DOI:10.14753/SE.2022.2728

The functional importance of the intra-tumoral
heterogeneity for extracellular vesicle release and
uptake in colorectal cancer

Ph.D. thesis

Andrea Kelemen

Molecular Medicine Doctoral School

Semmelweis University

[ SEMMELWEIS
, EGYETEM

Supervisor: Zoltan Wiener, Ph.D., associate professor

Opponents: Agnes Enyedi, Ph.D., senior research fellow
Krisztina Vellainé Takacs, Ph.D., associate professor

Head of the Complex Examination Committee: Déra Szab6, MD, D.Sc,
professor

Members of the Complex Examination Committee: Moénika Lippai, Ph.D.,
senior lecturer

Balazs Mayer, Ph.D.,
senior research fellow
Budapest

2022



DOI:10.14753/SE.2022.2728

Table of content

ADDIEVIALIONS ...ttt sttt e s be et reenteeteeneenbe et s 3
R 1] (oo [8Tox o] PO P PP RR 7
1.1, COlOreCtal CANCET ....ocvveeeiiieieie et bbb 7
0 0 = o 1= 1 ¢ To] [0TSR 7
1.1.2 Tumorigenesis and molecular SUDLYPES ........c.ccoveveiieiveie e 7

1.2.  The canonical Wnt/B-catenin PathWay ...........cccccevviieiieenieeie e 11
1.3.  Intratumoral Neterogeneity ........cccoiiiiiiiiicicee s 13
1.3.1.  Cellular heterogeneity in general............cccocviiiiiniinicicice e 13
IO O I V. PR 14
1.3.3. CDL33 e ettt 14

I T S N G SRRSO 15
135, FITIML oottt 15

1.4, The organoid teChNOIOQY ......c.cccveiieiiiiieceee e 16
1.5, The tumor MICrOBNVIFONMENT .........ccciviiiieieieie e e 17
1.5.1.  Cancer-associated fibroblasts ...........cccooeiiiiiiiiii 17
1.5.2. EXtracellular VESICIES........ccoiieiieeiieseee e 19

2. ODJECLIVES ...t bbb 21
B RESUILS ..ttt nneeen 22
3.1. CD44 expression intensity marks CRC cells with different EV release capacity

22

3.2. CD44"9"and CD44'°% CRC cell-derived EV miRNA cargos show only a modest
(011 (=T =] T SOOI 24
3.3. Dose-dependent effect of CD44"9" and CD44'°" CRC organoid-derived EVs on
FIDFODIASTS. ... 27
3.4. Ifitm1 expression is increased after Apc mutation...........cccccevveveiicce e, 30

3.5. CRC patient-derived organoids have a heterogeneous expression of IFITM1 32

3.6. The IFITM1"9" CRC population contains more proliferating cells................. 33
3.7.  IFITM1"9" and IFITM1'™Y CRC cells do not differ in their intensity of EV
=] LT TS USSR 35
3.8.  IFITM1M9" CRC cells take UP 18SS EVS ........vueveceeeeiceeeeieeeevee s 38
3.9. Fibroblast-derived EVs result in a marked increase in the proliferating cell
number of IFITM1'® CRC 0rgan0ids ...........ccccueveeveeeersereeeieeeesesseeeesesieseesesessesseneesen, 42
3.10.  Deleting IFITML1 results in a higher EV uptake in CRC organoid cells...... 43



© o N o 0 B

10.

DOI:10.14753/SE.2022.2728

DISCUSSION ..ttt sttt bbbttt bbbttt b et been e 45
CONCIUSIONS ... bbbttt sb e bbb eneas 50
SUMMEBIY .ot b bbb n e ns 51
RETEIBINCES ...t sttt er et enee e 52
Bibliography of the candidate’s publications...........ccccvvveiieiiiiiciieseeeec e 66
ACKNOWIEAGMENTS ... s 68

Statement of OrigiNALILY ........cccveiviii e 70



DOI:10.14753/SE.2022.2728

Abbreviations
APC: Adenomatous Polyposis Coli

ARF: Alternative Reading Frame

ASC: Adult Stem Cells

ATM: Ataxia-Telangiectasia Mutated

ATP: Adenosine triphosphate

CAF: Cancer Associated Fibroblast

CAV1: Caveolin 1

CCK4: Colon Carcinoma Kinase 4

CDH2: Cadherin-2

CDKNZ1A: Cyclin-dependent kinase inhibitor 1
CIMP: CpG Island Methylator Phenotype
CIN: Chromosomal Instability

CRC: Colorectal Cancer

DVL: Dishevelled

ECM: Extracellular Matrix

EGF: Epidermal Growth Factor

EGFR: Epidermal Growth Factor Receptor
EHS: Engelbreth-Holm-Swarm mouse sarcoma
EMT: Epithelial-Mesenchymal Transition
ENC1: Ectoderm-Neural Cortex Protein 1

EV: Extracellular Vesicle

FAP: Fibroblast Activation Protein



DOI:10.14753/SE.2022.2728

GASG6: Growth Arrest Specific 6

GTP: Guanosine 5'-triphosphate

GTPase: Guanosine 5'-triphosphatase

HCV: Hepatitis C Virus

HER2: Human Epidermal Growth Factor Receptor 2
HGF: Hepatocyte Growth Factor

HNF4A: Hepatocyte Nuclear Factor 4 Alpha
IFITM: Interferon-Induced Transmembrane Protein
IGF2: Insulin-Like Growth Factor 2

IL-1: Interleukin-1

IL-6: Interleukin-6

ITH: Intratumoral Heterogeneity

KRAS: Kirsten Rat Sarcoma Viral Oncogene

IEV: Large extracellular vesicle

MDM2: Mouse Double Minute 2 Homologue Protein
miRNA: microribonucleic acid

mEV: Medium extracellular vesicle

MLH1: MutL Homologue 1

MMR: Mismatch Repair

MSH2: MutS Homologue 2

MSHG6: MutS Homologue 6

MSH6: MutS Homologue 6

MSI: Microsatellite Instability



DOI:10.14753/SE.2022.2728

MSS: Microsatellite Stability

MV: Microvesicles

MVB: Multivesicular Body

NK cell: Natural Killer Cells

PDL1: Programmed Cell Death 1 Ligand 1

PIK3CA: Phosphatidylinositol-4,5-Bisphosphate 3-Kinase Catalytic Subunit Alpha
PMS2: PMS1 Homologue 2

PSC: Pluripotent stem cell

PTEN: Phosphatase and Tensin Homolog

PTKY: Inactive Tyrosine-Protein Kinase 7

PTM: post-translational modification

RNF6: Ring Finger Protein 6

ROS: Reactive Oxygen Species

RTK: Receptor Tyrosine Kinase

SEMAGSA: Semaphorin-5A

SEV: Small extracellular vesicle

SLC7A2: Cationic Amino Acid Transporter 2

SMAD4: SMAD family 4

SRF: Serum Response Factor

ST6GALNACS: Alpha-N-acetylgalactosaminide alpha-2,6-sialyltransferase 5
STR: Short Tandem Repeat

TCF/LEF: T cell-Specific Factor /Lymphoid Enhancer-Binding Factor

TGF B: Transforming Growth Factor-3



DOI:10.14753/SE.2022.2728

TGFB2: Transforming Growth Factor Beta-2 Proprotein
TGFBR2: Transforming Growth Factor Beta Receptor 2

TME: Tumor Microenvironment

TNFSF4: Tumor Necrosis Factor Ligand Superfamily Member 4
TNFa: Tumor Necrosis Factor-Alpha

TP53: Tumor Protein 53 Gene

TSG101: Tumor Susceptibility Gene 101 Protein

VIM: Vimentin

YAP/TAZ: Yesl Associated Transcriptional Regulator/Transcriptional Coactivator
YAP1

aSMA: Alpha-Smooth Muscle Actin



DOI:10.14753/SE.2022.2728

1. Introduction

1.1. Colorectal cancer

1.1.1 Epidemiology

Colorectal cancer (CRC) is one of the most prevalent cancer types and the second leading
cause of cancer death in developed countries. The incidence is associated with the level
of socio-economic development of the region (1). CRC typically has no specific
symptoms at the early stages. When the symptoms arise, CRC is already severe and in
the advanced stage where it shows invasive and malignant phenotype, frequently already
with metastases formation. The diagnosis at this stage correlates with a worse survival
probability. The survival rate shows significant differences among the Western countries.
Hungary is a leading country on the list of age-standardized incidence rates (2). Therefore,
examining the molecular pathomechanism of this public health problem is a major issue.

1.1.2 Tumorigenesis and molecular subtypes

CRC is one of the first solid tumors that has been characterized molecularly. Different
pathways have been identified in CRC tumorigenesis. The three well-described models
are the chromosomal instability (CIN), microsatellite instability (MSI), and CpG island
methylator phenotype (CIMP) pathways. The CIN model was described by Vogelstein
and colleagues (3). This model includes a sequential series of events where the
accumulation of the ‘driver’ mutations leads first to adenoma and then to carcinoma

stages (Fig. 1).

| Early adenoma and | Intermediate Late adenoma : Cancer Metastatic cancer

i dysplastic crypt § adenoma
Othergeneuc
‘APC KRAS SMAD4 TP53 i alterations
Classical Vogelsteini PRE-CANCER | PRE-CANCER | b PRE-CANCER. CANCER CANCER

model

WNT MAPK TGFp p53
signalling signalling signalling signalling Increasing CIN

Figure 1: The classical Vogelstein model. The order of the driver mutations and the affected pathways, meanwhile the

chromosomal instability (CIN) increases.
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According to the Vogelstein model, the first and the most common driver mutation in
patients (over 80 % occurrence) is the inactivation of the adenomatous polyposis coli
(APC) gene. This mutation in the APC gene leads to a constitutive active Wnt pathway

which causes an uncontrolled proliferation (4).

KRAS (kirsten rat sarcoma viral oncogene) is a member of the RAS gene family with
GTPase activity. When it binds to guanosine 5'-triphosphate (GTP), KRAS turns active
and transduces the signals to the downstream elements of the RAS-RAF-MAPK signaling
cascade. This signal (e.g. epidermal growth factor, EGF) regulates cell proliferation and
differentiation (5). The most common mutations of KRAS are G12D, G12V, and G12C
(6). These mutations lead to constitutive active KRAS which causes aberrant and
uncontrolled cell growth and cell transformation, promotes cancer metastasis, and also
increases resistance to chemotherapy and EGFR targeted therapy in many cancer types
including CRC (7).

SMADA4 plays a critical role in the transforming growth factor-beta (TGF-B) signaling
pathway. In the presence of TGF-B the transmembrane serine-threonine kinase receptor,
TGFPR transduces the signal and phosphorylates, therefore activating the SMAD proteins
(8). After the activation, the SMADs can enter the nucleus and regulate the transcription
of characteristic target genes. Several studies showed that loss of function mutations of
the SMAD4 tumor suppressor gene may contribute to the progression of CRC. Although
it has been described that the mutation of SMADA4 can not induce tumorigenesis on its

own, it can promote tumor progression caused by other genes (9).

