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Abstract

Colorectal cancer (CRC) with a mesenchymal gene expression signature has the
greatest propensity for distant metastasis and is characterised by the accumulation
of cancer-associated fibroblasts in the stroma. We investigated whether the epithe-
lial to mesenchymal transition status of CRC cells influences fibroblast phenotype,
with a focus on the transfer of extracellular vesicles (EVs), as a controlled means of
cell-cell communication. Epithelial CRC EV's suppressed TGF-g-driven myofibrob-
last differentiation, whereas mesenchymal CRC EVs did not. This was driven by miR-
200 (miR-200a/b/c, -141), which was enriched in epithelial CRC EVs and transferred
to recipient fibroblasts. Ectopic miR-200 expression or ZEBI knockdown, in fibrob-
lasts, similarly suppressed myofibroblast differentiation. Supporting these findings,
there was a strong negative correlation between miR-200 and myofibroblastic mark-
ers in a cohort of CRC patients in the TCGA dataset. This was replicated in mice,
by co-injecting epithelial or mesenchymal CRC cells with fibroblasts and analysing
stromal markers of myofibroblastic phenotype. Fibroblasts from epithelial tumours
contained more miR-200 and expressed less ACTA2 and FNI than those from mes-
enchymal tumours. As such, these data provide a new mechanism for the develop-
ment of fibroblast heterogeneity in CRC, through EV-mediated transfer of miRNAs,
and provide an explanation as to why CRC tumours with greater metastatic potential
are CAF rich.

KEYWORDS
cancer-associated fibroblast, colorectal cancer, epithelial to mesenchymal transition, extracellular vesicle,
MiR-200, stroma, Zebl

Colorectal cancer (CRC) is the third most common malignancy in the world, with global incidence predicted to surpass two
million, and mortality one million, by 2030 (Arnold et al., 2017). Over 90% of deaths in those with solid tumours such as CRC are
due to metastasis (Mehlen & Puisieux, 2006). This highlights the importance of studying the biology of CRC progression, in order
to identify better prognostic markers and devise targeted treatments. Recent efforts have led to the molecular subtyping of CRC.

This is an open access article under the terms of the Creative Commons Attribution License, which permits use, distribution and reproduction in any medium, provided the original
work is properly cited.
© 2022 The Authors. Journal of Extracellular Vesicles published by Wiley Periodicals, LLC on behalf of the International Society for Extracellular Vesicles.

J Extracell Vesicles. 2022;11:€12226.
https://doi.org/10.1002/jev2.12226

wileyonlinelibrary.com/journal/jev2 10f19


https://orcid.org/0000-0001-7143-4939
https://orcid.org/0000-0002-5291-1485
mailto:a.e.sayan@soton.ac.uk
mailto:a.h.mirnezami@soton.ac.uk
http://creativecommons.org/licenses/by/4.0/
https://wileyonlinelibrary.com/journal/jev2
https://doi.org/10.1002/jev2.12226

20f19 .5 ISEV BHOME b1 a1

A globally recognised classification system defined the consensus molecular subtypes (CMS) of CRC and stratified patients into
four subgroups (CMSI-4) (Guinney et al., 2015). Among these, CMS4 has the worst prognosis and is associated with metastasis
and chemoresistance. Importantly, this subtype did not differ from others in terms of mutational burden, somatic copy number
alterations or CpG island methylation, but rather the presence of stromal cells and a mesenchymal (or transforming growth
factor (TGF)-§ activation) gene expression signature. Therefore, there seems to be an important link between metastatic cells
and stromal phenotype in CRC.

The tumour microenvironment is considered to be an ecosystem of cancer and stromal elements (Bhome et al., 2015). Fibrob-
lasts are the predominant cell type in the stroma and are responsible for the production of growth factors, cytokines, chemokines,
enzymes and extracellular matrix (Kalluri, 2016; Kalluri & Zeisberg, 2006). Importantly, the phenotype of myofibroblastic cancer-
associated fibroblasts (CAFs) is associated with oncological outcome in CRC (Herrera et al., 2013). The presence of myofibrob-
lasts is a marker of poor prognosis, not only in CRC but also in several other solid tumours, such as prostate, head and neck and
pancreas (Ayala et al., 2003; Marsh et al., 2011; Sinn et al., 2014; Tsujino et al., 2007).

In the classical model of myofibroblast activation, TGF-f stimulates the expression of a-smooth muscle actin (¢-SMA) in
fibroblasts, conferring increased contractility and facilitating wound healing (Desmouliére et al., 1993). Cancer is considered to
be a ‘wound that does not heal, in which myofibroblasts are thought to remain persistently activated (Dvorak, 1986), resulting in
upregulation of growth factors and pro-inflammatory cytokines (Orimo et al., 2001). This has been shown to influence stromal
remodelling (Lu et al., 2011; Otranto et al., 2012), facilitate collective and individual cancer cell migration (Gaggioli et al., 2007;
Gascard & Tlsty, 2016) and promote chemoresistance (Ireland et al., 2016; Miierkdoster et al., 2008). The CRC microenviron-
ment is TGF-B-rich, with elevated circulating levels detectable in CRC patients (Markowitz et al., 1995; Tsushima et al., 2001).
Although TGFBI expression is comparably lower in Stage I disease, there is no significant difference between Stages II/III and
Stage IV, suggesting that it may be involved in initial disease progression but not directly linked to metastasis (Calon et al., 2012).
Considering that a significant proportion of colorectal tumours have inactivating mutations in the TGF-f pathway, the effect of
TGEF-g is unlikely to be directed to cancer cells and is more likely to influence the stroma (Cancer Genome Atlas Network, 2012).

It is important to note that studies of stromal heterogeneity have identified several different CAF populations, only some of
which are a-SMA-positive, with each having a different contribution to cancer progression (Costa et al., 2018; Li et al., 2017;
Sugimoto et al., 2006). This raises the fundamental question of how a-SMA-positive CAF populations are formed in some
tumours but not in others. This is especially intriguing in CRC, where there is an excess of local TGF-£ in the majority of
tumours (Calon et al., 2012). The histological organisation of CAFs and cancer cells provides certain clues, with the co-localisation
of myofibroblasts and invasive carcinoma cells reported in various solid tumours (Kawashiri et al., 2009; Ohlund et al., 2017;
Takatsuna et al., 2016). In CRC, the most lethal CMS4 subtype produces a stroma rich in a-SMA-positive myofibroblasts (Becht
et al,, 2016; Guinney et al., 2015). These observations suggest that the phenotype of cancer cells in the primary tumour shapes
the stromal landscape, and in particular, that metastatic capability promotes myofibroblast accumulation. However, the exact
mechanism for this is currently unknown.

A key molecular feature which distinguishes metastatic and non-metastatic carcinoma cells is epithelial to mesenchymal tran-
sition (EMT). This programme of cellular differentiation is characterised by loss of epithelial identity and acquisition of mes-
enchymal features such as increased motility. EMT is regulated by the ZEB, Snail and Twist families of transcription factors
(TFs) (Hay & Zuk, 1995; Kalluri & Neilson, 2003; Kalluri & Weinberg, 2009). Of note, the CMS4 subtype of CRC represents an
EMT-associated (mesenchymal) molecular signature (Guinney et al., 2015). Therefore, the relationship between EMT and myofi-
broblast accumulation warrants an investigation for causality; specifically, the signals that tumour cells provide to alter stromal
phenotype.

Tumour and stromal cells communicate by several mechanisms, such as cell-cell contact and secretion of soluble factors
(Labernadie et al., 2017; Orimo et al., 2005). The discovery that extracellular vesicles (EVs) transmit functional nucleic acids and
other macromolecules between cells, has placed a spotlight on this method of communication in recent years (Valadi et al., 2007).
Of note, microRNAs (miRNAs) are a stable component of EV cargo, and evidence suggests that loading miRNAs into EVs is a
selective process (Bhome et al., 2018; Guduric-Fuchs et al., 2012; Koppers-Lalic et al., 2014; Kosaka et al., 2010; Villarroya-Beltri
et al., 2013).

The characterisation of stromal EV cargo and its effect on CRC cells has previously been described (Bhome et al., 2017). In the
present study, we sought to investigate the reverse relationship. Specifically, we asked whether the EMT status of CRC cells is a
determinant of myofibroblast phenotype, and whether exchange of EV miRNAs mediates the interplay between these cell types
in the presence of TGF-f.

2 | METHODS

A description of cloning, cell lines (including the generation of stably transduced cell lines), MLEC assay, western blotting,
transmission electron microscopy (TEM), nanoparticle tracking analysis (NTA), RNA extraction and RT-qPCR array/ assays is
provided in Supplementary Methods.
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2.1 | EVisolation

EVs were isolated by differential ultracentrifugation, using an optimised version of our previous method (Bhome et al., 2017).
Briefly, CRC cells were grown to 70% confluence in three 175 cm? flasks (4-8 X 107 cells), at which point the growth medium was
replaced with equivalent medium supplemented with EV-depleted FBS (supernatant of FBS, ultracentrifuged at 100,000 X g for
16 h). After 72 h, conditioned medium was harvested and centrifuged at 400 X g for 5 min to pellet floating cells, followed by
2000 X g for 10 min to pellet cellular debris. The supernatant was then centrifuged at 10,000 X g for 30 min to pellet apoptotic
bodies and microparticles (>1um). The resulting supernatant was then filtered (0.22 um) and ultracentrifuged at 100,000 X g for
75 min at 4°C using a TFT 50.38 rotor (ThermoFisher). The resulting EV pellets were pooled, washed with PBS and ultracen-
trifuged again at 100,000 X g. The final EV pellet was solubilised in 200 ul PBS and stored at -80°C.

Additionally, EVs were isolated by an alternative validated technique, combining precipitation and size exclusion chromatog-
raphy (SEC), using the Exo-Spin kit (cat no. EXOL; Cell Guidance Systems), as per manufacturer instructions (Kavanagh et al.,
2017). Conditioned medium was centrifuged at 300 X g for 10 min and then 16,000 X g for 30 min to exclude cells and cellular
debris. Exo-Spin buffer was added to the supernatant in a 2:1 ratio and incubated overnight at 4°C. The mixture was then cen-
trifuged at 16,000 X g for 1 h and the resulting EV pellet was resuspended in 1 ml PBS. Exo-Spin columns were equilibrated at
room temperature using PBS. The EV suspension was then applied to the column and the initial flow-through was discarded.
PBS was then applied and 1 ml fractions were collected. As recommended by the manufacturer, fractions 7-12 were collected,
pooled and then qualitatively and quantitatively analysed.

We have submitted all relevant data from our experiments to the EV-TRACK knowledgebase (EV-TRACK ID: EV190029)
(Van Deun et al., 2017).

2.2 | Cellular EV uptake

EVs were isolated from CRC cells and labelled with Vybrant DiO (cat no. V22886; ThermoFisher). We identified that labelling
EVs after isolation significantly decreased the probability of DiO binding to protein or lipid aggregates (Van Der Vlist et al., 2012).
Therefore, EV labelling was not performed on live cells but as part of the final wash steps during EV isolation. Furthermore, a
much lower concentration of DiO (1 in 10,000) was used to reduce non-specific binding. After labelling, DiO-EVs were washed
again with PBS and ultracentrifuged to remove excess dye. As a control (for dye aggregates), we labelled EV-depleted medium
with the same concentration of DiO and processed it like an EV preparation (i.e., ultracentrifugation).

