Col1A1, a-SMA, CTGF, Cyr61, and TGF-G1. Notably, the TEAD-
binding site in the MRTF-A gene appears to be evolutionarily conserved, as it is present in the
MRTF-A genes of mice, rats, and humans (Francisco et al. 2020).

Although YAP-TEAD and MRTF-SRF signalling pathways are interconnected through
cytoskeletal remodelling and linked by TGF-31, the specific influence of "YAP-only" targets on
the CAF-like functionality of MSC, especially under partial MRTF-A depletion, remains unclear.
Col1A1 may be regulated as a "YAP-only" target in human bone marrow-derived MSC. To
support this hypothesis, further studies involving knockdown of YAP and/or TEAD should be
conducted to determine whether Col1A1 expression is indeed modulated by the Hippo
pathway in MSC.

An additional connection between MRTF-A and TGF-B1 involves the Cdc42 signalling
pathway. In murine mesenchymal stem cells (MSC), TGF-B1 induced myofibroblastic
differentiation, like the findings in this thesis, and MRTF-A-driven a-SMA expression was
reliant on the activity of the Rho GTPase Cdc42. Upon Cdc42 knockdown, a-SMA expression
decreased. Although actin polymerisation and MRTF-A played essential roles in TGF-31-
induced a-SMA expression, this actin remodelling did not depend on standard processes like
Arp2/3 or cofilin pathways. Instead, the levels of F-actin were linked to cell contraction, with
TGF-B1-induced actin polymerisation correlating with enhanced cell contraction, driven by
RhoA and Cdc42 activity (Ge et al. 2018). To gain deeper insights into MSC support of early
tumour growth, further investigations into key signalling pathways, particularly those regulating
Col1A1, are crucial. Chromatin Immunoprecipitation DNA sequencing (ChIP-seq), for instance,
could be a valuable method to identify genes and signalling pathways upregulated during MSC
to CAF differentiation.

In summary, the findings of this thesis, together with the discussed hypotheses on additional
gene regulation pathways independent of MRTF-A, suggest a potential model for tumour
support in vivo (Figure 22). In this model, colorectal cancer cells secrete TGF-like factors that
attract and activate MSC, driving their differentiation into CAF. The differentiation process is
strictly dependent on MRTF-A, while other mechanisms (miR), alternative gene regulation
pathways (YAP/ CDC42) and supporting myocardin family members (MRTF-B/Myocardin)
support the formation of the final CAF features. Supporting this model, increased TGF-31
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mRNA was detected in MSC (Supplementary figure 2) undergoing myofibroblastic
differentiation, underscoring the interplay between tumour and stromal cells in the tumour
microenvironment. Subsequently, MSC may establish an autocrine TGF-1 signalling loop,
which exerts paracrine effects on tumour cells.
In conclusion, MRTF-A plays a key role in supporting tumour formation by influencing the MSC
to CAF differentiation and stromal environment.
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Figure 22: Molecular regulation of MSC differentiation towards a CAF highlighting key signalling
pathways and molecular markers.

Mesenchymal stromal cells (MSC) are attracted from their perivascular niche to the tumour site by
colorectal cancer (CRC) cells, such as HCT8, through TGF-1 secretion. The transition from MSC to
cancer-associated fibroblasts (CAF) is driven by TGF-B1, with miR-21 upregulation enhancing TGF-3
signalling by inhibiting SMAD7. COL1A1 expression is regulated through various pathways, including
miR-29, YAP, CDC42, or myocardin family members like MRTF-B and myocardin. During CAF
differentiation, MRTF-A activity increases, leading to the upregulation of myofibroblastic markers a-SMA
and Calponin 1. CAF exhibit elevated levels of a-SMA, Calponin 1, COL1A1, and TGF-31. Additionally,
CAF may establish an autocrine TGF-1 signalling loop, which impacts HCT8 cells via paracrine
mechanisms. In combination with CRC cells, CAF contribute to the formation of a solid tumour,
promoting tumour growth and metastasis.
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Supplementary figure 1: Full plasmid card of pLVX_shRNA2_3D.A-Luc

The different parts of the luciferase reporter plasmid are listed below: 3’LTR (3' long terminal repeat
(LTR) from HIV-1), HIV-1p (packaging signal of human immunodeficiency virus type 1), RRE (Rev
response element of HIV-1; allows Rev-dependent mRNA export from the nucleus to the cytoplasm),
cPPT/CTS [central polypurine tract and central termination sequence of HIV-1 (lacking the first T)], 3D.A
Promoter (consisting of 3 c-fos derived SRF binding sites, Xenopus laevis type 5 actin TATA-Box and
M13 primer binding site for sequencing), minP (minimal TATA-box promoter with low basal activity),
hPEST (PEST degradation sequence from mouse ornithine decarboxylase, human codon-optimized),
SV50 poly(A) signal (SV40 polyadenylation signal), CMV enhancer (human cytomegalovirus immediate-
early enhancer), CMV promoter [constitutive human cytomegalovirus (CMV) immediate early promoter],
E2-Crimson (far-red noncytotoxic tetrameric variant of DsRed fluorescent protein), IRES (internal
ribosome entry site of the encephalomyocarditis virus), WPRE (woodchuck hepatitis virus
posttranscriptional regulatory element, enhances expression of transgenes from retroviral vectors),
5LTR (truncated 5' long terminal repeat from HIV-1), lac operator (DNA sequence element that binds
the lac repressor), lac promoter (promoter for the E. coli lac operon), CAP binding site (catabolite
activator protein binding site), Ori (high-copy-number ColE1/pMB1/pBR322/pUC origin of replication)
AmpR (B-lactamase), AmpR promoter (B-lactamase promoter).
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Supplementary figure 2: TGF 8 1 mRNA induction upon TGF 3 1 and TCM treatment

MSC were treated with TGF 8 1 (left panel) or tumour cell conditioned medium (TCM right panel) for 24
h Relative mRNA of TGF B 1 was quantified by gPCR and normalised to ALAS and GAPDH Data were
normalised to the value for the starved control or TCM Control medium (Ctrl. which was set to 1 Error
bars correspond to SD (n=3) Asterisks indicate significant differences * p<0 05 according to an unpaired
Student’s t test



APPENDIX [103

Starved FCS

MRTF-A

Actin DAPI

Merge

Supplementary figure 3: Translocation of MRTF-A in MSC induced by FCS.

Intracellular localisation of MRTF-A. Cells were immunostained with anti-MRTF-A (green), Phalloidin to
display actin (red) and DNA counterstained with DAPI (blue) following 2 h of treatment with 20% FCS.
63 x magnification, scale bars 5 ym.



APPENDIX | 104

Extracellular signal/
stimulation

/ l Plasma membrane

Nuclear membrane

Cusre )

SRF
— 3D.A Promoter>—| minF>~| Firefly luciferase f—

1

Increased luciferase expression
Supplementary figure 4: Schematic diagram of the luciferase assay.
Extracellular signals and stimuli like TGF-B1 and TCM trigger MRTF-A to translocate into the nucleus.
Nuclear MRTF-A will bind to SRF as a coactivator increasing MRTF/SRF-dependent gene expression.
Regarding the luciferase assay, increased nuclear MRTF-A leads to increased luciferase expression
whereby the translated protein can be measured via luciferase assay after cell lysis.
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