Tumor protein 53 gene (TP53) is the most commonly mutated tumor suppressor gene in
human cancers and this protein is regarded as ,,the guardian of the genome” with diverse
functions. Depending on the specific context, it can induce cell cycle arrest, apoptosis, or
senescence in the presence of cellular stress, such as DNA damage, hypoxia, or oncogene
activation (10). The level of p53 protein is generally low due to the degrading activity of
mouse double minute 2 homologue protein (MDM2). DNA damage promotes the post-
translational modifications (PTMs) of p53 and it can trigger p53 to arrest the cell cycle
via p21, enhance the transcription of pro-apoptotic (e.g. Bax) while inhibiting anti-

apoptotic (e.g. Bcl-2) genes (11). Interestingly, oncogenic stress activates the expression
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of the Alternative Reading Frame (ARF) to inhibit MDM2. The balance of the p53-
MDMZ2 axis is crucial to prevent tumorigenesis (12).

This sequential accumulation of mutations initiates CRC carcinogenesis by deregulating
pathways that modulate cellular differentiation, proliferation, and apoptosis. Alterations
in the WNT—-catenin, transforming growth factor-p (TGFp), EGFR, and downstream
MAPK and PI3K signaling pathways are nearly ubiquitous events in CRC (13). The
above mentioned mutations provide the independent growth of the tumor cells from
microenvironments factors, thus, these mutations are central events for tumor progression
(14). With this phenomenon, the tumor shows an invasive phenotype and is more likely
to form metastasis. Aneuploidy and loss of heterozygosity are present in 85 % of invasive
CRC tumors (15). CIN arises from defects in chromosomal segregation, telomere
stability, DNA damage response, and mutations in TP53 and other cell cycle checkpoint
genes have a permissive role (16).

Microsatellites (MS), also called short tandem repeats (STR), are 1-6 nucleotide long
repeats in the genome (17). Microsatellite instability (MSI) is caused by the mutation or
silencing of the DNA mismatch repair system (MMR). The genetic or epigenetic
alterations in the DNA repair genes mutL homologue 1 (MLH1), mutS homologue 2
(MSH2), mutS homologue 6 (MSH®6), and PMS1 homologue 2 (PMS2) are found in 15%
of CRC and this is characteristic for some sessile serrated adenomas (18). This dominant
genomic feature results in hypermutation as well. Epigenetic studies showed that MSI
correlates with the high CpG island methylation phenotype. The survival rate of patients
with MSI is generally better than with microsatellite stability (MSS) and the

chemotherapy is contraindicated (19).

On the transcriptomic level, CRC has recently been classified into four consensus
molecular subtypes (CMS). The authors highlighted that although the model needed more
refinement in the near future, however, this is currently the best way to capture CRC
heterogeneity at the gene expression level and it is based on an agreement among many
research groups (16, 20, 21). The mechanism of tumorigenesis of the different CMS
groups is not well defined, different colonic cell types with oncogenic mutations may

result in these CRC pathogenesis pathways.
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Figure 2: The consensus molecular subtypes (CMS) of CRC and their characteristic localization in the colon. A: The
characteristic features of the CMS1 subgroup B: The characteristic features of CMS2-4 C:The localization of the four
CMS subgroups, the different colours follow the A and B part of the figure and mark the different subtypes

CMS1 (Fig. 2A) overlaps with the MSI cluster, thus, characterized by hypermutation and
hypermethylation, and shows the massive infiltration of immune cells in the tumor
microenvironment, such as CD8+ cytotoxic T lymphocytes, CD4+ T helper cells, and
natural Killer cells. In this type, the TGF- signaling shows low activity and the majority
of the cancer cells are Programmed cell death 1 ligand 1 (PDL1) positive. The defects of
the DNA repair system is characteristic, moreover, mutations can frequently occur in the
BRAF and KRAS, in MutS Homolog 6 (MSH6), Ring Finger Protein 43 (RNF43), Ataxia-
Telangiectasia Mutated (ATM), Transforming Growth Factor Beta Receptor 2 (TGFBR2)
and Phosphatase and Tensin homolog (PTEN) genes. The appearance of CMS1 tumors is
the most common in the proximal colon (Fig. 2C) with solid, trabecular, or mucinosus
features. Only 14 % of the tumors can be classified into this subtype and it has a good
prognosis in early-stage tumors, although it has worse survival rates after relapse. CIN

can be divided into three subgroups according to gene expression patterns (22).

CMS2 (Fig. 2B) is the canonical subtype that shows epithelial cell signature and a
markedly high upregulation of WNT and the proto-oncogene MYC downstream targets.
(16) MYC is partially under the control of the WNT pathway and it is a transcription

10
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factor that regulates the transcription of several growth-related genes (23). Furthermore,
this subtype shows microsatellite stability (MSS) and a low level of hypermethylation.
Copy number gain mutations are more frequent in CMS2, leading to the overexpression
of oncogenes such as Epidermal Growth Factor Receptor (EGFR), Human Epidermal
Growth Factor Receptor 2 (HER?2), Insulin-Like Growth Factor 2 (IGF2), Insulin receptor
substrate 2 (IRS2) and Hepatocyte Nuclear Factor 4 Alpha (HNF4A). Moreover, the copy
number losses in tumor suppressor genes are also characteristic. CMS2 marks mainly left-
sided colon tumors (Fig. 2C) with complex tubular structures in the lower colon crypt
compartments. The majority (37 %) of CRC patients have this subtype, it has superior
survival rates after relapse with a larger proportion of long-term survivors (22).

CMS3 (Fig. 2B) is the metabolic subtype with the activation of glutaminolysis and
lipogenesis and frequent KRAS mutations. It has a distinctive global genomic and
epigenomic profile. However, hypermutation is present in this subtype, but the copy
number alterations are not characteristic. The number of genes with hypermethylation is
intermediate. The upper colon crypt compartments are involved and the tumors have a
papillary morphology (Fig. 2C). Only 13% of the early-stage tumors are classified into
this group (24).

CMS4 (Fig. 2B) is the mesenchymal subtype that is characterized by activation of
epithelial-mesenchymal transition (EMT) pathways, tumor growth factor f (TGF )
signaling, integrin overexpression, and the accumulation of stromal fibroblasts. Due to
the prominent stromal cell infiltration, the desmoplastic reaction is frequent (24). Immune
cells are also important via e.g. complement signaling. This group shows MSS and only
a low level of gene hypermethylation, similarly to CMS2. CMS4 shows the worst
prognosis, due to the higher risk of distant relapse. About 23% of CRC patients can be
classified into CMS4 (16). The characteristic localizations of the subtypes are shown in
Fig. 2C.

1.2. The canonical Wnt/B-catenin pathway

The canonical Wnt pathway is one of the most prominent signaling pathways in CRC. It
is a highly conserved axis that plays a significant role in tissue homeostasis, proliferation,
apoptosis, differentiation, migration, and invasion. According to the literature, this

pathway contributes not only to embryonic development but also to the tumorigenesis of

11
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solid tumors and hematological malignancies (24). Without external Wnt ligands, the
activity of a cytoplasmic destruction complex containing e.g. APC, AXIN, CK1, and
GSK3p results in the phosphorylation and ultimately to the proteasomal degradation of
[B-catenin. In addition, critical transcription factors at the end of the Wnt pathway (TCF4,
LEF1) are repressed and the Whnt pathway target genes are not expressed (Fig. 3A). In
the presence of the secreted cysteine-rich glycoprotein ligands, the Wnt proteins, such as
Whnt3a, the pathway is activated. The ligand binds to the complex of LRP-5/6 and the
seven-transmembrane protein, Frizzled receptors. This cell surface signal induces
Dishevelled (DVL) to recruit the members of the destruction complex to the receptor,
leading to the inactivation of the complex. As a consequence, the degradation of 3-catenin
is inhibited, it accumulates in the cytoplasm and translocates into the nucleus where it
functions as activating co-factor for transcription factors at the end of the Wnt pathway.
This then results in the upregulation of T cell-specific factor (TCF)/lymphoid enhancer-
binding factor (LEF) target genes, such as c-Myc, cyclin D1, Cyclin-dependent kinase
inhibitor 1 (CDKN1A), Axin2, or Lgr5 (25) (Fig. 3B). Interestingly, when R-Spondin
proteins bind to Lgr5 on the cell surface, this ligand-receptor complex interacts with the
LRP5/6-Frizzled-Wnt complex and inhibits its internalization and inactivation. Thus, the
R-Spondin — Lgr5 complex extends the duration of Wnt signaling. Importantly, the Wnt
pathway activity may be influenced not only by external Wnt signals but also by internal
mutations. The mutation of members of the destruction complex leads to the unregulated
and Wnt ligand-independent, constitutive activity of the pathway. The most frequent such
mutation occurs in the APC gene in CRC patients (see above), leading to the inactivation
of this protein (26) (Fig. 3C).

A c
LRP LRP
LGR ﬁ] | m Frizzled LGR m I iﬁFrizzl d
=y APC
o ) (i
e
=)
PEG « \'éﬁ
B-Catenin
Target (poatonin) 1o
nes TCF/LEF genes
AT T

Figure 3:The Wnt pathway A: The inactive Wnt pathway, B: The active Wnt pathway, C: The effect of APC mutation
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1.3. Intratumoral heterogeneity

1.3.1. Cellular heterogeneity in general

Tumor tissues are not an uniform mass of tumor cells, but they show a significant
heterogeneity for both cancer and other cell types. Cancer heterogeneity can be observed
both as inter- and intratumoral phenomenon. Inter-tumoral heterogeneity defines the
variance among samples derived from the same histological type (27). Numerous patient-
specific factors can contribute to inter-tumoral heterogeneity, such as genetic variations
in the germline, the unique somatic mutation profile, and environmental factors. My
dissertation focuses on intra-tumoral heterogeneity (ITH), meanwhile acknowledging the
importance of inter-tumoral heterogeneity as well. ITH is characterized by spatial and
temporal cellular diversity within a single patient sample that is a commonly overlooked
hallmark of cancers. Tumors represent a cosmopolis for many cell types including cancer
cells and stromal cells (e.g. fibroblasts, immune cells). Moreover, the majority of the
tumors consist of genetically, epigenetically and as a consequence, phenotypically
heterogeneous cancer cell subpopulations. ITH is the most challenging factor and often
the most substantial roadblock in cancer treatment (28). The majority of tumors develop
from a single or from a small group of mutated cells and they accumulate additional
mutations as they progress to advanced disease (29). The driver mechanism is genomic
instability which is critical in cancer development. This instability can derive from
exogenous (e.g. UV radiation or tobacco smoke) and endogenous factors. The
endogenous factor can be the aberrant operation of the DNA mismatch repairing (MMR)
system. This malignant transformation leads to microsatellites instability (MSI) which
causes an increased somatic mutation rate, not just at point mutation but also at the
chromosomal level. Gains and losses of genome segments carry the possibility of
segregation errors during cell divisions which promote the diversity by reformulating the
activity of oncogenes and tumor suppressors. This mutational heterogeneity can result in
forming more competitive subclones, a theory explained by the clonal evolution and
selection hypothesis (30). The functions of these newly formed subpopulations have only
in a few cases (e.g. LGR5, PROX1) been resolved so far (31-33). Although several
mathematical models analyzed the ITH in CRC, none of them could calculate the effect
of the tumor microenvironment on its phenotypic changes (34). Thus, CRC contains

tumor cell populations with different molecular profiles. Understanding the critical role

13
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of this intra-tumoral cellular heterogeneity in drug resistance, relapse and metastasis has
just started to emerge. Thus, my dissertation focuses on the characterization of ITH with
special interest in molecules that are connected to the Wnt pathway and that mark

aggressive cell subpopulations.