MRCS5 fibroblasts (4 X 10°) were conditioned with labelled EVs at a concentration of 0.5 X 10° particles/ml, or an equivalent
volume of DiO-labelled medium (control), for 24 h, in 6-well plates. At 24 h, fibroblasts were washed twice with PBS and the
DiO signal was detected using an inverted bright-field fluorescence microscope.

2.3 | Detection of labelled EVs by flow cytometry

MRCS5 fibroblasts were conditioned with DiO- or DiD-labelled EVs (0.5 x 10° particles/ml) or DiO/ DiD-labelled medium (see
above) for 24 h (Vybrant DiD; cat. no. V22887; ThermoFisher). Fibroblasts were then dissociated into single cells (Trypsin-EDTA
0.25%; cat. no. T4049; Sigma) and live cells analysed by flow cytometry (FACS Calibur). Following duplet exclusion, the presence
of intracellular DiO/ DiD-positive particles was assessed in the FL1/ FL4 channels, respectively.

2.4 | Conditioning of fibroblasts with CRC EVs and subsequent myofibroblast differentiation

To mimic the constant exposure of fibroblasts to EVs in vivo, fibroblasts were conditioned with CRC EVs every day for 5 days,
replenishing the media every day. 4 X 10> MRCS5 fibroblasts or normal colon fibroblasts (NCFs) were seeded into 6-well plates, in
EV-free medium. The next day (day 0), the medium was changed and EV's were added at a concentration of 1.5 X 10° particles/ml.
The medium was changed, and fresh EVs were added in a similar fashion on days 2-5. Cells were passaged on day 5, with
one third collected for RNA analysis where necessary. On day 6, the medium was changed to a low serum (0.1% FBS) EV-free
medium, and on day 7, TGF-f was added at a concentration of 2 ng/ml (Thannickal et al., 2003; Yang et al., 2012). Low serum
conditions were used because serum has been shown to influence fibroblast contractility and differentiation in multiple models
(Galieetal., 2011; Jester et al., 1996). An equal number of wells were untreated, as controls. Cells were collected on day 9 for western
blotting.

Transient transfection of fibroblasts with miR-200 mimics, ZEBI siRNA or the ZEBI 3'UTR luciferase construct is detailed in
Supplementary Methods.
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2.5 | Analysis of myofibroblast differentiation in EV-high and EV-low fibroblasts

MRCS fibroblasts were conditioned with fluorescently labelled (DiO) epithelial (DLD1) and mesenchymal (SW480) EVs and
stimulated with TGF-f as described above. Cells were then sorted using FACS Aria (BD Biosciences). As more than 95% of EV-
conditioned cells registered positive, we sorted EV-high (70-100th centile) and EV-low (0-30th centile) populations, rather than
purely positive and negative populations. Cells were collected in DMEM, pelleted and stored at -80°C prior to RNA extraction
and quantification of miR-200, ACTA2 and FNI by qPCR.

2.6 | RNA labelling and subsequent isolation from fibroblasts

RNA was labelled in MRC5, DLD-1 and SW480 cells, from which EVs were isolated and used to condition MRC5 cells. 5EU
labelling of nascent RNAs was achieved by the addition of 5EU to the cell culture media at a final concentration of 0.4 mM for
24 h. To isolate 5EU-labelled miRNAs from recipient cells, the Click-iT Nascent RNA Capture Kit (cat no. C10365; ThermoFisher)
was used, following the manufacturer’s recommended protocol. Unlabelled controls were used to determine the background level
of RNA recovery of the precipitation step. 5EU-labelled RNA was used directly for RT-qPCR.

2.7 | MiRNA and gene expression in human CRC dataset

Three hundred and four tumour samples with matched miRNA and gene logCPM values were identified in the TCGA dataset
(https://portal.gdc.cancer.gov/). A panel of CRC tumour cell-associated genes was selected, to include common colonic epithe-
lial markers (CDHI, CDH3, KRT18, KRT19, KRT20, CEACAMI, CEACAM5, MUCI, MUC2, MUC6) (Byrd & Bresalier, 2004;
Majumdar et al., 2012). Similarly, a panel of myofibroblast-associated genes (DES, ACTA2, TNSI, PDGFRA, S100A4, VCL, VIM,
PALLD, FN1, POSTN, FAB, PDGFRB) was selected based on a consensus of previous studies (Lebleu & Kalluri, 2018; Shiga et al.,
2015). The panel of miRNAs was selected based on those which had the highest epithelial EV to mesenchymal EV ratio from the
miRNA array (described in Supplementary Methods). The top 20 were selected and expanded to include complete families (e.g.,
let-7a-1, a-2, a-3, let-7b and miR-200a/b/c, -141). Correlations between miRNA and gene expression were quantified by Pearson
correlation coefficient, r, and statistical significance determined by Student asymptotic p values.

2.8 | Invivo study

All mice were housed in a specific pathogen-free facility at the University of Southampton and given a commercial basic diet
and water ad libitum. Six 6-8 week-old CD-1 nude mice were injected subcutaneously (into both flanks) with 7.5 X 10° SW480-
control cells and 2 X 10¢ PKH-labelled MRCS5 fibroblasts (mesenchymal tumours; n = 12), or, 7.5 X 10° SW480-ZEBI knockdown
(ZKD) cells and 2 X 10° MRC5 PKH-labelled fibroblasts (epithelial tumours; # = 12). Prior to injection, cells were mixed, pelleted
and resuspended in 100 ul serum-free medium, to which an equal volume of Matrigel (cat no. 356237; Corning) was added. At
2 weeks, animals were sacrificed and the tumours were excised. Immunohistochemical staining, single cell dissociation, flow
sorting and RT-qPCR pertaining to the in vivo study are described in Supplementary Methods.

2.9 | Statistical analysis

Where individual images (microscopy, western blotting and flow cytometry) are displayed, these are representative of at least
three separate experiments. Graphics represent the mean + SEM, unless otherwise stated. TGFBI expression for CRC cell lines in
the CCLE cohort was compared by Mann-Whitney U Test. RT-qPCR was performed in triplicate and differences in mean relative
values were tested by a two-tailed, unpaired ¢-test. Where applicable, proportions of positively and negatively gated cells from
flow cytometry were compared by Fisher’s exact test (two-tailed). Luciferase assays were performed in triplicate and differences in
mean relative values were tested by two-tailed unpaired t-test. The threshold level of significance was set at 0.05 for all statistical
tests. The level of statistical significance was denoted by p < 0.05 (*); p < 0.01 (**); and p < 0.001 (***).

3 | RESULTS
3.1 | Invitro CRC models represent a spectrum of EMT phenotypes
First, we sought to identify CRC cell lines which represent tumour heterogeneity in terms of epithelial or mesenchymal char-

acteristics. Gene expression data for 52 CRC cell lines from the CCLE cohort of the Gene Expression Atlas (https://www.ebi.ac.
uk/gxa/home) suggest that the majority of CRC cell lines are epithelial (expressing variable but detectable E-cadherin (CDHI)
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FIGURE 1  EMT status of CRC models. (a) Assessment of EMT marker expression in a spectrum of epithelial and mesenchymal CRC cell lines by western
blotting. (b) EMT marker expression in the SW480 MET model (SW480-ZKD cells), where HCT116 cells are shown as a positive control. Low and high
exposures for E-cadherin in both panels. E-epithelial and M-mesenchymal. Representative of three separate experiments.

and keratins (KRT18, KRT20)), with only a small minority (5/52) purely expressing mesenchymal markers (Vimentin (VIM) and
ZEBI; (Figure SIA) (Papatheodorou et al., 2018). To reflect a spectrum of EMT phenotypes, four CRC cell lines were selected from
our repository. DLD1 cells showed the most epithelial phenotype (high keratin and E-cadherin, no vimentin or ZEBI), HCT116
and SW620 cells expressed reduced E-cadherin, and were considered metastable (showing both epithelial and mesenchymal fea-
tures), whereas SW480 cells were considered mesenchymal as they had high ZEBI and vimentin, no-E-cadherin and very low
levels of keratins (Figure 1a). In addition, we knocked down ZEBI in SW480 cells (SW480-ZKD) to generate an isogeneic but
more epithelial cell line, representing a mesenchymal to epithelial transition (MET) model (Figure 1b), as described previously
(Burk et al., 2008). To further validate this model, exogenous murine zebl cDNA (with sequence disparity at the human ZEBI
shRNA binding site) was transfected into SW480-ZKD (human) cells. These cells underwent EMT, showing specificity of the
shRNA, and the knockdown phenotype could be rescued (Figure S1B). Accordingly, we used these cell lines, with defined EMT
status, to mimic the heterogeneity of CRC tumours.

CRC is a TGF-p rich cancer, with CRC tumours and cell lines expressing more TGF-f than normal colonic epithelium
(Hawinkels et al., 2014). There is large variation in TGFBI expression CRC cell lines in the CCLE cohort; however, the four
cell lines selected for this study fall in a narrow range, despite clear differences in EMT status (Figure SIC). In keeping with this,
our isogenic MET model (SW480 and SW480-ZKD cells) also showed no significant difference in TGFBI expression (data not
shown) or activity, as assessed by MLEC assay (Figure SID). Therefore, we were in a position to investigate the effect of EMT on
fibroblast phenotype via EVs, in a context where TGF-{ was present but not significantly different between the CRC models that
were used.

3.2 CRC cells produce EVs which are transferred to fibroblasts

|
Next, we wanted to determine the paracrine effect of epithelial and mesenchymal CRC cells on fibroblasts, with a focus on
EVs, as ubiquitously produced and selectively loaded components of the secretome (Bhome et al., 2018; Janas et al., 2015). CRC
EVs were isolated from cell culture conditioned media by differential ultracentrifugation. Isolated vesicles displayed enrichment
in endosomal markers (Alix, TSG101) and tetraspanins (CD63, CD81) but were lacking in markers for other organelles such as
mitochondria (Cytochrome C; Figure 2a) and were homogenous in morphology (Figure 2b), with a modal size in the range of 90—
130 nm (Figure 2¢). Epithelial and mesenchymal CRC cells produced EVs with comparable size (Figure S2A) and a similar number
of EVs per cell (Figure S2B). To assess the general effect of CRC EV's on fibroblasts, we chose one of the most commonly used
fibroblast lines, namely MRC5 (obtained from human embryonic lung), which can undergo over 40 passages before senescence
(Jacobs et al., 1970). These cells have a defined TGF-f response and have been shown to behave similarly to primary colonic
fibroblasts (Bullock et al., 2013). Initially, we wanted to assess if EVs from different CRC cells were taken up by fibroblasts with
similar efficacy; therefore, we fluorescently labelled EVs and conditioned fibroblasts for 24 h. Following this, fibroblasts were
washed to remove non-internalised EVs and fluorescence signal was detected by microscopy (Figure 2d) and flow cytometry
(Figure 2e). Epithelial and mesenchymal EVs were shown to be taken up with similar efficiency by fibroblasts (Figure S2C).
Therefore, epithelial and mesenchymal CRC cells produce EVs of similar characteristics, which are taken up by fibroblasts in
similar quantities.
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FIGURE 2  Characterisation and transfer of CRC EVs. (a) Endosomal (Alix, TSG101) and tetraspanin (CD63, CD81) marker expression in HCT116 cells
and EVs. The mitochondrial protein, cytochrome C, was used as a negative EV marker. Representative of three separate experiments. (b) Transmission electron
micrograph of HCT116 EVs at 100,000X magnification. Scale bar represents 100 nm. Representative of three EV preparations. (c) Nanoparticle tracking analysis
of HCT116 EVs from five separate videos, each 90s duration. (d) Visualisation of DiO-labelled HCT116 EVs within MRCS5 fibroblasts after 24 h conditioning.
Phase contrast and fluorescence images are shown. Scale bar represents 50 um. Representative of three experiments. (e) Detection of DiO-labelled HCT116 EV's
in MRCS5 fibroblasts by flow cytometry. Representative histograms for control (DiO-labelled medium) and EV-conditioned fibroblasts from three experiments.