1.3.2. CD44

CD44 is a glycoprotein with a single transmembrane domain, localized in the plasma
membrane. The main ligand of this receptor is hyaluronic acid (HA). CD44 is encoded
by 19 exons and due to the extensive alternative splicing, it has numerous isoforms. Ten
exons take part in encoding the standard protein isoform. HA is a prominent component
of the extracellular matrix (ECM). When HA binds to the extracellular ligand binding
domain of CD44, the conformation changes of the cytoplasmic site triggers the activation
of several signaling pathways. This event leads to cell proliferation, alteration in
adhesion, migration, and invasion. CD44 is expressed on several cell types such as
hematopoetic cells, embryonic stem cells, bone marrow cells, central nervous system,
connective tissue, lung, and epidermis. A large collection of CD44 variants has been
identified on epithelial cells. The expression of CD44 is upregulated in several types of
cancers and it is a well described molecular marker for cancer stem-like cell
subpopulations with aggressive features. This protein is overexpressed in cancer cells
during epithelial-mesenchymal transition (EMT) (35, 36). Transcription of CD44 is
partially activated by Wnt signaling, and its overexpression is an early event in the

transition from colorectal adenoma to carcinoma.

1.3.3.CD133

CD133, also called Prominin-1, is a five-transmembrane protein that is located in the
plasmamembrane of protrusions and microvilli. This localization suggests that CD133
plays role in membrane organization. Some studies proposed the potential role of this
protein in cellular fate decision and maintaining stem-like cell properties, although the
exact molecular mechanisms remain elusive. CD133 is one of the first documented cancer
stem-like cell markers in a wide array of tumor types. When isolated from primary colon
cancer samples, CD133+ cells are capable of forming tumors in mice, remain
undifferentiated in a serum-free medium and become more aggressive over the span of
generations. CD133 expression therefore clearly characterizes CRC cell subpopulations
with aggressive properties. In addition, CD133 plays an inductor role in the Wnt pathway

14
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as the suppression of this protein has been described to inhibit the localization of 3-catenin

into the nucleus and the activation of the Wnt pathway (37).

1.3.4.PTK7

Inactive tyrosine-protein kinase 7 (PTK7), also called colon carcinoma kinase 4 (CCK4),
is a member of the receptor protein tyrosine kinase (RTK) family. This plasma membrane
protein is important in cell adhesion, cell migration, cell polarity, proliferation, actin
cytoskeleton reorganization, and apoptosis. It has a catalytic role in phosphate transfer
from adenosine triphosphate (ATP) onto tyrosine residues and is involved in the Wnt
pathway (38). Several studies described that this protein is highly expressed in many
cancer, in addition, PTK7+ CRC cells have a high Wnt and colony-forming activity in

cell line models, suggesting that PTK7 marks an aggressive CRC cell population (39).

1.3.5.IFITM1

The human interferon-induced transmembrane (IFITM) protein family is encoded by five
genes. Three out of the five IFITM proteins (IFITM1, IFITM2, and IFITM3) play a
crucial role in virus uptake, thus, they critically contribute to cellular resistance against a
wide range of membrane-surrounded viruses. IFITM5 and IFITM10 have no
characterized roles in immunity. IFITM5 is required for normal bone mineralization,
while the function of IFITM10 is unclear yet. Despite their names only the immune-
related IFITM genes are interferon-inducible and even in the absence of interferon, they
are expressed at a moderate to a high level in several tissues.

IFITML1 is localized in the plasma membrane and interacts with other transmembrane
proteins, such as tetraspanins (e.g. CD81). The overexpression of IFITM1 has been
described to inhibit the entry of Hepatitis C Virus (HCV) into the cells as well as the
disruption of tight junction complexes. IFITM2 and IFITM3 have a similar effect on virus

uptake, but they mostly reside in the endo-lysosomal compartment (40).

In a few studies, it has been reported that elevated IFITM1 expression correlates with
worse outcomes and more aggressive phenotypes in CRC. Increased IFITM1 expression
promoted, whereas decreased IFITM1 expression inhibited cell migration and
tumorigenicity in vitro. In this process, the downstream target is the scaffold protein
Caveolin-1 (CAV1), and over-expression of this molecule resulted in a more invasive

phenotype (41).
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1.4. The organoid technology

Organoids are three-dimensional (3D) in vitro growing structures derived from either
PSCs (pluripotent stem cells) or ASCs (adult stem cells). They are self-organizing,
assuming near-native microanatomy, with organ-specifically differentiated cell types and
epithelial tissue arrangement (42). This technique allows the long-term maintenance of
stem cell-based organotypic cultures. The organoid technology is a cutting-edge method
to study the inter- and intratumoral heterogeneity. Due to differences between animal
models and human cancers, patient-derived organoids are widely used to model the

mechanisms of human tumorigenesis (43).

A further advantage of the technique is that cells do not have to adapt to two-dimensional
(2D) growth as they grow in 3D under optimized and near-physiological conditions. Since
only rare clones are able to survive and divide in 2D, cell lines undergo significant
selection during cell culturing and they do not represent well the in vivo conditions. This
problem does not arise in organoid technology, and samples from patients have been
shown to be genetically stable. They are also suitable for genetic modifications (44). In
addition, one of the advantages is that biobanks can be established from patient-derived
organoids, thus, a large number of candidate molecules can be tested to discover novel
effective drug combinations (45). Thus, in addition to basic research, this technology is
also promising for clinical research (46). The organoid technology has emerged as a
relatively low-cost and representative platform to model cancer heterogeneity and

interactions with the tumor microenvironment in vitro (47).

In our experiments we used patient derived organoids. We dissociated the epithelium of
the primary tumor and the normal colon by phisical and chemical procedures from
surgical specimen and organoids were cultured in Mtarigel that is a widely used matrix
in this technology. Normal colon organoids require the addition of several growth factors,
among them the Wnt agonists Wnt3a and R-Spondinl. To select for cells with APC
mutation and to exclude the survival or normal colon cells in tumor organoids, we
cultured organoids without Wnt3a and R-Spondin1, thus, ensuring that only cells with a
constitutively active Wnt pathway can survive. Importantly, organoid cultures contain

only epithelial cells, but not mesenchymal cells (Fig. 4).
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Figure 4: The schematic figure of establishing organoid cultures

Patient data for organoid lines (normal colon, adenoma or primary CRC) used in our

studies are described in Tablel. We used TNM classification system to define the stages

of the tumor (T), the involvement of the lymph nodes (N) and the presence of metastasis

(M).

Table 1 Patient data for colorectal cancer, adenoma, and normal colon organoids. F: female, M: male

Normal CRC
colon | Adenoma | sample
No | sample | sample Age Sex Diagnosis TNM Grade
1 - - + 63 |F adenocarcinoma | T3NOMO 2
2 - - + 74 |M adenocarcinoma | T3INOMO 2
3 - - + 75 |M adenocarcinoma | T3N2aM0 2
4 - - + 04 |M adenocarcinoma | T3N1bMO 1
5 + - - 56 |M adenocarcinoma yT2NO 1
6 + - - 76 |F adenocarcinoma T2Nla 1
7 + + - 67 |F colon adenoma -—-- -
8 - + - 55 |F colon adenoma - -

1.5. The tumor microenvironment

1.5.1. Cancer-associated fibroblasts

Cancer-associated fibroblasts (CAFs) are a group of activated fibroblasts of mesenchymal

origin. They secrete a variety of active molecules such as growth factors to alter the tumor

microniche. Thus, they play a critical role in the generation and maintenance of the

aggressive feature of some cancer cell subpopulations, immune regulation, angiogenesis,
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metabolic response, extracellular matrix (ECM) remodeling, therapeutic resistance, and
other biological processes. CAFs are present in the tumor tissue samples generally with
an elongated spindle morphology. They are negative for non-mesenchymal (epithelial,
endothelial, and leukocyte) biomarkers and positive for mesenchymal markers such as
vimentin (VIM), alpha-smooth muscle actin (aSMA), fibroblast activation protein (FAP),
and platelet-derived growth factor-alpha (PDGFa). Importantly, they usually do not carry
important genetic mutations in cancers of epithelial origin (48). One prominent hallmark
of some CRC subtypes is the accumulation and activation of fibroblasts. Furthermore, a
strong negative correlation has been described between the amount of CAFs and the time
to disease relapse in CRC. Fibroblast activation is associated with an increased expression
of a characteristic group of genes including cadherin-2 (CDH2), ectoderm-neural cortex
protein 1 (ENC1), tumor necrosis factor ligand superfamily member 4 (TNFSF4), alpha-
N-acetylgalactosaminide alpha-2,6-sialyltransferase 5 (ST6GALNACS), semaphorin-5A
(SEMAS5A), cationic amino acid transporter 2 (SLC7A2), and transforming growth factor
beta-2 proprotein (TGFB2) (60). Activation of CAFs is driven by different pathways.
TGFB family ligands and lysophosphatidic acid activate fibroblasts via SMAD
transcription factors and serum response factor (SRF), which leads to increased aSMA
expression and the rearrangement of the cytoskeletal system. The physical contact
between fibroblast and cancer cells can also promote their activation through Notch
signaling in breast cancer (49). Various inflammatory signals such as interleukin-1 (IL-
1), interleukin-6 (IL-6), and tumor necrosis factor-alpha (TNFa) can induce the CAF
phenotype. Stress factors such as DNA damage, reactive oxygen species (ROS), or
decomposition of the extracellular matrix, resulting in changes in its stiffness can also

activate the fibroblasts.

The function of CAFs is also diverse. By remodeling the extracellular matrix and
secreting soluble factors, such as hepatocyte growth factor (HGF) and growth arrest
specific 6 (GAS6) factors they play a role in tumor cell invasion, thus, promoting
metastasis formation. Additionally, they contribute to the crosstalk between
macrophages, other immune cells, endothelial cells, and cancer cells by producing
extracellular vesicles (50).
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1.5.2. Extracellular vesicles

Extracellular vesicles (EVs) are membrane-surrounded structures released by virtually all
cell types and they play a critical role in intercellular communication. Based on their
biogenesis EVs can be classified into three main groups: exosomes, microvesicles, and
apoptotic bodies. While exosomes are derived from the multivesicular bodies (MVBs) of
the endosomal-lysosomal compartment, microvesicles (MV) are shed from the plasma
membrane, and apoptotic bodies released by dying cells are regarded as EVs as well (51)
(Fig. 5). The isolation of EVs according to their cellular origin holds difficulties, they are
therefore often characterized by their size when purified with differential centrifugation
and ultracentrifugation. This means that whereas the large EV (IEV) fraction is obtained
when centrifuging the samples at a low speed, for medium EVs (mEV) usually a higher
centrifugation speed and longer time are required. Small EVs (SEV) are pelleted after

ultracentrifugation.

EVs carry biologically important molecules such as proteins, lipids, or miRNAs (Fig. 5).
The most characteristic EV markers are the tetraspanins (CD9, CD63, CD81) which are
four-transmembrane proteins, and the tumor susceptibility gene 101 protein (TSG101),
which is part of the ESCRT-I complex. ESCRT complexes are critical in several
membrane-related processes. ESCRT-0 recruits ESCRT-1 to the membrane which is
going to engulf, therefore the members of ESCRT-0 are essential for MVB formation.
ESCRT-I interacts with either ESCRT-0 or ESCRT-Il complexes. These three protein
complexes play a role in the recognition of the ubiquitinated cargo. ESCRT-II initiates
the assembly of ESCRT-I1II. These four ESCRT complexes together de-ubiquitinate the
cargo and then ESCRT-III promotes the engulfment of the vesicle (52). Thus, CD9,
CD63, CD81, and TSG101 markers play a significant role in EV biogenesis (53).
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Figure 5: The types of EVs based on their biogenesis, and the molecular cargo of EVs

The role of EVs has been reported in several important procedures which is related to the
tumor-stroma communication. EVs can induce the activation of the fibroblast and
contribute to CAF formation. They are also important in establishing an invasive
phenotype of the tumor cells and in invadopodia formation which is an invasive structure
of the cells. Furthermore, tumor EVs take part in ECM remodelling by carrying matrix
metalloproteases. CAF-derived EVs can induce the invasiveness of tumor cells by
inducing the planar cell polarity pathway. Tumor EVs can also help to induce an increased

vascular permeability and to form the metastatic niche in the recipient organs (57).

In our all experiments, we followed the MISEV 2018 guideline for EV isolation and
characterization (54). Since EVs transport their cargo in a protected way in the tissues
and body fluids, and molecules specific for the releasing tumor cells are thought to be
represented at a high concentration in EVs, they provide a promising tool for early cancer
diagnostics. Furthermore, EVs can be edited and loaded with specific molecules, thus,

they are rising weapons for targeted drug therapies as well (55-57).
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2. Objectives

EVs are promising targets in early cancer diagnostics and since they can be loaded with

different molecules, EVs may also hold a great promise for targeted therapy. However,

whether all CRC cells can be targeted with a similar efficiency with EVs is not yet known.

Thus, we aimed at identifying and characterizing the functional role of CRC cell

subpopulations with differential EV uptake and release capacity. More specifically we set

the following questions:

1.
2.
3.

4
5.
6
7

Acre there subpopulations in CRC which release EVs at different level?
Do the subpopulation derived EVs have different EV miRNA cargo?
How do they contribute to fibroblast activation?

Which marker could characterize CRC cells with differential EV uptake?
Do these subpopulations have different proliferation potential?
What is the functional effect of the differential EV uptake in tumor organoids?

Does this molecule modify EV uptake or does it function only as a marker of CRC

subpopulations?
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3. Results

3.1. CD44 expression intensity marks CRC cells with different EV release
capacity

Previously we proved that activating the Wnt pathway results in an elevation in EV
release in an intestinal adenoma organoid model (58). To find molecules that may mark
CRC cells with different EV release capacities, we focused on Whnt target cell surface
molecules, which are also well described stem-like cell markers, thus, they mark CRC
cell subpopulations with aggressive features. Therefore, we sorted patient-derived
organoid cells based on their differential level of CD44, CD133, or PTK7. Importantly,
by RT-gPCR and immunocytochemistry, we proved that the expression differences are
maintained both at the mRNA and protein level even after 7 days in the 3D matrix. (Fig.
6A-B)
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Figure 6: The CD44, CD133, and PTK?7 sorted cells maintain the expression difference even after 7 days. A: Relative
RNA level after directly sorting (day 0) and 7 days after organoid formation. Data were normalized for the GAPDH
housekeeping gene and the expression level in the CD44'°% CD133'* and PTK7'*" population was taken as 1 (RT—
gPCR, n = 4 from four organoid lines). Statistical analysis: paired t-test, * p < 0.05, ** p < 0.01, and *** p < 0.005,
B: Whole-mount immunostaining after directly sorting (day 0) and 7 days after organoid formation (confocal

microscopic analysis, organoid #3)
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As the next step, we proved the presence of SEVs in CRC organoid-derived supernatants
by antibody-coated beads that capture EVs and flow cytometry, by nanoparticle tracking
analysis (NTA), transmission electron microscopy, and capillary-based immunoblot after

ultracentrifugation (Fig. 7A-D).

Importantly, calnexin that is not associated with sEVs (54), was detected only in cell
lysates, but not in SEV preparations. In contrast, the SEV marker TSG101 was present in
the ultracentrifuged pellet. As a cellular control calnexin was used which is a resident
protein in the endoplasmic reticulum. Notably, we detected calnexin only in the cell
fraction and not in the the ultracentrifuged pellet. (Fig. 7C).
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Figure 7: Confirmation of the EV identity in the organoid conditioned media A: The CD63+ and CD81+ EVs were
detected with the bead-based semiquantitative method. The samples were collected from organoid supernatants. The
line marks the threshold from medium control. B: Transmission electron microscopic (TEM) image from an organoid
supernatant after EV isolation by ultracentrifugation. Scale bar: 100 nm. C: Capillary-based WES immunoblot analysis
of isolated sEV samples from four organoid lines. CRC cell lysates were used as control. D: The diameter distribution

of SEVs among the four organoid lines by using nanoparticle tracking analysis (NTA)

CD44"9  cell-derived organoids released more EVs compared to the CD44'W
subpopulation. We observed this difference in different 3D matrices (Matrigel that is rich

at lamin and collagen 1V, collagen I, and the mixture of them at 1:1 ratio). (Fig. 8A) In

23



DOI:10.14753/SE.2022.2728

contrast, we found no EV secretion difference in case of CD133 and PTKY
subpopulations, detected by NTA (Fig. 8B-C). We normalized the EV concentration for
cell number, thus, our results did not reflect the different proliferation capacities of the
cells. Collectively, our data suggest that high CD44 expression marks a CRC
subpopulation with high EV release.
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Figure 8: CD44"dn cell-derived CRC organoids release more EVs than the CD44'°" subpopulation. A: The released
EV number per cell. The data are derived from the conditioned media of the organoids from sorted cells in Matrigel
culture at day7. B, C: The released EV number per cell. The data are derived from the supernatants of the CD44 sorted
organoid cells in Matrigel/collagen or collagen culture at day7. Statistical analysis: Mann—-Whitney U test. * p < 0.05,
**p < 0.01, and *** p < 0.005

3.2.CD44"9" and CD44'°" CRC cell-derived EV miRNA cargos show only a
modest difference

As the next step, we compared the cargo of EVs from the different sorted subpopulations.
Based on our previous data we used anti-CD63 and anti-CD81-coated beads to capture
EVs from the supernatant of the organoids. This method provided us more pure EV
samples with lower unspecific miRNA background compared to other methods (59).
After the purification, we used Tagman low-density miRNA arrays. Our experimental
setup is shown in Fig. 9.
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Figure 9: The experimental setup of EV isolation and miRNA cargo analysis

As negative controls, we collected supernatants from cell-free Matrigel samples, the
detected miRNAs were considered as background and they were excluded from further
analysis. We focused only on miRNAs that were present in all biological parallels at least
in one of the different subpopulations. We analyzed the presence and expression of 377
miRNAs, and we detected 26, 26, and 19 miRNAs when examining the overlap between
organoids with different CD44, CD133, or PTK?7 levels, respectively. We found only one
miRNA differentially present in CD133"9" and CD133'° organoid-derived EVs and no
miRNAs were found to be specific for PTK7"9" or PTK7'°Y CRC cell-derived EVs.
Interestingly our analysis indicated that miR-95, miR-100, and miR-365 were specific for
the CD44"9" and miR-345 for the CD44'" organoid-derived EVs (Fig. 10).
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Figure 10: Venn diagram of the miRNA cargo of EVs derived from different sorted subpopulations. The number and

the percentage of the miRNAs are represented.

Since we found a significant overlap in the miRNA cargo between the respective

subpopulations, we normalized EV cargo miRNAs to miR-19b levels since this miRNA
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showed the most stable level among the samples. We used these normalized fold change
values for linear discriminant analysis (LDA) to find miRNAs with differing levels
between the experimental groups. When focusing only on miRNAs that were present in
both the CD44M9" and the CD44'°" organoid-derived EVs, this bioinformatical method
showed a higher level of miR-20a in CD44"°" cell-derived EVs as compared to EVs
released by CD44"9" cells. Similarly, we found some differences in the levels of miR-
27a, miR-92a, and miR-203 between EVs released by CD133"9" and CD133'"
organoids. However, EVs derived from different PTK7 subpopulations did not show any
difference in their miRNA cargo patterns. (Fig. 11) Thus, we concluded that EVs released
by CRC subpopulations had only a marginal difference in their miRNA cargo.
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Figure 11: Linear discriminant analysis (LDA) of the normalized levels of the overlapping miRNA cargo. For
normalization miR-19b level was used. The normalized fold change values are marked as a dot in case of every detected
miRNAs of the overlapping populations. The value of the LDA weight is higher if the two classes (high and low
subpopulations) are more separated from each other based on the specific miRNA fold change. The bioinformatical

analysis was performed by custom Python script.
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3.3. Dose-dependent effect of CD44"9" and CD44'*Y CRC organoid-derived EVs
on fibroblasts

To study the functionality of the differential miRNA cargo and secretion intensity of EVs
from CD44"9" and CD44'°" CRC cells, we examined the effects of EVs on fibroblasts.
Interestingly, when using EV amounts normalized to cell number, EVs secreted by
CD44"9" organoids induced a higher proportion of K167+ proliferating colon fibroblasts
compared to CD44'" cell-derived EVs. This proliferation capacity difference was not
observed when testing EVs from identical numbers of CD133"9" and CD133"% or
PTK7"9" and PTK7'" cells. (Fig. 12A-D).
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Figure 12: The effect of EVs isolated from different CRC cell subpopulations on fibroblast A: The schematic
representation of the experimental workflow in the case of CD44 sorted CRC cells. EVs were derived from an identical
number of cells. B: The percentage of KI67+ colon fibroblasts when applying EVs from 108 CD44 sorted cells at day
7. The treatment on the fibroblasts was carried out for 48h. Ctr: untreated control cells. The quantification was
performed on confocal microscopic images. C: The percentage of KI67+ colon fibroblasts when applying EVs from
108 CD133 sorted cells at day 7. D: The percentage of KI67+ colon fibroblasts when applying EVs from 108 PTK7
sorted cells at day 7. Statistical analysis: Kruskal-Wallis and Dunn test, *** p < 0.005, n.s.>0.05