3.3 | Epithelial and mesenchymal CRC EVs produce different responses in fibroblast signalling
pathways

Having established that CRC cells transfer EV's to fibroblasts, we then asked whether EV's from epithelial and mesenchymal CRC
cells could differently influence fibroblast biology. We initially investigated ERK and AKT pathways, which have wide ranging
implications for cell fate and have been shown to be important in CAF-related tumour progression (Nho et al., 2005; Rosenfeldt
& Grinnell, 2000; Serrano et al., 1997; Trimboli et al., 2009). Before conditioning fibroblasts with EVs, we sought to document
ERK and AKT activity in donor CRC cells. All CRC cell lines used in this study were KRAS mutant; therefore, they registered
ERK pathway activity (p-ERK positive), albeit at different levels (Figure S3A, B). Next, we applied EV's from CRC cells in our
panel to fibroblasts, at different concentrations, in order to observe any dose-dependent trends in ERK and AKT activity.

Conditioning of fibroblasts with epithelial but not mesenchymal EVs, attenuated ERK activity, even at the lowest tested con-
centration (Figure S3C), implying that epithelial CRC cells have a specific inhibitory effect on fibroblast ERK pathway. AKT
activity in fibroblasts increased in a dose-dependent manner with HCT116 and SW620 EV's but not DLD1 or SW480, therefore,
appearing unrelated to EMT status of donor CRC cells (Figure S3C). A similar pattern of results on ERK activity was seen using
epithelial and mesenchymal EVs from the SW480-ZKD model, justifying our initial observations (Figure S3D). Of note, cellu-
lar levels of ERK and AKT proteins and their phosphorylated isoforms in donor CRC cells, did not correlate with the changes
observed in EV-recipient fibroblasts. For example, DLD1 and SW480 cells expressed a similar amount of phospho-ERK, but ERK
activity in fibroblasts conditioned with DLD1 and SW480 EV's was different. This suggests that the demonstrated effects of EV's
on fibroblasts are unlikely to be the result of EV-mediated transfer of proteins (i.e., phospho-ERK or mutant KRAS protein) or
mRNA (i.e., mutant KRAS mRNA).

3.4 | MiR-200 distinguishes CRC cells and EVs by EMT status

Since the data indicated that protein or mRNA transfer was less likely to be responsible for the observed effects, we focussed
on miRNA content of EVs. MiRNAs are the most stable EV cargo and evidence suggests they may be selectively loaded into
EVs (Bhome et al., 2018; Janas et al., 2015). Therefore, we investigated miRNA levels in CRC cells and in their respective EVs
using a miRNA array. MiRNAs were ranked according to ratio of abundance in epithelial compared to mesenchymal cells or EVs
(Figure 3a, b). Our intention was to understand the differences observed in Figure S3, as well as finding a reason why the CMS4
(mesenchymal) subtype of CRC is CAF rich. Cellular and EV miRNA profiles from the same cell are known to differ (Bhome
et al,, 2018) due to selective loading; however, miR-200 family members (miR-200a/b/c, -141) were commonly and consistently
more abundant in epithelial cells and EVs compared to their mesenchymal counterparts (Figure 3a, b). Validation experiments
confirmed findings from the array in the four CRC cell lines (Figure 4a, b) and also the MET (SW480-ZKD) model (Figure 4c, d).

3.5 | CRCEVsdeliver miR-200 to fibroblasts

Having identified miR-200, perhaps not surprisingly, as a consistent differentiator between epithelial and mesenchymal cells and
EVs, we investigated whether this family of miRNAs could be transferred from CRC cells to fibroblasts. To that end, we transfected
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miR-191 72.26 142 miR-219 1.49
miR-185 0.29 0.22 1.35 miR-141 139
miR-30c 2219 134 miR-196a 1.25
miR-18a 1.30 miR-197 1.14
miR-103 22.08 1.26 miR-181a 1.12
miR-106a 1.66 138 1.26 miR-181b
miR-20a 40.57 1.18 miR-103
miR-30a-3 171 1.79 1.08 miR-22
miR-21 772.42 1.06 miR-106b
miR-92 8732 129.07 1.03 miR-30a-3p
miR-210 0.77 0.87 0.95 miR-101-1
miR-197 19.26 2457 0.93 miR-126
miR-23a 217.13 0.92 miR-210
miR-181c 3.65 0.90 miR-18a
miR-203 1.59 1.74 0.89 miR-181c
miR-19a+b 8.56 0.89 miR-7
miR-15a 1.54 191 0.88 miR-107
miR-25 11025 0.77 miR-26a
miR-196a 20.68 0.76 miR-191
miR-17-3 039 0.72 0.75 miR-221
miR-140 0.70 miR-150
miR-93 3685 | 33.58 0.67 miR-17-5p
miR-29a+b+c | 5.59 0.63 miR-146a
miR-16 3444 0.63 miR-30a-5p
miR-106b 349 0.62 miR-135b
miR-26a 4248 2691 0.55 miR-29a+b+c
miR-22 126 045 miR-106a
miR-24 24.89 0.44 miR-222
miR-10b 17.36 041 miR-183
miR-224 3.10 0.40 miR-15a
miR-27a+b 59.52 0.39 miR-223
miR-95 201 231 038 miR-132
miR-15b 124.63 | 102.17 037 miR-203
miR-195 0.54 0.54 037 miR-30b
miR-214 0.12 0.11 037 miR-20a
miR-30b 7.16 7.14 0.26 miR-133a
miR-125a 8265 | 4046 0.25 miR-24
miR-133a 0.05 0.09 0.23 miR-16
miR-372 0.09 0.06 miR-195
miR-146a 0.44 0.02 miR27a+b
miR-150 0.22 0.01 miR-30c
FIGURE 3  Relative abundance of miRNAs in epithelial and mesenchymal CRC cells and EVs by qPCR array. (a) CRC cells. (b) CRC EVs. CT values were

normalised to the geometric mean of all values for that sample. Combined mean 2

(-AACT)

values from three biological replicates for epithelial cells or EVs

(DLD-1, HCT116 and SW620) were compared with mesenchymal (SW480) cells or EV's for each miRNA, to generate fold changes. MiRNAs for which 244D
values were less than 0.1 in all samples were excluded. Fold changes for each miRNA are represented on a blue-white-red (low-median-high) colour scale. Fold
changes for miR-200 family members are highlighted in yellow.
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miR-200 inhibitors (antagomiRs) into a donor epithelial CRC cell line (DLD-1) and investigated the transfer of EVs obtained
from these cells to fibroblasts. Transfection of antagomiRs led to a significant reduction in cellular (donor) miR-200a/b/c and
-141 (Figure S4A). Importantly, EVs obtained from these cells had reduced abundance of all these miRNAs compared to control
(Figure S4B). When incubated with these EVs, fibroblasts registered reduced levels of all miR-200 family members (Figure S4C),
suggesting that EV transfer determines miR-200 levels in recipient fibroblasts.

Next, we wanted to determine if the changes in miRNA levels in recipient fibroblasts were a result of miRNA transfer through
EVs or through upregulation of endogenous miRNAs in fibroblast. To achieve this, we labelled nascent RNAs in donor cells
using 5EU, isolated their EVs and applied them to fibroblasts. Labelled RNAs were pulled down in fibroblasts using affinity chro-
matography and probed for miR-200, as described in Figure 5a. Epithelial CRC (DLD-1) EV's were able to deliver more exogenous
miR-200a/b/c and -141 to fibroblasts, compared to mesenchymal CRC (SW480) EV's or fibroblast (MRC5) EV's (Figure 5b). These
results suggest that the increased miR-200 in fibroblasts conditioned with epithelial CRC EVs is coming from an exogenous
source, rather than upregulation of endogenous miR-200 as a bystander effect of EV treatment.

3.6 | EV-regulated miR-200/ZEBI axis controls myofibroblast differentiation

Then, we asked whether EV-mediated changes in miR-200 levels in recipient fibroblasts had any effect on myofibroblastic phe-
notype. To approximate physiological conditions, we used primary normal colonic fibroblasts (NCFs) (Bhome et al., 2017) in
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were isolated and transferred to MRCS5 fibroblasts. Labelled RNA was captured from recipient fibroblasts and probed for miR-200. (b) MiR-200 levels in 5EU
labelled RNA from recipient fibroblasts. MiRNA levels were normalised to miR-423-5p, calculated from the triplicate of CT values, using the AACT method,
and expressed relative to MRCS5 cells conditioned with MRC5 (self) EV's, which were assigned the value 1. Values plotted are means of three technical replicates
from three experiments. Statistical significance was determined by two-tailed unpaired t-test (***p < 0.001).

addition to MRC5. EV's from DLD] (epithelial) or SW480 (mesenchymal) cells were used to condition fibroblasts every day for
5 days, to simulate the in vivo exposure of fibroblasts to constant but small quantities of EVs. Epithelial but not mesenchymal EVs,
increased total miR-200 levels in recipient fibroblasts (Figure S4D). To investigate whether EV-mediated changes in miR-200 lev-
els influence myofibroblast phenotype, we utilised a TGF-S-driven myofibroblast differentiation assay (Desmouliere et al., 1993).
Control fibroblasts (no EVs) stimulated with TGF-f3, showed a significant increase «-SMA and fibronectin expression (Figure 6a).
In these conditions, ZEB1 expression was upregulated in fibroblasts as part of the TGF-f response (Postigo, 2003; Postigo, 2003).
A similar pattern was observed when fibroblasts were conditioned with mesenchymal EVs (miR-200 low) (Figure 6a). Con-
versely, in the presence of epithelial EVs (miR-200 high), the TGF-B-mediated increase in myofibroblast markers such as a-SMA
and fibronectin was attenuated (Figure 6a). In these conditions, ZEBI induction was also abrogated. We performed the same
experiment using normal colonic fibroblasts (NCFs), with similar results (Figure S4E).

There are reports suggesting that ultracentrifugation may precipitate free miRNAs, stabilised in protein complexes such as
Argonaute-2 (Van Deun et al., 2014). To exclude the possibility that extra-vesicular miRNA complexes were confounding our
results, we used size exclusion chromatography (SEC) to isolate EVs and exclude molecular contaminants. SEC produced EV's
with modal size 100-160 nm, with epithelial and mesenchymal CRC cells producing similar sized EV's (Figure S4F). Similar to EV
isolation by ultracentrifugation, epithelial EVs (DLD1 and SW480-ZKD) contained more miR-200b and -200c than mesenchymal
EVs (SW480) (Figure S4G). Conditioning with epithelial but not mesenchymal EVs attenuated TGF-$-driven myofibroblast dif-
ferentiation (Figure S4H). Therefore, regardless of isolation technique, CRC EV's from epithelial cells had a consistent inhibitory
effect on myofibroblast differentiation.