To decide whether this effect was a purely dose-dependent phenomenon or based on the
differential miRNA cargo, we repeated the experiments with an increasing amount of EVs
isolated from CD44"9" and CD44'°" CRC cell subpopulations (Fig 13A). Of note, we
observed that the percentage of K167+ fibroblasts depended on the EV concentration, but

it was independent of whether they had been isolated from CD44M" or CD44'ow
organoids. (Fig 13B)
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Figure 13: The effect of EVs on fibroblasts is dose-dependent A: The schematic representation of the experimental
workflow. The fibroblasts were treated with identical numbers of EVs in different doses. B: The percentage of
proliferating fibroblasts when applying increasing numbers of CD44"d" or CD44'" organoid-derived EVs. The
treatment on the fibroblast lasted for 48h. Ctr: cells without EV treatment. EV concentrations were 2 x 105200 pL
medium (1x) and 6 x 105200 pL (3x). The quantification was performed on confocal microscopic images. Statistical
analysis: Kruskal-Wallis and Dunn test, *** p < 0.005. C: RNA levels for the fibroblast activation marker genes in
fibroblasts treated with CD44Me" or CD44'" cell-derived EVs at increasing concentrations. EV concentrations were 2
x 105/200 pL medium (1x) and 6 x 105/200 pL (3x). Data were normalized to the GAPDH gene and then compared
to the control (Ctr) samples that received no EVs. Of note, untreated control was taken as 1. (RT-gPCR, n = 4 from
four organoid lines). Statistical analysis: paired t-test, * p < 0.05, and ** p < 0.01

In addition, we stained the sorted cells with a membrane labeling dye. Fibroblasts were
then treated with EVs isolated from conditioned media derived from the labeled
organoids. We found no difference in the uptake intensity of CD44"9" and CD44"" cell-

derived EVs. Importantly, the concentration of the EVs was equal in this experiment (Fig.
14A-B).
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Figure 14:Fibroblasts take up EVs from CD44hig" and CD44'" cell-derived organoids at a similar intensity A:
CDA44Md" or CD44'v cell-derived organoids (org #2) labeled with the red fluorescent membrane dye Dil (representative

confocal images.) Scale bars: 10um B: Colon fibroblasts with fluorescent EV signal. EVs were collected from CD44Mh
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or CD44'v cell-derived organoids (org #2) labeled with Dil and fibroblasts were treated with the labeled EVs for 24h.
Representative confocal microscopic images (left panel) and their quantification. Note that untreated cells showed no
red signal (not shown). Phalloidin was used to visualize cells. Statistical analysis: Mann-Whitney U-test, with
n.s.>0.05. Scale bars: 10um

These results indicate that it is not the differential miRNA cargo, but the number of EVs
that is the critical factor. Furthermore, the expression level of activation markers in colon
fibroblasts (60) depended on the number of EVs, and again, we could not find a difference
between CD44'°% and CD44"9" cell-derived EVs. (Fig. 13C) Interestingly, the increasing
amounts of liposomes that were artificially produced and contained no miRNA cargo had
a similar, dose-dependent effect on both the proliferation rate and the expression level of
activation markers in fibroblasts (Fig. 15), suggesting that the common miRNA cargo of
CD44 subpopulation cell-derived EVs is not critical either. Collectively, these results
indicate that: (i) fibroblast activation is induced by EVs or liposomes in a dose-dependent
manner; (ii) the higher EV secretion by CD44"" CRC cells, and not the differential
miRNA cargo is important in the differential effects of EVs derived from CD44"9" and
CDA44"" cells.
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Figure 15: Liposomes have the same dose-dependent effect as EVs from CD44Md" and CD44'°¥ cell derived organoid
conditioned media. A: The percentage of KI67+ fibroblasts when applying increasing numbers of liposomes. Liposome
concentrations were 2 x 105200 pL medium (1x) and 6 x 105200 pL (3x). The treatment on the fibroblasts lasted for
48h. Of note, untreated cells were used as control (Ctr). The quantification was performed on confocal microscopic
images. Statistical analysis: Kruskal-Wallis and Dunn test, *** p < 0.005. B: Relative RNA levels of fibroblast
activation marker genes when fibroblasts were treated with different amounts of liposomes. (RT-gPCR, n = 4 from

independent experiments). Statistical analysis: paired t-test, * p < 0.05.
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3.4. Ifitm1 expression is increased after Apc mutation

As the next step, we aimed at identifying CRC cell subpopulations that take up EVs
differently. Previously we had identified a set of genes that were activated by the loss of
p53 and the activation of the Wnt pathway (the p53-suppressed invasiveness signature,
PSIS) and which may account for the induction of invasiveness (61). To find genes that
may be involved in the malignant behavior of CRC cells and EV uptake by CRC cells,
we focused on IFITM1, a member of the PSIS gene set and the interferon-induced gene
family with cell surface localization. Our bioinformatical data analysis (TCGA colorectal
data sets, www.oncomine.org) showed that IFITML1 is highly overexpressed in CRC
samples compared to normal colon and rectum (Fig. 16A), suggesting that IFITM1 is
regulated by the Wnt pathway. To test this hypothesis, previously our research group
established organoid cultures from wild-type (WT) mouse small intestine and introduced
an Apc mutation to constantly activate the Wnt pathway. We performed gene expression
analysis in these organoids. As expected, highly elevated RNA levels of the known Wnt
targets Lgr5, Axin2, and Myc were observed (Fig. 16B). In addition, Apc mutation
resulted in a pronounced increase in the expression of Prox1, an intestine-specific Wnt
target gene (62), and, surprisingly, we detected a more than 2,500-fold increase in the
expression of Ifitm1 (Fig. 16C).
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Figure 16: A: Bioinformatical analysis of the TCGA dataset in the Oncomine database (http://www.oncomine.org) for
the indicated probes focusing on the IFITM1 expression level. ). Statistical analysis: Unpaired t-test, *p < 0.05,
**p < 0.01, ***p < 0.005, n.s.: p> 0.05 B Relative RNA levels of the indicated genes in wild type (WT) and Apc mutant
mouse small intestinal organoids (RT-gPCR, n=4). Statistical analysis: paired t-test, *p <0.05, **p<0.01,
**%p < (.005. C Relative RNA levels of Ifitm1 and the Wnt target gene Prox1 in the indicated mouse small intestinal

organoids (RT-gPCR, n = 4), Statistical analysis: paired t-test, *p < 0.05, **p < 0.01, ***p < 0.005.
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To further study the regulation of IFITM1, we isolated organoids from the normal colonic
(NCO) and the tumor (CRCO) samples of CRC patients. In addition, we collected samples

from patients diagnosed with colon adenoma (AO) (see above patient data, Table 1).

AOs and CRCOs were cultured without the Whnt-agonist R-Spondinl and Wnt3a, thus,
samples were selected for organoids carrying APC mutation and harboring a
constitutively active Wnt pathway. In our gene expression analysis, we detected higher
RNA levels of not only AXIN2, LGR5, and MYC, but also of IFITM1 in both AOs and
CRCOs as compared to NCOs (Fig. 17).
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Figure 17: Wnt target genes and IFITM1 mRNA levels are significantly increased in adenoma and CRC organoids
compared to normal colon (WT) organoids. Data were normalized to the GAPDH gene. WT was taken as 1. Statistical
analysis: paired t-test. * p < 0.05, ** p < 0.01, and *** p < 0.005

LGR5 marks a stem cell population in CRC and intestinal adenomas (31, 32, 63). To
decide whether Ifitm1 expression is specific for the Lgr5+ cells, we analyzed microarray
data from sorted Lgr5™"9" and Lgr5'°" mouse intestinal adenoma cells (63). Whereas the
RNA levels of Cd44 and Cd133 were higher in the Lgr5"9" cell population, we found no
difference in Ifitml (Fig. 18A). Furthermore, whereas the RNA level of CD133 was
higher in LGR5"9" compared to LGR5'" human CRC organoid cells in RNA expression
datasets (32), we found no difference in IFITM1 expression between the two cell
populations (Fig. 18B). Collectively, these data suggested that IFITM1 is under the
regulation of the Wnt pathway, but it is not specific for the LGR5"9" CRC cells with stem

cell features.
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Figure 18: IFITM1 is under the control of the Wnt pathway, however, its level does not correlate with LGR5 expression.
A: Difference in the expression levels between Lgr5"e" and Lgr5'"% mouse adenoma cells for the indicated genes
(bioinformatical analysis of the GSE83513 dataset with the GEO2R online tool). Statistical analysis: t-test with
Benjamini and Hochberg false discovery rate, * p < 0.05, *** p < 0.005 and n.s.>0.05 B: Comparing the expression
levels of LGR5, CD44, CD133, and IFITM1 between LGR5M" and LGR5"" cells in CRC patient-derived organoids
(GSEB3513 dataset). Statistical analysis: t-test with Benjamini and Hochberg false discovery rate, * p < 0.05, *** p <
0.005 and n.s.>0.05

3.5. CRC patient-derived organoids have a heterogeneous expression of IFITM1
Recent publications suggested that the C-terminal part of the IFITM1 protein faces the
extracellular space (64, 65). In line with these studies, we detected a flow cytometric
signal with an antibody produced against the N-terminal part of IFITM1 only if cells had
been permeabilized before labeling (Fig. 19A-C). In contrast, the antibody against the C-
terminal part labeled cells without permeabilization as well (Fig. 19B-C). Interestingly,
immunostaining showed the cellular heterogeneity in IFITM1 expression among
organoids from the same patient (Fig. 19D-E). Furthermore, analysis of Protein Atlas
data (www.proteinatlas.org) indicated that tumor cells of the same sample were
heterogenous for the IFITM1 level (Fig. 19F). Thus, IFITM1 expression is heterogeneous

among CRC cells within organoid lines.
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Figure 19 The orientation of IFITM1 in the plasma membrane and its heterogeneity among the organoid lines A:
Schematic representation of IFITM1 in the membrane showing the binding sites of the used antibodies. B: Flow
cytometric analysis of the N- and C-terminal specific antibodies with and without cell membrane permeabilization.
Notably, only the secondary antibody was used for control (sec ctr). C: Whole-mount immunocytochemistry with the
N- and C-terminal specific antibodies with and without cell membrane permeabilization in CRC organoids. Scale bar:
50um D: Whole-mount immunocytochemistry of the four organoid lines with the C-terminal antibody. Scale bar: 50um
E: The percentage of IFITM1+ cells among organoids. Quantification was performed on confocal microscopic images.
F: The percentage of IFITM1+ cells among tissue samples. Analysis of the data from the online Protein Atlas,
www.proteinatlas.org