To confirm that the effects seen were EV-dependent, fibroblasts were conditioned with fluorescently labelled (DiO) CRC
EVs (epithelial or mesenchymal), stimulated with TGF-£ and sorted into EVhigh (70-100th centile fluorescence intensity) and
EV!°¥ (0-30th centile) populations, to distinguish fibroblasts with high and low concentrations of internalised EV's (Figure S5A).
Fibroblasts containing a high concentration of epithelial EVs had greater amounts of miR-200b and -200c than fibroblasts con-
taining a low concentration of epithelial EVs (Figure S5B). However, there was no difference in miR-200 levels in fibroblasts
with high or low concentrations of mesenchymal EVs. Baseline and TGF-B-stimulated ACTA2 (a-SMA) and FNI (fibronectin)
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FIGURE 6

Effects of EVs and miR-200 on myofibroblast differentiation. Protein expression of ZEBI, a-SMA and fibronectin by western blotting in

MRCS5 fibroblasts (with or without TGF- stimulation): (a) Conditioning with CRC EV's (epithelial or mesenchymal) at a concentration of 1.5 X 10° EVs/ml
(quantified using Nanosight); (b) transfection with miR-200b/c; (c) transfection with ZEBI siRNA. For Panels (a—c), band intensities are relative to S-actin and
normalised to the first lane of the blot which was given the value 1. Values plotted are from three independent experiments. (d) Immunocytochemistry of
MRCS5 and NCFs (control and ZEBI siRNA-transfected) before and after TGF-{ stimulation. Scale bars represent 100 um. Staining intensity per cell (relative to
control-transfected/ TGF-f unstimulated fibroblasts) is shown on the right. The graph represents individual data points from three independent experiments.
Statistical significance (a-d) was determined by two-tailed unpaired t-test (*p < 0.05; **p < 0.01; ***p < 0.001).
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levels were reduced in fibroblasts with a high epithelial EV concentration compared to those with a low epithelial EV con-
centration (Figure S5C). This difference was not seen in fibroblasts with high and low concentrations of mesenchymal EV's
(Figure S5D). To corroborate this and obtain quantitative data, fibroblasts were conditioned with fluorescently labelled (DiD,
far red) CRC EVs, stimulated with TGF-g and then assessed for immunoexpression of a-SMA by flow cytometry (Figure S6).
Fibroblasts which internalised mesenchymal (SW480) EVs demonstrated up to 10-fold increase in a-SMA expression upon
TGEF-f treatment, independent of low- or high-EV uptake. This stark increase was not observed in fibroblasts conditioned with
epithelial (DLDI) EVs, although a much smaller (two-fold) upregulation was still observed in both EV-low and EV-high popu-
lations (Figure S6). Taken together, these data suggest that uptake of miR-200-rich epithelial CRC EV's by fibroblasts abrogates
a-SMA upregulation at both RNA and protein levels.

Among many transcripts, the prime target of the miR-200 family is ZEBI. The 3’-UTR of ZEBI contains at least eight miR-200
binding sites (Gregory et al., 2008). However, nearly all studies investigating post-transcriptional regulation of ZEBI by miR-200
were performed in epithelial cells (Gregory et al., 2008; Park et al., 2008). To identify whether miR-200 plays a role in ZEBI
regulation in our system, we preformed luciferase reporter assays in fibroblasts. Our results suggest that miR-200 binding sites
are functional and critical in the 3’-UTR of ZEBI in the fibroblast setting (Figure S7).

To confirm that myofibroblast differentiation was regulated by the miR-200/ZEBI axis, fibroblasts were transfected with miR-
200 mimics (Figure 6b, Figure S8A) or ZEBI siRNA (Figure 6¢c, Figure S8B), then stimulated with TGF-{. Both strategies
decreased ZEBI induction upon TGF-f stimulation. In line with the involvement of ZEBI in the TGF-{ pathway, activation of
myofibroblast markers such as a-SMA and fibronectin was also diminished (Figure 6b, c, Figure S8). Unlike with EV-conditioning
(Figure 6a), targeting ZEBI directly by transfection of miR-200 mimics or ZEBI siRNA reduced baseline as well as TGF-g-induced
ZEBI protein abundance (Figure 6b, c). In these instances, the basal and TGF-f-induced expression of ZEBI target genes such as
a-SMA also decreases. This might suggest that the effect of EV-contained miR-200 is quantitatively less than that of transfected
miR-200 mimics or ZEBI siRNA but still enough to influence myofibroblast differentiation in the presence of TGE-.

Stress fibre formation is a hallmark of myofibroblast differentiation and a-SMA is the main component of the myofibroblastic
cytoskeletal structure (Hinz, 2007). Immunofluorescence experiments confirmed that ZEBI knockdown reduced a-SMA accu-
mulation and associated stress fibre formation upon TGF-f treatment in both MRC5 and NCFs (Figure 6d). Therefore, ZEBI
induction through TGF-g, which is a critical mediator of myofibroblast differentiation, can be regulated by miR-200 transferred
in EVs.

These results suggest that miR-200 is contained in EV's derived from epithelial CRC cells, transferred to fibroblasts, leading to
inhibition of the ZEBI-dependent myofibroblast differentiation programme.

3.7 | MiR-200 predicts CAF profile in human CRC

Myofibroblastic CAFs contribute to tumour progression (De Wever et al., 2008; Sahai et al., 2020; Tsujino et al., 2007). Having
identified a critical relationship between miR-200 and CAF phenotype in vitro, we looked to human CRC samples to see if
this holds true. Three hundred and four CRC specimens with matched miRNA and gene expression data were identified in the
TCGA dataset (Cancer Genome Atlas Research Network, et al. 2013). A signature of cancer cell-associated and CAF-associated
genes was constructed according to the literature (Byrd & Bresalier, 2004; Lebleu & Kalluri, 2018; Majumdar et al., 2012; Shiga
et al.,, 2015). The expression levels of the identified genes were correlated with the highest ranked EV miRNAs (by epithelial
to mesenchymal ratio) from our miRNA array (shown in Figure 3). Reflecting their inhibitory role in EMT, miR-200 family
members correlated positively with epithelial tumour markers (e.g. CDHI, KRT18; Figure 7a). Supporting our in vitro data was
the strong inverse relationship between miR-200 and CAF markers, including ACTA2 (a-SMA) and FNI (fibronectin; Figure 7a).
Other miRNAs, although abundant in epithelial EVs, did not show such a strong negative correlation with CAF markers. This
suggests specificity of miR-200 in determining stromal phenotype in CRC. However, we cannot exclude the possibility that there
may be other miRNAs which correlate inversely with CAF markers because we limited the correlations to the miRNAs contained
in our array. Taken with our in vitro findings, these results suggest that CRC tumours containing epithelial (well differentiated)
CRC cells in abundance, secrete miR-200-rich EVs, which in turn inhibit TGF-B-driven differentiation of myofibroblasts. On the
other hand, EV's secreted by mesenchymal (de-differentiated) CRC cells, contain less miR-200 and therefore allow TGF-S-driven
myofibroblast formation.

It is well known that EMT induces mesenchymal gene expression in cancer cells (Lamouille et al., 2014). Since fibroblasts are
derived from the mesoderm, it is only logical that there will be an overlap in the expression of genes we consider ‘CAF mark-
ers in fibroblasts and mesenchymal CRC cells. Therefore, we intended to dissect the data presented in Figure 7a, which were
derived from bulk RNA sequencing of tumour tissue. We used CRC cell lines of defined EMT status in parallel with an estab-
lished fibroblast line (MRC5) and a paired NCF and CAF obtained from the same patient (Bhome et al., 2017). The abundance of
certain classical CAF markers (e.g. a-SMA, fibronectin, periostin, PDGFRp and paladin) was negligible in CRC cells (epithelial
or mesenchymal) in comparison with fibroblasts and (TGF-3-stimulated) myofibroblasts (Figure 7b), suggesting that the contri-
bution of CRC cells to the whole tumour expression of these markers is also negligible. Interestingly, SI00A4 was expressed by
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(e) ZEBI and (f) a-SMA immunohistochemical staining of sections from SW480 control and SW480-ZKD xenografts. Scale bar represents 100 um.
Representative of three xenografts.

certain CRC cells to a greater extent than fibroblasts, suggesting that it may mark de-differentiation status of CRC rather than the
CAF phenotype. Vimentin was expressed in both mesenchymal CRC cells and fibroblasts/myofibroblasts so it cannot be used
as a CAF or fibroblast marker. Therefore, the majority of CAF markers presented in Figure 7a (barring SI00A4 and vimentin)
genuinely defined fibroblasts and the negative association of these markers with miR-200 expression is incumbent on fibroblasts
rather than cancer cells in CRC tissue.

We further investigated the effect of CRC EV's on the expression of these additional CAF markers in fibroblasts. We condi-
tioned fibroblasts with epithelial and mesenchymal CRC EVs and induced myofibroblast differentiation with TGF-f, as previ-
ously described. Our results suggest a differential effect of epithelial and mesenchymal EV's on paladin expression, similar to that
observed for a-SMA and fibronectin (Figure 7c) but this was not observed with other CAF markers. Therefore, we can confi-
dently propose ACTA2 (a-SMA), FNI (fibronectin) and PLLD (paladin) as myofibroblast markers that are regulated in a similar
fashion in the presence of epithelial or mesenchymal EVs. CRC EVs had a variety of different effects on other CAF markers (e.g.,
PDGFRg or periostin), suggesting that they may play a role in the formation of different (non-myofibroblastic) CAF subtypes in
tumour stroma.

3.8 | CRC EMT status determines fibroblast phenotype in vivo

Encouraged by these data, we next sought to confirm this relationship using a controlled in vivo system. Isogenic but morphologi-
cally different CRC cells, representing mesenchymal (SW480 control) or epithelial (SW480-ZKD) CRC variants, were co-injected
with PKH-labelled fibroblasts into nude mice (six animals per group with two tumours per animal; n = 12). Tumours were excised
after 14 days, subjected to histological assessment (n = 3) or disaggregated into single cells, pooled and flow-sorted according to
PKH-positivity (n = 9), as illustrated in Figure 8a. Cell sorting data showed that in mesenchymal tumours (formed by SW480
control cells), 59.7% of viable single cells were injected fibroblasts and 13.3% were CRC cells. In epithelial tumours (formed by
SW480-ZKD cells), these proportions were 58.6% and 12.7%, respectively. Mesenchymal CRC cells were widely dispersed and
uniformly mixed with fibroblasts (Figure 8b) creating diffuse, flat and scar-like tumours. On the other hand, epithelial CRC
cells formed visible epithelial islands (Figure 8b) representing differentiated CRC tumours, where cancer cells and fibroblasts
were well-segregated, appearing macroscopically as spherical nodules. We then sorted cells from these tumours, into PKH+ve
(fibroblasts) and PKH-ve (cancer cells). CRC cells from epithelial tumours contained more miR-200a/c and -141 compared to
those from mesenchymal tumours (Figure S9A), corresponding with their in vitro miRNA profiles (Figure 4c). Fibroblasts from
epithelial tumours were more abundant in miR-200a/b/c and -141 compared to those from mesenchymal tumours (Figure 8c).
The increase in miR-200 levels in CRC cells was associated with a reciprocal decrease in a-SMA (ACTA2) and Fibronectin (FNI)
mRNA levels in fibroblasts (Figure 8d). Immunohistochemical staining showed characteristic nuclear ZEBI in mesenchymal
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CRC cells (SW480 control) and absence of ZEBI in epithelial CRC cells (SW480-ZKD; Figure 8e, Figure S9B), suggesting that
our experimental model holds true in vivo. Furthermore, stromal a-SMA staining was denser and less segregated in mesenchy-
mal compared to epithelial tumours (Figure 8f, Figure S9C), suggesting that epithelial CRC cells inhibit a-SMA+ve fibroblast
formation.