3.6. The IFITM1"9" CRC population contains more proliferating cells

As the next step, we sorted CRC organoid cells based on their IFITM1 protein levels into
IFITM1M9" and IFITM1'° subpopulations. (Fig. 20A) Then we checked the efficiency of
our sorting by flow cytometry and capillary-based immunoblotting (Fig. 20A-B) and used
the samples for RNA analysis. Interestingly, no difference in the RNAs of the Wnt target
genes AXIN2, LGR5, or MYC were observed, but IFITM1"9" cells expressed the
mesenchymal marker genes VIM and ZEB1 at a lower level (Fig. 20C). Furthermore, we
observed a decreased RNA expression of CD133 (Fig. 20C). We counted the organoid
forming units in the subpopulations, however, surprisingly, we detected no difference in
the numbers of organoids. (Fig. 20E). Although the diameter of the organoids derived

from IFITM1M9" cells was significantly higher and they contained more KI67+
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proliferating cells, there was no difference in the percentage of active caspase3+ apoptotic
cells (Fig. 20F-H). Parallel with these findings, we observed lower RNA levels of the
differentiation markers MUC2 (Goblet cells) and ALPI (enterocytes) in IFITM1"9" cell-
derived organoids (Fig. 20D), showing the shift between proliferating and other cell
types. Thus, although classical stem-like cell markers are not highly expressed in
IFITM1M9" cells, they produce organoids with a higher proliferation potential compared
to the IFITM1'°" subpopulation.
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Figure 20: The IFITM1Md" subpopulation contains more proliferating cells than IFITM1'®¥ CRC cell-derived
organoids A: The fluorescence sorting strategy for IFITM1 protein level and their repeated measurements after sorting.
B: Capillary-based WES immunoblot analysis on the sorted cells at day0. C: Gene expression analysis of the IFITM1
sorted cells. Data were normalized to the GAPDH gene. IFITM'* subpopulation was taken as 1. Statistical analysis:
paired t-test. *** p < 0.005 and n.s.>0.05 D: Gene expression analysis of the IFITM1 sorted cells. Data were
normalized to the GAPDH gene. IFITM'"" subpopulation was taken as 1. Statistical analysis: paired t-test. ** p < 0.01,
and *** p < 0.005 E: The number of organoids initiated by 20,000 sorted cells at day 7. Each dot represents an
individual sorting experiment. Statistical analysis: Mann—-Whitney U-test, n.s. > 0.05 F: Representative brightfield
photos of the sorted organoid at day 7(left) and the quantification of the organoid diameters (right). Scale bar: 50um,
statistical analysis: Mann—Whitney U-test, *** p < 0.005 G: Representative confocal images of the sorted organoids
at day 7, whole-mount immunocytochemistry was performed for KI67 (left) and the quantification of the percentage of
KI67+ cells in organoids (right). Scale bar: 50um, statistical analysis: Mann—\Whitney U-test, *** p < 0.005 H: The

percentage of active caspase-3 positive cells in the organoids. Statistical analysis: Mann—Whitney U-test, n.s.>0.05
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3.7.  IFITM1M9" and IFITM1'°" CRC cells do not differ in their intensity of EV

release

The IFITM1 cell surface protein is involved in inhibiting the uptake of membrane-
surrounded viruses (66, 67), raising the possibility that this molecule regulates EV traffic
as well. To study this hypothesis, we first set up an experimental method where we could
culture the organoid cells in 2D conditions. We then measured the stability of IFITM1
expression compared to 3D cultures. Organoid-derived CRC cells were viable on
Matrigel-coated plates (Fig. 21A) and we found no difference in cell surface IFITM1
expression between cells cultured either 2D or 3D (Fig. 21B).
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Figure 21: CRC organoids are viable in 2D and they do not alter their IFITM1 expression level A: CRC organoids
were dissociated into single cells and were plated to Matrigel-coated surfaces. Brightfield photo on dayl and day4.
Trypan blue staining was carried out on day4. Scale bar: 50um. B: Flow cytometric analysis of IFITM1 expression in
2D and 3D conditions. Note that only secondary antibody was used for control (ctr).

Importantly, sorted cells maintained their IFITM1"9" or IFITM1'°" expression patterns at
day 7, determined by RT-gPCR (Fig. 22A). Furthermore, IFITM1"" CRC cells showed

a higher IFITM1 expression by immunocytochemistry even after 3 or 7 days in 2D and
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3D cultures, respectively (Fig. 22B). Thus, the pattern of IFITM1 expression is
maintained both in short-term 2D and 3D cultures.
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Figure 22: IFITM1 sorted CRC cell-derived organoids maintain the expression difference A: Gene expression analysis
of the IFITM1 sorted cells at day0 and day7. Data were normalized to the GAPDH gene. IFITM'" subpopulation was
taken as 1. Statistical analysis: paired t-test. ** p < 0.01 B: Whole-mount immunocytochemistry of the IFITM1 sorted
cell-derived organoids in 2D and 3D conditions at day0, day3, or day7. Scale bar: 50um

Based on a previous study from our research group, small EVs (SEV, with a diameter of
50-100 nm) are preferentially released from 3D cultures into the medium (58). SEVs can
be captured from the organoid supernatants by anti-CD63 or anti-CD81-coated beads and
the percentage of positive beads can be detected by flow cytometry, providing a semi-

guantitative method to compare EV concentrations (58, 68).

When comparing the SEV release from IFITM1M9" and IFITM1'°" cell-derived organoids,
we found no difference in the SEV concentration between the two sorted cell population-
derived organoids either with the bead-based semi-quantitative method or with NTA (Fig.
23A-D).
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Figure 23: There is no EV release difference between the IFITM1 subpopulations in Matrigel A: Representative images
of the measurements with the bead-based semiquantitative method (CD81+ EVs were detected). The samples were
collected from organoid supernatants. B: The percentage of CD63+ or CD81+ beads normalized by cell number. Data
were obtained from the supernatant of the sorted organoid cells in Matrigel culture on day7. Statistical analysis:
Mann-Whitney U test. n.s.>0.05. C: The diameter distribution of SEVs from IFITM1 sorted organoid line conditioned
media by using NTA D: The particle number in the IFITM1 sorted organoid supernatants, normalized by cell number

(left). The particle diameter in IFITM1 sorted organoid supernatants.

We obtained similar data when sorted cells were cultured in another matrix, collagen I,
or in a mixture of collagen | and Matrigel (Fig. 24A-B). These results suggest that
IFITM1M9" and IFITM1'°% CRC cells do not have an altered release of SEVs.
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Figure 24: There is no EV release difference between the IFITM1 subpopulations in different matrices A, B: The
percentage of CD63+,r CD81+ beads normalized by cell number (left two panels). The particle number in the IFITM1
sorted organoid culture supernatants, normalized by cell number and the particle diameter in IFITM1 sorted organoid
supernatants (right two panels). The data were derived from the supernatant of the IFITM1 sorted organoids in (A)
collagen or (B) 50% Matrigel/50% collagen | mixture culture at day7. Statistical analysis: Mann—Whitney U test. n.s.
p>0.05..

3.8. IFITM1M9" CRC cells take up less EVs

Next, we studied whether cell populations with different Ifitm1 expression levels have
different EV uptake abilities. To address this question, we cultured cells from WT and
Apc mutant mouse intestinal organoids in 2D conditions for the short term and we added
EVs isolated by centrifugation at 12,5009 (medium EV fraction, mEV) from fibroblasts
that had been pre-treated with a membrane labeling dye (Fig. 25A). Importantly, we
found no increase in the percentage of active caspase+ cells after labeling, showing that
this treatment did not induce apoptosis in fibroblasts (Fig. 25B). Since EVs were not

directly labeled and cells were washed after applying the dye, this precluded the
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possibility that we measured only dye aggregates. Importantly, we detected EVs in
fibroblast culture supernatant by NTA measurements when isolating mEVs or sEVs (Fig.
25C). Furthermore, TEM proved the identity of EVs in samples after ultracentrifugation
(Fig. 25D). In addition, capillary-based immunoblot showed the presence of the sEV
marker TSG101 only in SEV preparations, whereas we could detect calnexin in the mEV
fraction (Fig. 25E)(69).
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Figure 25: The membrane dye does not alter the viability of the fibroblasts A: Representative confocal image of Dil
labeled normal colon fibroblasts (Dil: membrane labelling dye). Scale bar: 50um B: The percentage of active caspase-
3+ cells in Dil labeled colon fibroblast. The quantification was based on confocal microscopic images. Statistical
analysis: Mann—Whitney U-test, n.s. p > 0.05 C: Representative curves from NTA measurements. EVs were isolated
from colon fibroblast conditioned media. mEV was produced from the 12,5009 pellet, SEV was obtained from the pellet
after ultracentrifugation D: TEM images from ultracentrifuged colon fibroblast supernatant. Scale bar: 100nm E:
Capillary-based WES immunoblot analysis of isolated sEV and mEV samples from fibroblast cell line. Fibroblast cell
lysates were used as control

Interestingly, Apc mutant organoids that expressed a higher level of Ifitm1, accumulated

less fibroblast-derived mEVs compared to wild-type intestinal organoids (Fig. 26).
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Figure 26: Apc mutant mouse organoids take up less EVs than WT colon organoids. The percentage of Dil labeled EV
positive mouse colon wild type (WT) and Apc mutant (sgApc) organoid cells. Statistical analysis: Mann—-Whitney U-
test, **p<0.01
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To study whether EV uptake intensity differs between CRC cell subpopulations as well,
we next sorted IFITM1M9" and IFITM1'¥ cells and we cultured them with labeled mEVs
or sEVs. Of note, less IFITM1M9" cells took up EVs both in the case of HT29 CRC cell-
line-derived and human colon fibroblast-derived mEVs as compared to IFITM1'°% CRC
cells, detected by confocal microscopy (Fig. 27A-B). In addition, IFITM1M9" cells that
had taken up fibroblast-derived EVs showed a lower signal intensity for mEVs than
IFITM"" cells (Fig. 27C). Thus, these results suggest that the difference in EV uptake is
not restricted to one specific cell type-derived EVs. Importantly, we proved the presence
of mEVs and sEVs in the conditioned medium of HT29 cells with NTA and transmission
electron microscopy (Fig. 27D-E). In addition, when samples were treated with Triton
X-100 which disrupts biological membranes, the EV signal disappeared from the cells
(Fig. 27F), proving that we visualized membrane-enclosed EVs in our experiments.
Interestingly, this was not observed with saponin which is a less powerful detergent and
disrupts only the external membranes (such as plasmamembrane) but not the membranes

of the endo-lysosomal compartment.
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Figure 27: IFITM1'¥ cells take up more EVs than IFITM1M" cells A, B: Medium EV (mEV) uptake in IFITM1'*¥ and
IFITM1"i9h sorted cells. Representative images (left panels) and their quantification (right panels). Sorted cells were
cultured 2D for 3 days and they were treated with mEVs derived from Dil-labelled HT29 CRC cells (A) or human colon
fibroblasts (B). Note that mEVs show red fluorescence and phalloidin was used to visualize cells. The shown images
are optical slices. Scale bars: 20 um, statistical analysis: Mann-Whitney U-test, * p < 0.05, and *** p < 0.005 C:
Distribution of the Dil signal intensity in IFITM1'®" and IFITM1M" cells. Cells were treated with mEVs derived from
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Dil-labelled fibroblasts. Note the shift of the curve between the two cell populations D: Representative curves from
NTA measurements. EVs were isolated from HT29 conditioned media. mEVs were derived from the 12,500qg pellet and
SEVs from the pellet after ultracentrifugation. E: TEM images from ultracentrifuged HT29 supernatant. Scale bar:
100nm F: The fluorescent red signal of mEVs in IFITM1'®¥ sorted cells, cultured for 3 days in 2D conditions. mEVs
were collected from Dil-labelled fibroblasts and samples were treated with saponin or Triton X-100. Note that the EV
signal disappears when using Triton X-100