Overall, when taken as a whole, these data demonstrate that in epithelial (differentiated) tumours, CRC cells convey miR-
200 to fibroblasts via EVs, inhibiting myofibroblast accumulation in the presence of TGF-S. In comparison, in mesenchymal
(de-differentiated) tumours, CRC cells export less miR-200 to fibroblasts, creating a permissive environment, which allows
unrepressed TGF-S-driven myofibroblast differentiation through ZEBI activation. However, we accept the fact that we did not
manipulate EV production and show the direct involvement of EV's in myofibroblast differentiation in vivo. Therefore, we cannot
exclude the possibility that non EV-based factors are also contributing to this process.

4 | DISCUSSION

Here, for the first time, we show that EV-encapsulated miR-200 mediates tumour-stroma crosstalk in CRC, by regulating the
fibroblast to myofibroblast switch. At a time when different CAF phenotypes are being discovered and characterised by single
cell techniques, these data demonstrate a mechanism for what is being observed (Costa et al., 2018; Li et al., 2017). Most impor-
tantly, we provide an explanation for the accumulation of myofibroblastic CAFs in mesenchymal (CMS4) tumours, which have
the worst prognosis (Guinney et al., 2015). We propose that epithelial CRC cells deliver miR-200 to fibroblasts in EVs, atten-
uating stromal ZEBI and decreasing sensitivity to TGF-f-mediated myofibroblastic differentiation. Conversely, mesenchymal
(metastatic) CRC cells transfer less miR-200 to fibroblasts, allowing unchecked response to TGF-f, which results in fibroblasts
becoming myofibroblasts.

Importantly, our data help contextualise recent studies which identify CAF heterogeneity in solid tumours (Costa et al., 2018;
Li et al,, 2017). In these exemplar studies, single cell techniques have been employed to identify different fibroblast populations
in breast (Costa et al., 2018) and colorectal (Li et al., 2017) cancers. Costa et al. used multicolour flow cytometry to identify four
breast fibroblast subtypes (S1-S4), only two of which (S1 and S4) were myofibroblastic (a-SMA high) (Costa et al., 2018). Li et al.
used single cell RNA sequencing to identify two fibroblast subtypes in colorectal tumours (CAF-A and -B), of which only CAF-B
was myofibroblastic (Li et al., 2017). Interestingly, in both studies, the classical myofibroblastic marker («-SMA) differentiated
intra-tumoural (cancer-associated) fibroblasts from juxta-tumoural (nearby normal) fibroblasts, reinforcing the importance of
the myofibroblastic phenotype in CAF biology. These observational studies highlighted stromal heterogeneity in solid tumours
and demonstrated an association of CAF subtypes with non-stromal cells (e.g., immune cells), which made us ask how different
CAF subtypes come to exist in the first place. Here, we propose a mechanism which may explain this phenomenon, specifically
how myofibroblastic differentiation of CAFs is controlled by neighbouring tumour cells. Nonetheless, questions remain regarding
the contribution of EVs to CAF function and the formation of CAFs with different (non-myofibroblastic) expression profiles (e.g.,
immune-suppressive).

When considering the influence of cancer cell EMT on CAF subtypes, we must consider the effect of EMT-inducing TFs on
stromal cells. There is a large body of information regarding the role of these TFs in epithelial cells but comparatively little is
known about their roles in fibroblasts. Nonetheless, it is becoming more apparent that the expression of EMT TFs is associated
with the presence of CAFs (Baulida, 2017). Franci and colleagues showed that in cervical and colonic carcinomas, SNAIL expres-
sion was predominant in fibroblasts in close proximity to tumour cells, which were also SNAIL positive (Franci et al., 2006).
Baulida’s group demonstrated mechanical coupling in CAFs through a Snaill/RhoA/a-SMA axis, with loss of SNAIL reducing
the ability of TGF- to activate this pathway (Stanisavljevic et al., 2015). Sung et al. demonstrated co-staining of Twistl and FSP-1
in gastric cancer stroma, suggesting an association between Twist and CAF activation, which was also associated with increased
tumour invasion and metastasis (Sung et al., 2011). The importance of ZEBI was highlighted by Bronsert and colleagues, who
showed that stromal ZEBI was an independent marker of prognosis in patients who have undergone resection for pancreatic duc-
tal adenocarcinoma (Bronsert et al., 2014). Furthermore, Chang et al. showed that ZEB1 binds the ACTA2 (a-SMA) promoter,
increasing its expression, resulting in a myofibroblastic phenotype (Chang et al., 2014). Our results support these findings and
mechanistically explain why more (ct-SMA+ve) myofibroblasts are present in carcinomas with greater metastatic potential.

ZEBI is regulated by the miR-200 family of miRNAs (Gregory et al., 2008). However, the majority of studies showing this
relationship have focused on cells of epithelial origin, including carcinoma cells (Bracken et al., 2008; Gregory et al., 2008; Park
etal., 2008). In the present study, the miR-200/ZEB1 axis was elucidated in fibroblasts. Tang et al. previously showed the impor-
tance of miR-200 in breast cancer stroma (Tang et al., 2016). In their study, primary normal fibroblasts and CAFs were profiled
for miR-200. Normal fibroblasts consistently showed more miR-200a/b/c, -141 and -429 than CAFs; however, the mechanism
for this was not a focus of their study. Furthermore, overexpression of miR-200 in CAFs resulted in a decrease in a-SMA. Con-
versely, knockdown of miR-200 in normal fibroblasts resulted in increased a-SMA levels. Similarly, Yang and colleagues showed
that miR-200 negatively regulates activation of myofibroblasts in pulmonary fibrosis (Yang et al., 2012). In another recent study,
miR-200a/141 was shown to target CXCLI2B, allowing the formation of a non-immunogenic CAF subset in ovarian cancer
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(Givel et al., 2018). The relevance to our work was that miR-200 levels were inversely associated with CAF accumulation.
Therefore, several studies have identified a role for miR-200 in determining fibroblast phenotype. However, none thus far have
addressed the source of miR-200 in fibroblasts (seeing as cells of mesenchymal lineage have little or no baseline miR-200 (Park
et al,, 2008)), or how miR-200 levels are upregulated. In this regard, our data show that cancer cell-derived EVs can determine
flux of miR-200 in stromal fibroblasts.

One approach we used to further dissect the origin of miR-200 in fibroblasts was to transfect miR-200 inhibitors (antagomiRs)
into epithelial CRC cells and follow miR-200 abundance in EV's and recipient fibroblasts (Figure S4A-C). Our results suggested
that antagomiRs effectively reduce cellular, EV-contained and transferred miR-200 levels. Therefore, the reduction in miR-200
in donor cells was mirrored in recipient fibroblasts. However, there are uncertainties related to whether antagomiRs: (i) bind
to pri-miR and inhibit the formation of mature miRNAs, (ii) bind to mature miRNAs and make them unavailable for their
function, or (iii) bind to miRNAs residing in RISC complexes and allow their disassociation (Stenvang et al., 2012). Of these three
possibilities, the second and third are more widely accepted; however, this does not explain changes in endogenous miRNA levels
upon antagomiR transfection, as we observed with miR-200 (Figure S4A). Importantly, reduction of endogenous miRNA levels
with antagomiRs has been observed by other groups and for other miRNAs, such as miR-16, both in vitro and in vivo (Kriitzfeldt
et al., 2007). Another aspect to consider is that antagomiRs can have off-target effects by binding to unintended miRNAs or
interfering with miRNA processing machinery (Stenvang et al., 2012). Therefore, we did not perform any functional studies with
antagomiRs.

Interestingly, there are several parallels between our work and a recent study on the development of pulmonary fibrosis (Yao
etal., 2019). Here, alveolar type II (ATII) cells were shown to influence fibroblast phenotype. Conditioned media from mesenchy-
mal ATII cells allowed uninhibited myofibroblast differentiation in MRCS5 fibroblasts, which was attenuated in the presence of
conditioned media from epithelial ATII cells. Furthermore, in sections from fibrotic lungs, ZEBI expression was identified in
fibroblastic foci adjacent to ZEB1-positive alveolar epithelial cells, suggesting that ZEBI is critical in the crosstalk between epithe-
lial cells and fibroblasts. Clearly, there are several similarities between this study and our work. In both cases, it was shown that
the epithelial compartment (lung parenchyma or cancer cells) can alter phenotype of stromal cells, through paracrine mecha-
nisms, and that this is determined by EMT status of the epithelial cells in that tissue. Furthermore, the importance of ZEB1 in
regulating fibroblast phenotype was highlighted in both studies. However, despite providing an in-depth analysis of the alveolar
cell secretome, Yang et al. did not provide mechanistic insight into the regulation of ZEBI in fibroblasts (Yao et al., 2019). In that
context, EV-derived miR-200 may also be critical in fibrosis.

A TGF-g-driven model of myofibroblast differentiation was used in the present study because it is particularly relevant in CRC.
Despite the majority of CRCs having deactivating TGF- pathway mutations (TGFBRI, TGFBR2, SMAD4, SMAD2, SMAD3),
colorectal tumours produce significant amounts of TGF-, creating a TGF-g rich environment, to which only the stromal com-
partment can respond (Calon et al., 2012). Importantly, we showed that EMT status does not affect TGF-f production by CRC
cells (Figure S1C), suggesting that differences in CAF phenotypes between epithelial and mesenchymal tumours (e.g. CMS2/3 vs.
CMS4) are likely to be independent of local TGF-g availability.

With respect to tumour-stroma crosstalk, we highlighted EV-encapsulated miRNA transfer as one mechanism but others may
exist in parallel, such as juxtacrine signalling and secretion of soluble factors (Calvo et al., 2013; Labernadie et al., 2017). The
in vivo finding, that stromal miR-200 correlates with cancer cell miR-200, strongly suggests that changes in miR-200 in one
compartment are transmitted to the other. To support this, our in vitro findings clearly demonstrate that CRC cells can transfer
miR-200 to fibroblasts. To show that the observed effects on fibroblast phenotype are EV-dependent in vivo can be experimentally
challenging. For example, knocking down Rab27 to reduce EV secretion may be considered an option. However, this approach
may also have several EV-independent effects on cancer cells (Bobrie et al., 2012). Similarly, the nMase-2 inhibitor GW4869,
which uncouples endosomal miRNA loading, may result in significant non-specific effects in fibroblasts and cancer cells (Unal
et al., 2017; Vuckovic et al., 2017). All these approaches may influence or limit empirical exploration of EV function, especially
when using in vivo models. For these reasons, we are currently developing new technologies to manipulate EV production from
cancer cells in a more controlled and temporal manner, without altering systemic physiology. Therefore, in future we will be in
a position to test the in vivo involvement of EVs in myofibroblast differentiation and address this limitation.

Another experimental consideration is the use of TCGA data, which is derived from bulk RNA sequencing of whole colorectal
tumours. Although, this clearly shows the negative association between miR-200 and CAF markers, bulk sequencing does not
allow us to distinguish expression in stromal and cancer cell compartments. To directly assess this, we would need to separate
stromal and epithelial compartments in primary tumours by laser capture microdissection and quantify miR-200 (epithelial) and
activated fibroblast (stromal) markers. Further correlation of epithelial miR-200 and stromal CAF markers with CMS subtype is
also possible. However, this would require prospective bulk RNA sequencing of primary tumours to establish the CMS subtype
and simultaneous laser microdissection. Either way, the result would only enable us to make further correlations, albeit between
stromal or epithelial-specific markers and CMS subtype. However, this would only marginally add mechanistic to future studies.

Opverall, our study provides a mechanism for the accumulation of myofibroblastic stroma in CMS4 tumours, pointing a spot-
light on the miR-200/ZEBI axis in fibroblasts, and its regulation by tumour cell-derived EVs. The demonstration that EMT status
of CRC determines fibroblast phenotype is a critical link in understanding how different fibroblast phenotypes come to exist in
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tumours. This work is especially timely because it provides mechanistic insight into recently published observations of stromal
heterogeneity in solid cancers. A better understanding of this concept will enable development of prognostic stromal biomarkers
and the ability to modulate CAF phenotypes for therapeutic advantage.

ACKNOWLEDGEMENTS
This work was funded by an MRC Clinical Research Training Fellowship (MR/R002061/1), CRUK (Southampton) Clinical
Research Fellowship and a CRUK pre-doctoral bursary (C54890/A20526) awarded to R.B.

CONFLICT OF INTEREST
The authors declare no competing interests.

AUTHOR CONTRIBUTIONS

The project was conceptualised by RB, AHM and AES. RB acquired all data, with support from ME (NCF experiments), V] (5EU
labelling/ transfer of miRNAs), LMH (miRNA array) and MM (immunocytochemistry). JT provided support with EV isolation
and conducted NTA in ODW’s laboratory. RB, AHM and AES analysed and interpreted the data. RB, AHM and AES wrote the
manuscript with substantial revisions from JNP, GJT and ODW. All authors approved the article in its final form.

DATA AVAILABILITY STATEMENT
ExomiR data have been deposited at Exocarta (http://www.exocarta.org/) and will be available concomitant with publication.
Other data that support the findings are available upon reasonable request from the corresponding authors.

ORCID
Rahul Bhome @ https://orcid.org/0000-0001-7143-4939
A. Emre Sayan © https://orcid.org/0000-0002-5291-1485

REFERENCES

Arnold, M., Sierra, M. S., Laversanne, M., Soerjomataram, ., Jemal, A., & Bray, F. (2017). Global patterns and trends in colorectal cancer incidence and mortality.
Gut, 66(4), 683-691.

Ayala, G., Tuxhorn, J. A., Wheeler, T. M., Frolov, A., Scardino, P. T., Ohori, M., Wheeler, M., Spitler, J., & Rowley, D. R. (2003). Reactive stroma as a predictor of
biochemical-free recurrence in prostate cancer. Clinical Cancer Research, 9(13), 4792-4801.

Baulida, J. (2017). Epithelial-to-mesenchymal transition transcription factors in cancer-associated fibroblasts. Molecular oncology, 11(7), 847-859.

Becht, E., De Reynigs, A., Giraldo, N. A,, Pilati, C., Buttard, B., Lacroix, L., Selves, J., Sautés-Fridman, C., Laurent-Puig, P, & Fridman, W. H. (2016). Immune and
stromal classification of colorectal cancer is associated with molecular subtypes and relevant for precision immunotherapy. Clinical Cancer Research, 22(16),
4057-4066.

Bhome, R., Bullock, M. D., Al Saihati, H. A., Goh, R. W,, Primrose, ]. N., Sayan, A. E., & Mirnezami, A. H. (2015). A top-down view of the tumor microenvironment:
Structure, cells and signaling. Frontiers in Cell and Developmental Biology, 3, 33.

Bhome, R., Del Vecchio, E, Lee, G.-H., Bullock, M. D., Primrose, J. N., Sayan, A. E, & Mirnezami, A. H. (2018). Exosomal microRNAs (exomiRs): Small molecules
with a big role in cancer. Cancer Letters, 420, 228-235.

Bhome, R., Goh, R. W,, Bullock, M. D,, Pillar, N., Thirdborough, S. M., Mellone, M., Mirnezami, R., Galea, D., Veselkov, K., Gu, Q., Underwood, T. J., Primrose,
J. N., De Wever, O., Shomron, N., Sayan, A. E., & Mirnezami, A. H. (2017). Exosomal microRNAs derived from colorectal cancer-associated fibroblasts: Role
in driving cancer progression. Aging (Albany NY), 9(12), 2666-2694.

Bobrie, A., Krumeich, S., Reyal, E, Recchi, C., Moita, L. E, Seabra, M. C., Ostrowski, M., & Théry, C. (2012). Rab27a supports exosome-dependent and -
independent mechanisms that modify the tumor microenvironment and can promote tumor progression. Cancer Research, 72(19), 4920-4930.

Bracken, C. P,, Gregory, P. A., Kolesnikoft, N., Bert, A. G., Wang, J., Shannon, M. E, & Goodall, G.J. (2008). A double-negative feedback loop between ZEB1-SIP1
and the microRNA-200 family regulates epithelial-mesenchymal transition. Cancer Research, 68(19), 7846-7854.

Bronsert, P, Kohler, I, Timme, S., Kiefer, S., Werner, M., Schilling, O., Vashist, Y., Makowiec, E, Brabletz, T., Hopt, U. T., Bausch, D., Kulemann, B., Keck, T., &
Wellner, U. E (2014). Prognostic significance of Zinc finger E-box binding homeobox 1 (ZEBI) expression in cancer cells and cancer-associated fibroblasts in
pancreatic head cancer. Surgery, 156(1), 97-108.

Bullock, M. D, Pickard, K. M., Nielsen, B. S., Sayan, A. E,, Jenei, V., Mellone, M., Mitter, R., Primrose, J. N., Thomas, G. J., Packham, G. K., & Mirnezami, A. H.
(2013). Pleiotropic actions of miR-21 highlight the critical role of deregulated stromal microRNAs during colorectal cancer progression. Cell Death ¢ Disease,
4, e684.

Burk, U, Schubert, J., Wellner, U., Schmalhofer, O., Vincan, E., Spaderna, S., & Brabletz, T. (2008). A reciprocal repression between ZEBI and members of the
miR-200 family promotes EMT and invasion in cancer cells. Embo Reports, 9(6), 582-589.

Byrd, J. C., & Bresalier, R. S. (2004). Mucins and mucin binding proteins in colorectal cancer. Cancer and Metastasis Reviews, 23(1-2), 77-99.

Calon, A., Espinet, E., Palomo-Ponce, S., Tauriello, D V. E, Iglesias, M., Céspedes, M. V., Sevillano, M., Nadal, C., Jung, P,, Zhang, X H. - F, Byrom, D., Riera,
A, Rossell, D., Mangues, R., Massagué, J., Sancho, E., & Batlle, E. (2012). Dependency of colorectal cancer on a TGF-beta-driven program in stromal cells for
metastasis initiation. Cancer Cell, 22(5), 571-584.

Calvo, F, Ege, N., Grande-Garcia, A., Hooper, S., Jenkins, R. P,, Chaudhry, S. I, Harrington, K., Williamson, P., Moeendarbary, E., Charras, G., & Sahai, E. (2013).
Mechanotransduction and YAP-dependent matrix remodelling is required for the generation and maintenance of cancer-associated fibroblasts. Nature Cell
Biology, 15(6), 637-646.

Cancer Genome Atlas Research Network, et al. (2013). The Cancer Genome Atlas Pan-Cancer analysis project. Nature Genetics, 45(10), 1113-1120.

Cancer Genome AtlasNetwork. (2012). Comprehensive molecular characterization of human colon and rectal cancer. Nature, 487(7407), 330-337.


http://www.exocarta.org/
https://orcid.org/0000-0001-7143-4939
https://orcid.org/0000-0001-7143-4939
https://orcid.org/0000-0002-5291-1485
https://orcid.org/0000-0002-5291-1485

BHOME ET AL. @ ISEV 17 of 19
o | v

Chang, Y.-C,, Tsai, C.-H., Lai, Y.-L., Yu, C.-C., Chi, W-Y,, Li, ]. J., & Chang, W.-W. (2014). Arecoline-induced myofibroblast transdifferentiation from human
buccal mucosal fibroblasts is mediated by ZEB1. Journal of Cellular and Molecular Medicine, 18(4), 698-708.

Costa, A, Kieffer, Y., Scholer-Dahirel, A., Pelon, E, Bourachot, B., Cardon, M., Sirven, P.,, Magagna, I., Fuhrmann, L., Bernard, C., Bonneau, C., Kondratova, M.,
Kuperstein, 1., Zinovyev, A., Givel, A.-M., Parrini, M.-C., Soumelis, V., Vincent-Salomon, A., & Mechta-Grigoriou, F. (2018). Fibroblast heterogeneity and
immunosuppressive environment in human breast cancer. Cancer Cell, 33(3), 463-479. el0.

Desmouliére, A., Geinoz, A., Gabbiani, F, & Gabbiani, G. (1993). Transforming growth factor-beta 1 induces alpha-smooth muscle actin expression in granulation
tissue myofibroblasts and in quiescent and growing cultured fibroblasts. Journal of Cell Biology, 122(1), 103-111.

De Wever, O., Demetter, P., Mareel, M., & Bracke, M. (2008). Stromal myofibroblasts are drivers of invasive cancer growth. International Journal of Cancer,
123(10), 2229-2238.

Dvorak, H. E. (1986). Tumors: Wounds that do not heal. Similarities between tumor stroma generation and wound healing. New England Journal of Medicine,
315(26), 1650-1659.

Franci, C., Takkunen, M., Dave, N., Alameda, F.,, Gomez, S., Rodriguez, R., Escriva, M., Montserrat-Sentis, B., Baro, T., Garrido, M., Bonilla, E, Virtanen, I., &
Garcia De Herreros, A. (2006). Expression of Snail protein in tumor-stroma interface. Oncogene, 25(37), 5134-5144.

Gaggioli, C., Hooper, S., Hidalgo-Carcedo, C., Grosse, R., Marshall, J. F, Harrington, K., & Sahai, E. (2007). Fibroblast-led collective invasion of carcinoma cells
with differing roles for RhoGTPases in leading and following cells. Nature Cell Biology, 9(12), 1392-1400.

Galie, P. A., Westfall, M. V., & Stegemann, J. P. (2011). Reduced serum content and increased matrix stiffness promote the cardiac myofibroblast transition in 3D
collagen matrices. Cardiovascular Pathology, 20(6), 325-333.

Gascard, P, & Tlsty, T. D. (2016). Carcinoma-associated fibroblasts: Orchestrating the composition of malignancy. Genes ¢ development, 30(9), 1002-1019.

Givel, A.-M,, Kieffer, Y., Scholer-Dahirel, A., Sirven, P,, Cardon, M., Pelon, E, Magagna, I, Gentric, G., Costa, A., Bonneau, C., Mieulet, V., Vincent-Salomon,
A., & Mechta-Grigoriou, F (2018). miR200-regulated CXCLI2beta promotes fibroblast heterogeneity and immunosuppression in ovarian cancers. Nature
Communication, 9(1), 1056.

Gregory, P. A,, Bert, A. G., Paterson, E. L., Barry, S. C,, Tsykin, A., Farshid, G., Vadas, M. A., Khew-Goodall, Y., & Goodall, G. J. (2008). The miR-200 family and
miR-205 regulate epithelial to mesenchymal transition by targeting ZEB1 and SIP1. Nature Cell Biology, 10(5), 593-601.

Guduric-Fuchs, J., Oconnor, A., Camp, B., O’neill, C. L., Medina, R. J., & Simpson, D. A. (2012). Selective extracellular vesicle-mediated export of an overlapping
set of microRNAs from multiple cell types. Bmc Genomics [Electronic Resource], 13, 357.