As the next experiment, we treated CRC organoid cells with fibroblast-derived labeled
EVs in 2D cultures and then sorted cells with the highest and lowest fluorescent signal,
representing cell populations with high and low EV uptake ability, respectively (Fig.
28A). Whereas we found no difference in the expression of AXIN2 and MYC, we
measured a significantly higher RNA level of IFITM1 in cells with low EV uptake (Fig.
28B). Since we found no increase in the expression of IFITM1 in CRC cells after
treatment with EVs (Fig. 28C), this confirms again that IFITM1"9" cells take up less EVs.
In addition, the majority of cells with high IFITM1 levels were negative for the
fluorescent signal after treatment with labeled fibroblast-derived mEVs. Furthermore, we
observed the accumulation of IFITM1'°% cells within the mEV+ cell population, measured
by flow cytometry (Fig. 28D). When focusing on cells that had taken up mEVs, we
detected a higher signal intensity, characterizing a higher mEV uptake, within the
IFITM1'" cell population (Fig. 28E). Importantly, we obtained similar results when CRC
organoid cells were treated with the sEV fraction collected from labeled fibroblasts or
HT29 cells (Fig. 28F). Collectively, all these data prove i) the presence of cell subclones
in CRC with different mEV and sEV uptake ability and ii) that IFITM1M9" marks cells

with a lower EV uptake.
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Figure 28: The EV"e9aive CRC cell subpopulation expresses IFITM1 at a higher level A: The fluorescence sorting
strategy for the EV uptake capability (Dil signal intensity) B: Gene expression analysis of the EVPositive gnd E\/negative
CRC cell subpopulations. Data were normalized to the GAPDH gene. Values from the EVPsitve sybpopulation were
taken as 1. Statistical analysis: paired t-test. * p < 0.05, n.s. > 0.05 C: Gene expression analysis of the EV treated and
untreated CRC organoids. Data were normalized to the GAPDH gene. The untreated sample was taken as 1. Statistical
analysis: paired t-test. n.s. > 0.05 D: Representative dot plots from flow cytometric analysis of the CRC organoids
with/without Dil labeled mEV treatment. IFITM1 level (x-axis) and EV signal intensity (y-axis) are shown. The lines
show the signal intensity with the secondary control antibody. E: The quantification of flow cytometric analysis. The
relative percentage of IFITM1"gh and IFITM1'¥ cells within cells with mEV (left panel) or SEV (right panel) in four
CRC organoid lines (flow cytometry) are shown. F: The quantification of flow cytometric analysis. EV-Dil red
fluorescent signal intensity in IFITM1~°% and IFITM1Mgh cells after treatment with mEVs or SEVs isolated from
fibroblasts (left panel) or HT29 cells (right panel). Statistical analysis: Mann-Whitney U-test, ** p < 0.01, and *** p
< 0.005

3.9. Fibroblast-derived EVs result in a marked increase in the proliferating cell
number of IFITM1'°Y CRC organoids

To test the functional relevance of differential EV uptake between CRC cell
subpopulations, we first added fibroblast-derived mEVs or sEVs to CRC cells and we
then detected IFITM1 expression and K167 in the organoids after 7 days. Importantly,
neither SEVs nor mEVs resulted in a change in the percentage of IFITM1+ CRC cells
(Fig. 29A). However, we detected a markedly higher increase in the proportion of
proliferating cells within the IFITM1- cell population than in IFITM1+ cells in the
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presence of EVs (Fig. 29A). Furthermore, adding fibroblast-derived mEVs or SEVs to
sorted IFITM1'" cells resulted in organoids with a markedly higher increase in the
number of K167+ cells as compared to IFITM1M9" cell-derived organoids (Fig. 29B). In
addition, the initial difference in the percentage of proliferating cells between the two
CRC cell subpopulations disappeared after treatment with mgVs or sEVs (Fig. 29C). On
the other hand, we detected no changes in the percentage of active caspase-3+ apoptotic
cells (Fig. 29D). Thus, these results indicate that differential mEV or sEV uptake by CRC
cell subpopulations critically modified the percentage of proliferating cells in an organoid
model.
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Figure 29: IFITM' CRC cells are more responsive to EV treatment A: The percentage of IFITM1+ cells without and
after mEV or sEV treatment. The quantification was carried out on confocal microscopic images. B: The percentage
of IFITM1'°"/K167+ and IFITMI"9/KI67+ cells in CRC organoids after the indicated treatments. The quantification
of confocal microscopic images. Statistical analysis: two-way ANOVA, and Tukey post hoc tests, * p < 0.05, *** p <
0.005, n.s. > 0.05 C: The percentage of KI67+ proliferating cells in IFITMIM" or IFITM1'°Y CRC cell-derived
organoids, treated with fibroblast SEVs or mEVs directly after sorting. The quantification was based on confocal
microscopic images. Statistical analysis: two-way ANOVA, and Tukey post hoc tests, ** p < 0.01, n.s. > 0.05 D: The
percentage of active caspase-3+ cells in IFITM1"s" or IFITM1'®" CRC cell-derived organoids, treated with fibroblast
SEVs or mEVs directly after sorting. Statistical analysis: two-way ANOVA, and Tukey post hoc tests, n.s. > 0.05
3.10. Deleting IFITM1 results in a higher EV uptake in CRC organoid cells

To test whether IFITM1 is functionally important for the enhanced proliferation rate and
reduced EV uptake of cells with IFITM1M9" expression, we inactivated this gene in CRC
organoids by the CRISPR/Cas9 system. The plasmids were introduced into the cells by
nucleofection using the 4-D Nucleofector (Lonza) intrument. After 14 days of selection
for the genetically modified cells, flow cytometry and immunocytochemistry proved the
largely diminished level of IFITM1 in these cells (Fig. 30A-B). Of note, we observed a
decreased diameter of organoids established from IFITM1KX® cells (Fig. 30C). When

using labeled human colon fibroblast EVs, we detected a markedly higher percentage of
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EV-positive cells derived from IFITM1X® organoids compared to IFITM1WT cells (Fig.
30D), indicating that the lack of IFITM1 induced EV uptake. Similar to the IFITM1'*"
and IFITM1M9" populations, IFITM1X® organoids showed a reduced percentage of K167+
cells compared to IFITM1"T organoids (Fig. 30E). However, fibroblast-derived mEVs
or sEVs had a larger effect on the proliferation of IFITM1X° organoids (Fig. 30E),
indicating the functional effect of the increased EV uptake of cells without IFITM1.
Collectively, these data suggest that IFITM1 is not only a marker of a CRC cell population

with reduced EV uptake ability, but this molecule is also functionally involved in this

process.
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Figure 30: IFITM1KC has the same EV uptake pattern as the IFITM11'% subpopulation A: Flow cytometric analysis
of IFITM1 expression in IFITM1"T and IFITM1KO cells. Sec ctr: control with only secondary antibody. Representative
histogram (left) and the quantification (right) (GeoMean values were analyzed). Statistical analysis: unpaired t-test,
*** pn < 0.005. B: Whole-mount immunocytochemistry of IFITM1 on samples with/without IFITM1 inactivation. Scale
bar: 50 um. C: The diameter of the IFITM1"T and IFITM1K® organoids at day7 after replating. Statistical analysis:
Mann-Whitney U-test, ** p < 0.01 D: The percentage of the EV positive cells in IFITM1"T and IFITM1X® CRC 2D
cultures. Statistical analysis: Mann-Whitney U-test, ** p < 0.01 E: The percentage of KI67+ CRC cells after mEV or
SEV treatment. The quantification used confocal microscopic images. Statistical analysis: Kruskal-Wallis and Dunn
tests, *** p < 0.005, n.s. > 0.05
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4.Discussion

Colorectal cancer (CRC) is one of the most prevalent cancer types. In addition, its high
mortality rate also highlights the importance of examining this public health problem
(70). In our projects, we studied the intratumoral heterogeneity of CRC and its influence
on paracrine tumor-stroma communication. Intratumoral heterogeneity is a commonly
overlooked hallmark of cancer that causes major difficulties in the treatment. (29) It is a
well-known fact that the tumor itself is not just the plurality of the cells. It has several cell
types next to the cancer cells, such as fibroblasts, immune cells, and endothelial cells.
Interestingly, there are subpopulations with different functions among cancer cells. (71)
However, this functional heterogeneity was not well described just in a few cases yet, for
example, LGR5 and PROX1 positive cells hold stem-like cell features, although these
subpopulations only partially overlap. (32, 33) My dissertation focuses on cell surface
molecules that mark aggressive CRC cell populations in CRC, CD44, CD133, and PTK?.
CD44 is a hyaluronic acid receptor and marks an invasive cell type in CRC (35). CD133,
also called Prominin-1 is the first identified stem cell marker (37). PTK7 is an inactive
receptor tyrosine kinase and a study proved that PTK® cells show different
chemosensitivity compared to the PTK'" subpopulation in cancer cell lines (39). We
proved that among these invasive cell markers only CD44"9" CRC cells release a
significantly higher amount of EV's compared to the CD44'°% CRC cells. As the next step,
we examined the miRNA cargo of the released EVs by the different subpopulations.

MicroRNAs (miRNAs) are widely studied non-coding RNAs with an average of 22nt
length that play a regulating role in gene expression. The majority of the miRNAs have
several processing steps (primary-miRNAs, precursor-miRNASs) to finally become
matured miRNAs. Numerous studies described miRNAs interacting with the 3’UTR
region of the target mMRNA (72), however, others proved interactions with the 5°UTR,
coding sequence, and gene promoters as well (73). miRNAs can also activate translation
in special situations or regulate transcription. They can be secreted to the extracellular
space and transported to the target cells by binding to proteins such as Argonaute or by a
protected way in EVs (74). Although a sorting mechanism has been identified for EV
miRNAs based on sequence motifs, not all EV miRNAs contain these sequences.
However, the sorting of miRNAs does not seem to be a stochastic procedure but is driven

by other pathways as well. The extracellular miRNAs have a chemical messenger
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function to mediate cell-cell communication. By this feature, the EV miRNAs are
potential diagnostic and prognostic biomarkers and participate in pre-metastatic niche

formation, metastatic tumorigenesis, and therapy resistance (75).