Guinney, J., Dienstmann, R., Wang, X., De Reynies, A., Schlicker, A., Soneson, C., Marisa, L., Roepman, P., Nyamundanda, G., Angelino, P,, Bot, B. M., Morris,
J. S., Simon, I. M., Gerster, S., Fessler, E., De Sousa E Melo, E,, Missiaglia, E., Ramay, H., Barras, D,, ... Tejpar, S. (2015). The consensus molecular subtypes of
colorectal cancer. Nature Medicine, 21(11), 1350-1356.

Hawinkels, L. J. A. C., Paauwe, M., Verspaget, H. W., Wiercinska, E., Van Der Zon, J. M., Van Der Ploeg, K., Koelink, P. ], Lindeman, J. H. N., Mesker, W,,
Ten Dijke, P, & Sier, C. F. M. (2014). Interaction with colon cancer cells hyperactivates TGF-beta signaling in cancer-associated fibroblasts. Oncogene, 33(1),
97-107.

Hay, E. D., & Zuk, A. (1995). Transformations between epithelium and mesenchyme: Normal, pathological, and experimentally induced. American Journal of
Kidney Diseases, 26(4), 678-690.

Herrera, M., Islam, A. B. M. M. K., Herrera, A., Martin, P, Garcia, V., Silva, J., Garcia, J]. M., Salas, C., Casal, I., De Herreros, A. G., Bonilla, F, & Pena, C. (2013).
Functional heterogeneity of cancer-associated fibroblasts from human colon tumors shows specific prognostic gene expression signature. Clinical Cancer
Research, 19(21), 5914-5926.

Hinz, B. (2007). Formation and function of the myofibroblast during tissue repair. Journal of Investigative Dermatology, 127(3), 526-537.

Ireland, L., Santos, A., Ahmed, M. S., Rainer, C., Nielsen, S. R., Quaranta, V., Weyer-Czernilofsky, U., Engle, D. D., Perez-Mancera, P. A., Coupland, S. E., Taktak,
A., Bogenrieder, T., Tuveson, D. A., Campbell, E, Schmid, M. C., & Mielgo, A. (2016). Chemoresistance in pancreatic cancer is driven by stroma-derived
insulin-like growth factors. Cancer Research, 76(23), 6851-6863.

Jacobs, J. P, Jones, C. M., & Baille, J. P. (1970). Characteristics of a human diploid cell designated MRC-5. Nature, 227(5254), 168-170.

Janas, T., Janas, M. M., Sapon, K., & Janas, T. (2015). Mechanisms of RNA loading into exosomes. FEBS Letters, 589(13), 1391-1398.

Jester, J. V., Barry-Lane, P. A., Cavanagh, H. D., & Petroll, W. M. (1996). Induction of alpha-smooth muscle actin expression and myofibroblast transformation
in cultured corneal keratocytes. Cornea, 15(5), 505-516.

Kalluri, R. (2016). The biology and function of fibroblasts in cancer. Nature Reviews Cancer, 16(9), 582-598.

Kalluri, R., & Neilson, E. G. (2003). Epithelial-mesenchymal transition and its implications for fibrosis. Journal of Clinical Investigation, 112(12), 1776-1784.

Kalluri, R., & Weinberg, R. A. (2009). The basics of epithelial-mesenchymal transition. Journal of Clinical Investigation, 119(6), 1420-1428.

Kalluri, R., & Zeisberg, M. (2006). Fibroblasts in cancer. Nature Reviews Cancer, 6(5), 392-401.

Kavanagh, E. L., Lindsay, S., Halasz, M., Gubbins, L. C., Weiner-Gorzel, K., Guang, M. H. Z., Mcgoldrick, A., Collins, E., Henry, M., Blanco-Fernandez, A.,
O’gorman, P, Fitzpatrick, P, Higgins, M. J., Dowling, P., & Mccann, A. (2017). Protein and chemotherapy profiling of extracellular vesicles harvested from
therapeutic induced senescent triple negative breast cancer cells. Oncogenesis, 6(10), e388.

Kawashiri, S., Tanaka, A., Noguchi, N., Hase, T., Nakaya, H., Ohara, T., Kato, K., & Yamamoto, E. (2009). Significance of stromal desmoplasia and myofibroblast
appearance at the invasive front in squamous cell carcinoma of the oral cavity. Head Neck, 31(10), 1346-1353.

Koppers-Lalic, D., Hackenberg, M., Bijnsdorp, I V., Van Eijndhoven, M A. ], Sadek, P, Sie, D., Zini, N., Middeldorp, ] M., Ylstra, B., De Menezes, R X., Wiirdinger,
T., Meijer, G A., & Pegtel, D. M. (2014). Nontemplated nucleotide additions distinguish the small RNA composition in cells from exosomes. Cell Reports, 8(6),
1649-1658.

Kosaka, N., Iguchi, H., Yoshioka, Y., Takeshita, E, Matsuki, Y., & Ochiya, T. (2010). Secretory mechanisms and intercellular transfer of microRNAs in living cells.
Journal of Biological Chemistry, 285(23), 17442-17452.

Kriitzfeldt, J., Kuwajima, S., Braich, R., Rajeev, K. G., Pena, J., Tuschl, T., Manoharan, M., & Stoffel, M. (2007). Specificity, duplex degradation and subcellular
localization of antagomirs. Nucleic Acids research, 35(9), 2885-2892.

Labernadie, A., Kato, T., Brugués, A., Serra-Picamal, X., Derzsi, S., Arwert, E., Weston, A., Gonzélez-Tarragd, V., Elosegui-Artola, A., Albertazzi, L., Alcaraz, J.,
Roca-Cusachs, P, Sahai, E., & Trepat, X. (2017). A mechanically active heterotypic E-cadherin/N-cadherin adhesion enables fibroblasts to drive cancer cell
invasion. Nature Cell Biology, 19(3), 224-237.

Lamouille, S., Xu, J., & Derynck, R. (2014). Molecular mechanisms of epithelial-mesenchymal transition. Nature Reviews Molecular Cell Biology, 15(3), 178-196.

Lebleu, V. S., & Kalluri, R. (2018). A peek into cancer-associated fibroblasts: Origins, functions and translational impact. Disease Models and Mechanisms, 11(4),
dmm029447.

Li, Z., Chen, ], Yu, H,, He, L., Xu, Y., Zhang, D., Yi, Q,, Li, C,, Li, X., Shen, J., Song, Z., Ji, W., Wang, M., Zhou, J., Chen, B,, Liu, Y., Wang, J., Wang, P,, Yang, P,, ...
Shi, Y. (2017). Genome-wide association analysis identifies 30 new susceptibility loci for schizophrenia. Nature Genetics, 49(11), 1576-1583.



18 of 19 9 ISEV BHOME ET AL.
o

Lu, P, Takai, K., Weaver, V. M., & Werb, Z. (2011). Extracellular matrix degradation and remodeling in development and disease. Cold Spring Harbor Perspectives
in Biology, 3(12), a005058.

Majumdar, D., Tiernan, J. P,, Lobo, A. J., Evans, C. A., & Corfe, B. M. (2012). Keratins in colorectal epithelial function and disease. International Journal of
Experimental Pathology, 93(5), 305-318.

Markowitz, S., Wang, J., Myeroff, L., Parsons, R., Sun, L., Lutterbaugh, J., Fan, R. S., Zborowska, E., Kinzler, K. W., Vogelstein, B., Brattain, M., & Willson, J. K. V.
(1995). Inactivation of the type II TGF-beta receptor in colon cancer cells with microsatellite instability. Science, 268(5215), 1336-1338.

Marsh, D., Suchak, K., Moutasim, K. A., Vallath, S., Hopper, C., Jerjes, W,, Upile, T., Kalavrezos, N., Violette, S. M., Weinreb, P. H., Chester, K. A., Chana, J.
S., Marshall, J. E, Hart, I. R., Hackshaw, A. K., Piper, K., & Thomas, G. J. (2011). Stromal features are predictive of disease mortality in oral cancer patients.
Journal of Pathology, 223(4), 470-481.

Mehlen, P, & Puisieux, A. (2006). Metastasis: A question of life or death. Nature Reviews Cancer, 6(6), 449-458.

Miierkoster, S. S., Werbing, V., Koch, D, Sipos, B., Ammerpohl, O., Kalthoff, H., Tsao, M.-S., Folsch, U. R., & Schifer, H. (2008). Role of myofibroblasts in innate
chemoresistance of pancreatic carcinoma-epigenetic downregulation of caspases. International Journal of Cancer, 123(8), 1751-1760.

Nho, R. S., Xia, H., Kahm, J., Kleidon, J., Diebold, D., & Henke, C. A. (2005). Role of integrin-linked kinase in regulating phosphorylation of Akt and fibroblast
survival in type I collagen matrices through a betal integrin viability signaling pathway. Journal of Biological Chemistry, 280(28), 26630-26639.

Ohlund, D., Handly-Santana, A., Biffi, G., Elyada, E., Almeida, A. S., Ponz-Sarvise, M., Corbo, V., Oni, T. E., Hearn, S. A., Lee, E. J., Chio, I. . n. C., Hwang, C-1,,
Tiriac, H., Baker, L. A., Engle, D. D., Feig, C., Kultti, A., Egeblad, M., Fearon, D. T., ... Tuveson, D. A. (2017). Distinct populations of inflammatory fibroblasts
and myofibroblasts in pancreatic cancer. Journal of Experimental Medicine, 214(3), 579-596.

Orimo, A., Tomioka, Y., Shimizu, Y., Sato, M., Oigawa, S., Kamata, K., Nogi, Y., Inoue, S., Takahashi, M., Hata, T., & Muramatsu, M. (2001). Cancer-associated
myofibroblasts possess various factors to promote endometrial tumor progression. Clinical Cancer Research, 7(10), 3097-3105.

Orimo, A., Gupta, P. B., Sgroi, D. C., Arenzana-Seisdedos, F,, Delaunay, T., Naeem, R., Carey, V.]., Richardson, A. L., & Weinberg, R. A. (2005). Stromal fibroblasts
present in invasive human breast carcinomas promote tumor growth and angiogenesis through elevated SDF-1/CXCLI2 secretion. Cell, 121(3), 335-348.

Otranto, M., Sarrazy, V., Bonté, E, Hinz, B., Gabbiani, G., & Desmouliere, A. (2012). The role of the myofibroblast in tumor stroma remodeling. Cell Adhesion ¢
Migration, 6(3), 203-219.

Papatheodorou, I, Fonseca, N. A., Keays, M., Tang, Y. A, Barrera, E., Bazant, W, Burke, M., Fiillgrabe, A., Fuentes, A. M. - P, George, N., Huerta, L., Koskinen, S.,
Mohammed, S., Geniza, M., Preece, J., Jaiswal, P, Jarnuczak, A. E, Huber, W, Stegle, O., ... Petryszak, R. (2018). Expression atlas: Gene and protein expression
across multiple studies and organisms. Nucleic Acids Research, 46(D1), D246-D251.

Park, S.-M., Gaur, A. B., Lengyel, E., & Peter, M. E. (2008). The miR-200 family determines the epithelial phenotype of cancer cells by targeting the E-cadherin
repressors ZEB1 and ZEB2. Genes ¢ Development, 22(7), 894-907.

Postigo, A. A. (2003). Opposing functions of ZEB proteins in the regulation of the TGFbeta/BMP signaling pathway. Embo Journal, 22(10), 2443-2452.

Postigo, A. A. (2003). Regulation of Smad signaling through a differential recruitment of coactivators and corepressors by ZEB proteins. Embo Journal, 22(10),
2453-2462.

Rosenfeldt, H., & Grinnell, F. (2000). Fibroblast quiescence and the disruption of ERK signaling in mechanically unloaded collagen matrices. Journal of Biological
Chemistry, 275(5), 3088-3092.

Sahai, E., Astsaturov, I., Cukierman, E., Denardo, D. G., Egeblad, M., Evans, R. M., Fearon, D., Greten, E. R, Hingorani, S. R., Hunter, T., Hynes, R. O,, Jain, R.
K., Janowitz, T., Jorgensen, C., Kimmelman, A. C., Kolonin, M. G., Maki, R. G., Powers, R. S., Puré, E., ... Werb, Z. (2020). A framework for advancing our
understanding of cancer-associated fibroblasts. Nature Reviews Cancer, 20(3), 174-186.

Serrano, M., Lin, A. W, Mccurrach, M. E., Beach, D., & Lowe, S. W. (1997). Oncogenic ras provokes premature cell senescence associated with accumulation of
p53 and pl6INK4a. Cell, 88(5), 593-602.

Shiga, K., Hara, M., Nagasaki, T., Sato, T., Takahashi, H., & Takeyama, H. (2015). Cancer-associated fibroblasts: Their characteristics and their roles in tumor
growth. Cancers (Basel), 7(4), 2443-2458.

Sinn, M., Denkert, C,, Striefler, J. K., Pelzer, U, Stieler, J. M., Bahra, M., Lohneis, P., Dorken, B., Oettle, H., Riess, H., & Sinn, B. V. (2014). alpha-Smooth muscle
actin expression and desmoplastic stromal reaction in pancreatic cancer: Results from the CONKO-001 study. British Journal of Cancer, 111(10), 1917-1923.
Stanisavljevic, J., Loubat-Casanovas, J., Herrera, M., Luque, T, Pefia, R., Lluch, A., Albanell, J., Bonilla, E, Rovira, A., Pefia, C., Navajas, D., Rojo, E, Garcia De
Herreros, A., & Baulida, J. (2015). Snaill-expressing fibroblasts in the tumor microenvironment display mechanical properties that support metastasis. Cancer

Research, 75(2), 284-295.

Stenvang, J., Petri, A., Lindow, M., Obad, S., & Kauppinen, S. (2012). Inhibition of microRNA function by antimiR oligonucleotides. Silence, 3(1), 1.

Sugimoto, H., Mundel, T. M., Kieran, M. W., & Kalluri, R. (2006). Identification of fibroblast heterogeneity in the tumor microenvironment. Cancer Biology ¢
Therapy, 5(12), 1640-1646.

Sung, C. O., Lee, K.-W,, Han, S., & Kim, S.-H. (2011). Twistl is up-regulated in gastric cancer-associated fibroblasts with poor clinical outcomes. American Journal
of Pathology, 179(4), 1827-1838.

Takatsuna, M., Morohashi, S., Yoshizawa, T., Hirai, H., Haga, T., Ota, R,, Saito, K., Wu, Y., Seino, H., Aoyagi, Y., Terai, S., & Kijima, H. (2016). Myofibroblast
distribution is associated with invasive growth types of colorectal cancer. Oncology Reports, 36(6), 3154-3160.

Tang, X., Hou, Y, Yang, G., Wang, X,, Tang, S., Du, Y.-E., Yang, L., Yu, T., Zhang, H., Zhou, M., Wen, S., Xu, L., & Liu, M. (2016). Stromal miR-200s contribute
to breast cancer cell invasion through CAF activation and ECM remodeling. Cell Death and Differentiation, 23(1), 132-145.

Thannickal, V. ], Lee, D. Y., White, E. S., Cui, Z., Larios, J. M., Chacon, R., Horowitz, J. C., Day, R. M., & Thomas, P. E. (2003). Myofibroblast differentiation
by transforming growth factor-betal is dependent on cell adhesion and integrin signaling via focal adhesion kinase. Journal of Biological Chemistry, 278(14),
12384-12389.

Trimboli, A. J., Cantemir-Stone, C. Z., Li, E, Wallace, J. A., Merchant, A., Creasap, N., Thompson, J. C., Caserta, E., Wang, H., Chong, J.-L., Naidu, S., Wei,
G., Sharma, S. M., Stephens, J. A., Fernandez, S. A., Gurcan, M. N., Weinstein, M. B., Barsky, S. H., Yee, L., ... Leone, G. (2009). Pten in stromal fibroblasts
suppresses mammary epithelial tumours. Nature, 461(7267), 1084-1091.

Tsujino, T., Seshimo, I., Yamamoto, H., Ngan, C. Y., Ezumi, K., Takemasa, I, Ikeda, M., Sekimoto, M., Matsuura, N., & Monden, M. (2007). Stromal myofibroblasts
predict disease recurrence for colorectal cancer. Clinical Cancer Research, 13(7), 2082-2090.

Tsushima, H., Ito, N., Tamura, S., Matsuda, Y., Inada, M., Yabuuchi, I., Imai, Y., Nagashima, R., Misawa, H., Takeda, H., Matsuzawa, Y., & Kawata, S. (2001).
Circulating transforming growth factor beta 1 as a predictor of liver metastasis after resection in colorectal cancer. Clinical Cancer Research, 7(5), 1258-1262.

Unal, B., Ozcan, E, Tuzcu, H., Kirac, E., Elpek, G. O., & Aslan, M. (2017). Inhibition of neutral sphingomyelinase decreases elevated levels of nitrative and oxidative
stress markers in liver ischemia-reperfusion injury. Redox Report: Communications in Free Radical Research, 22(4), 147-159.

Valadi, H., Ekstrom, K., Bossios, A., Sjostrand, M., Lee, J. J., & Lotvall, J. O. (2007). Exosome-mediated transfer of mRNAs and microRNAs is a novel mechanism
of genetic exchange between cells. Nature Cell Biology, 9(6), 654-659.



BHOME ET AL. @ ISEV 19 of 19
o | v

Van Der Vlist, E. J., Nolte-'T Hoen, E. N. M., Stoorvogel, W., Arkesteijn, G. J. A., & Wauben, M. H. M. (2012). Fluorescent labeling of nano-sized vesicles released
by cells and subsequent quantitative and qualitative analysis by high-resolution flow cytometry. Nature Protocols, 7(7), 1311-1326.

Van Deun, J., Mestdagh, P,, Agostinis, P,, Akay, O., Anand, S., Anckaert, J., Martinez, Z. A., Baetens, T., Beghein, E., Bertier, L., Berx, G., Boere, J., Boukouris,
S., Bremer, M., Buschmann, D., Byrd, J. B., Casert, C., Cheng, L., Cmoch, A, ... Hendrix, A. (2017). EV-TRACK: Transparent reporting and centralizing
knowledge in extracellular vesicle research. Nature Methods, 14(3), 228-232.

Van Deun, J., Mestdagh, P, Sormunen, R., Cocquyt, V., Vermaelen, K., Vandesompele, J., Bracke, M., De Wever, O., & Hendrix, A. (2014). The impact of disparate
isolation methods for extracellular vesicles on downstream RNA profiling. Journal of extracellular vesicles, 3, 1-14. https://doi.org/10.3402/jev.v3.24858

Villarroya-Beltri, C., Gutiérrez-Vazquez, C., Snchez-Cabo, E, Pérez-Herndndez, D., Vézquez, J., Martin-Cofreces, N., Martinez-Herrera, D. J., Pascual-Montano,
A, Mittelbrunn, M., & Sanchez-Madrid, E (2013). Sumoylated hnRNPA2BI controls the sorting of miRNAs into exosomes through binding to specific motifs.
Nature Communication, 4, 2980.

Vuckovig, S., Vandyke, K., Rickards, D. A., Mccauley Winter, P., Brown, S. H. J., Mitchell, T. W,, Liu, J., Lu, J., Askenase, P. W,, Yuriev, E., Capuano, B., Ramsland,
P. A, Hill, G. R,, Zannettino, A. C. W,, & Hutchinson, A. T. (2017). The cationic small molecule GW4869 is cytotoxic to high phosphatidylserine-expressing
myeloma cells. British Journal of Haematology, 177(3), 423-440.

Yang, S., Banerjee, S., De Freitas, A., Sanders, Y. Y., Ding, Q., Matalon, S., Thannickal, V. J., Abraham, E., & Liu, G. (2012). Participation of miR-200 in pulmonary
fibrosis. American Journal of Pathology, 180(2), 484-493.

Yao, L., Conforti, F, Hill, C., Bell, ]., Drawater, L., Li, J., Liu, D., Xiong, H., Alzetani, A., Chee, S.]., Marshall, B. G., Fletcher, S. V., Hancock, D., Coldwell, M., Yuan,
X., Ottensmeier, C. H., Downward, J., Collins, J. E., Ewing, R. M., ... Wang, Y. (2019). Paracrine signalling during ZEB1-mediated epithelial-mesenchymal
transition augments local myofibroblast differentiation in lung fibrosis. Cell Death and Differentiation, 26(5), 943-957.

SUPPORTING INFORMATION
Additional supporting information can be found online in the Supporting Information section at the end of this article.

How to cite this article: Bhome, R., Emaduddin, M., James, V., House, L. M., Thirdborough, S. M., Mellone, M.,
Tulkens, J., Primrose, J. N., Thomas, G. J., De Wever, O., Mirnezami, A. H., & Sayan, A. E. (2022). Epithelial to
mesenchymal transition influences fibroblast phenotype in colorectal cancer by altering miR-200 levels in extracellular
vesicles. Journal of Extracellular Vesicles, 11, €12226. https://doi.org/10.1002/jev2.12226


https://doi.org/10.3402/jev.v3.24858
https://doi.org/10.1002/jev2.12226

	Epithelial to mesenchymal transition influences fibroblast phenotype in colorectal cancer by altering miR-200 levels in extracellular vesicles
	Abstract
	1 | INTRODUCTION
	2 | METHODS
	2.1 | EV isolation
	2.2 | Cellular EV uptake
	2.3 | Detection of labelled EVs by flow cytometry
	2.4 | Conditioning of fibroblasts with CRC EVs and subsequent myofibroblast differentiation
	2.5 | Analysis of myofibroblast differentiation in EV-high and EV-low fibroblasts
	2.6 | RNA labelling and subsequent isolation from fibroblasts
	2.7 | MiRNA and gene expression in human CRC dataset
	2.8 | In vivo study
	2.9 | Statistical analysis

	3 | RESULTS
	3.1 | In vitro CRC models represent a spectrum of EMT phenotypes
	3.2 | CRC cells produce EVs which are transferred to fibroblasts
	3.3 | Epithelial and mesenchymal CRC EVs produce different responses in fibroblast signalling pathways
	3.4 | MiR-200 distinguishes CRC cells and EVs by EMT status
	3.5 | CRC EVs deliver miR-200 to fibroblasts
	3.6 | EV-regulated miR-200/ZEB1 axis controls myofibroblast differentiation
	3.7 | MiR-200 predicts CAF profile in human CRC
	3.8 | CRC EMT status determines fibroblast phenotype in vivo

	4 | DISCUSSION
	ACKNOWLEDGEMENTS
	CONFLICT OF INTEREST
	AUTHOR CONTRIBUTIONS
	DATA AVAILABILITY STATEMENT

	ORCID
	REFERENCES
	SUPPORTING INFORMATION