Although the level of released EVs differs between CD44"9" and CD44'°" CRC cells, the
miRNA cargos show only a modest difference between these subpopulations. 26 common
miRNAs were detected in EVs derived from either CD44"9" or CD44'°% CRC cells.
According to a meta-analysis, the majority of the detected miRNAs were present also in
the plasma samples of CRC patients compared to healthy controls (76). We detected miR-
95, miR-100, and miR-365 in EVs derived from the CD44"9" cell population when sorting
cells based on differential CD44 expression. miR-95 was shown to induce cell
proliferation by suppressing sorting nexinl (SNX1) expression in CRC (77). miR-100
mediates cetuximab resistance by increasing the strength of Wnt signaling (78). In
addition, this miR inhibited cell proliferation in multiple systems, such as in CRC (by
decreasing Lgr5 expression (79)) or mammary tumor cells both in vitro and in vivo (80).
Similarly, miR-365 is frequently down-regulated in CRC. It inhibits cell cycle
progression and induces apoptosis (81). Interestingly, miR-365 has a contradictory role
in different cancer types and some reports showed it having promoting, while others
showed inhibiting effects on cell proliferation (82-84). Importantly, miR-365 was also
suggested as a biomarker in oral squamous cell carcinoma-derived EVs (85). The only
miR that we found to be specific for CD44'° CRC cell-derived EVs was miR-345 which
is known to stimulate cell proliferation and invasion (85).

EVs induced the activation and proliferation of fibroblasts and we proved that this process
was dose-dependent. Next, we used artificial liposomes to examine whether fibroblast
activation was based on the miRNA content or the EV dose. These particles were
produced from phosphocholine and cholesterol with no miRNA or protein cargos. We
obtained the same dose-dependent fibroblast activation as for EVs, raising the possibility
that the lipid components of EVs are the active components. This observation is supported
by the work showing that cholesterol-induced many functions of prostate cancer cells,
such as proliferation and migration (86). Furthermore, cell-intrinsic and cell-extrinsic
cues, reprogram cholesterol metabolism in multiple tumors and promote tumorigenesis

(87). In addition, lipid uptake can induce the proliferation of not only cancer cells, but of
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fibroblasts as well (88). Further experiments are needed to clarify the mechanisms of how
the lipid components of EVs and liposomes act in fibroblasts.

As another approach, we identified IFITM1 as a marker for an aggressive CRC cell
subpopulation. We proved that after APC mutation, which is one of the most common
driver mutations in CRC, the level of IFITM1 increased more than 2,500 fold. This
elevation was detectable in patient-derived samples as well. Importantly, IFITML1 is
critical in virus uptake. Since EVs can be edited and loaded with specific molecules and
are considered as a promising tool for targeted cancer therapy, we examined whether cells
with differing IFITM1 levels take up a different amount of EVs. We proved that
IFITM1M9" CRC cells take up less EVs compared to IFITM1'°Y CRC cells. Of note,
deleting IFITM1 led to the marked increase in EV uptake, proving that IFITM1 is not
only a marker of a CRC cell population, but is also actively involved in this process.
Fibroblast-derived EVs resulted in a marked increase in the proliferating cell number of
IFITM1'°% CRC organoids, showing the functional significance of the difference in EV
uptake. We also showed that Ifitm1 expression is increased after Apc mutation, similarly
to human adenomas when compared to normal colonic epithelium. CRC patient-derived
organoids had a heterogeneous intra-organoid expression of IFITM1 and the IFITMZ1"9

CRC population contained more proliferating cells.

IFITM family members have been identified as molecular markers in human colorectal
tumors (89). A few studies have also demonstrated the connection of IFITM1 to the
progression of CRC, showing that it modifies the proliferating, invasive, and metastatic
capability of CRC cell lines (90). However, the majority of these previous data were
derived from models using cell lines cultured 2D. Importantly, we were the first who used
patient-derived organoids to characterize IFITM1M9" CRC cells. We observed that
IFITM1M9" sorted cells formed organoids with more proliferating cells, suggesting that
IFITM1M" and IFITM1'" subpopulations differentially contributed to CRC
tumorigenesis. Interestingly, we found no difference in the RNA level of some CRC stem
cell and Wnt target genes, indicating that IFITM1 may regulate proliferation not directly
via the Wnt pathway. In line with these data, loss of IFITM1 markedly increased nuclear
p21 level, leading to reduced proliferation in breast cancer (91). Another study found that

targeting IFITM 1 inhibited the proliferation of breast cancer cells via NFkB (92).
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IFITM genes are generally regulated by type I and type Il interferons. We proved here
that human organoids derived from adenomas or CRC patients expressed IFITM1 at a
higher level compared to the normal colon. By using genetically modified mouse
intestinal organoids, we provided evidence that Apc mutation was a critical factor in the
regulation of Ifitm1 expression. Our findings concur with the results of Lickert et al (93)
who found a regulatory effect of the Wnt pathway on Ifitm genes during gastrulation. In
addition, we confirmed the results by Andreu et al. (94), showing the regulation of many
Ifitm members in mouse intestinal adenoma models. However, we found no difference in
IFITM1 expression in the LGR5"9" CRC cells compared to LGR5'" cells. Although
LGR5"9" cells represent a CRC cell population with stem cell features and high Wnt
activity (31), this finding suggests that IFITM1 expression is regulated not only by the
strength of the Whnt activation, but other signaling pathways may have a critical influence

as well.

The IFITM genes encode for a group of small homologous proteins that are localized in
the membranes of the endosomal-lysosomal compartment or the plasma membrane (95).
IFITM proteins provide a cellular resistance against a wide variety of both enveloped and
non-enveloped viruses not only in vitro but in vivo as well (96, 97). Similar to certain
viruses, EVs contain a membrane envelope. Although the mechanism of action of the
IFITM proteins is largely unknown, some studies suggested that they exert their anti-viral
effects via modifying the fluidity or other physicochemical properties of biological
membranes (98, 99) which may be the mechanism for the differential EV uptake as well.
Of note, here we show that IFITM1"9" cells take up less EVs compared to cells with low
IFITM1 expression. Thus, our results indicate the existence of differential EV uptake
within CRC. Furthermore, by inactivating IFITM1, we also demonstrated that this
molecule was functionally important for this process. Thus, these data provide further
evidence for the relationship between certain viruses and EVs not only in the mechanism
of their production but in their uptake as well (100). Of note, the IFITM1'°" population
contained less proliferative cells compared to the IFITM1M9" population. However
fibroblast-derived EVs diminished this difference between IFITM1M" and IFITM1'o"
cells. They had a more pronounced stimulatory effect on cell proliferation in the
IFITM1'" CRC subpopulation that accumulated more EVs. These data not only highlight
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the complex regulation of proliferation in CRC but also illustrate the biological
importance of the differential EV uptake by tumor cells.

EVs contain proteins in their membranes that enhance their uptake, thus, providing a
powerful delivery system of drugs or RNAs in RNA interference (RNAI)-based
approaches. The usability of this approach has recently been proven by two elegant
studies. In these publications, RNAI was delivered to specifically target the oncogenic
KRas in pancreatic tumors in mouse models (101, 102). Importantly, these results open
the possibility for engineered EV-based therapies targeting oncogenes in other cancers,
such as in CRC. However, the proper and efficient use of EVs delivering the engineered
cargo critically depends on their uptake by tumor cells. Importantly, the heterogeneous
level of IFITM1 on CRC cells may result in the diminished efficiency of EV-mediated
drug delivery in some CRC cell subpopulations. Furthermore, the Apc mutation-induced
Ifitm1 expression and the higher level of IFITM1 in CRC cells compared to normal colon
epithelial cells raise the possibility that normal colon epithelial cells may be targeted even

more efficiently by EVs than tumor cells.
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5. Conclusions

Collectively, our results provide evidence that intratumoral heterogeneity is a key factor
in tumor-stroma communication in CRC. Differential CD44 level marks CRC cell
subpopulations with differing EV secreting capacity. Interestingly, CD44"9" and CD44'°W
cell derived EVs have only modestly different miRNA cargos. We also proved that
organoid derived EVs may induce the activation of fibroblasts. However, when
comparing the effect of EVs from CD44"9" and CD44'°" CRC cells on fibroblasts, we
found that the different EV number is the relevant factor, and we found no evidence for
the importance of the miRNA cargo. These results may significantly contribute to
understanding how EVs released from CRC subpopulations act in the tumor

microenvironment.

Furthermore, we identified IFITM1 gene with an expression increase of more than 2,500
fold after APC mutation. When comparing CRC cell subpopulations with different
IFITM1 levels, we found a higher proliferation capacity in case of IFITM1"9" CRC cells.
In addition, differential IFITM1 levels marked CRC cells with largely differing EV
uptake capacity. Although IFITM1'°%"ed cells had a lower proliferation potential, this
subpopulation was more responsive to EV treatment, thus, EVs exerted a more
pronounced effect in these cells compared to the IFITMM" cells. By inactivating the
IFITM1 gene we observed a similar EV uptake pattern compared to IFTM1'°% cells, thus,
providing evidence that IFITM1 plays a functional role in EV uptake. Thus, IFITM1-
regulated EV uptake intensity is a critical factor for modifying important tumorigenic
features of some CRC cells, such as proliferation. Since this fact may influence the effect
of EVs in clinical applications, it must be taken into consideration when designing EVs

as therapeutic tools in CRC.
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6. Summary

Extracellular vesicles (EV) are membrane-surrounded vesicles that are released by
virtually all cell types and they participate in the intercellular communication. Since they
carry biologically important molecules as cargo in a protected form and this cargo may
reflect the molecular composition of the releasing cells, they are potential tools for
targeted therapy and for tumor diagnostics. Colorectal cancer (CRC) is one of the most
common cancers. The importance of the intratumoral heterogeneity of cancer cells is not
yet fully understood, and, similarly, its impact on the intensity of EV release and uptake
is still largely unknown. Patient-derived 3D organoids are one of the most modern
methods to study this heterogeneity in vitro. When focusing on molecules that mark CRC
cell subpopulations with an aggressive behavior, we detected an increased EV release by
CD44M9" CRC cells. We found that the miRNA cargos of CD44"" and CD44"" cell-
derived EVs largely overlapped and only four miRNAs were specific for one of the
subpopulations. EVs released by CD44"9" cells induced the proliferation and activation
of colon fibroblasts stronger than CD44"°% cells. This effect was not coupled to the
miRNA cargo of the EVs, but to the higher EV release from CD44"9" CRC cells.

IFITM1 plays a critical role in virus uptake, thus, it was a candidate molecule that could
modulate EV uptake. We observed a higher expression of IFITM1 in adenomas and CRCs
compared to the normal colon. We proved that Ifitm1 expression was at least partially
regulated by Apc deletion which is a critical mutation in CRC patients. IFITM1"9" CRC
cells had a higher proliferative potential. IFITM1'°Y CRC cells took up more EVs.
Exposure of IFITM1' organoids to fibroblast-derived EVs resulted in a more
pronounced increase in KI67+ cell number. Inactivating IFITML1 resulted in a smaller
organoid size and a higher EV uptake ability compared to unmodified CRC samples. Our
data indicate that intratumoral heterogeneity led to tumor cell subpopulations with
different abilities for EV uptake. The different EV uptake modified the proliferation
intensity of CRC cell subpopulations. IFITM1 not only marked CRC subpopulations but
also played a functional role in EV uptake in CRC. Collectively, we identified CRC
subpopulations with different EV releasing and uptake capabilities and we proved that
this intratumoral heterogeneity has a functional role, too. We propose that intratumoral
heterogeneity for EV uptake and release should be considered as a critical factor when

designing targeted EV-based therapy in CRC.
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