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Summary

Cells are the building blocks of all life and different types of cells combine to make up tissues and organs. Epithelial
cells line the inside of the large intestine that includes the colon and the rectum. Each cell is programmed by a genetic
code that gives instructions on every decision that the cell has to make, including division, growth, movement and death.
These cellular processes are accomplished by genes that are being expressed according to the genetic code. When genes
are expressed, proteins are produced that make up different parts of cells. The cells divide to give rise to new cells with
the same characteristics as the mother cell. If there is a mistake in the genetic code also called a mutation, the cells could
divide uncontrollably resulting in a massive formation referred to as a tumour. If the cells within the tumour accumulate
more mutations, this could lead to some cells detaching and migrating to a different tissue in the body to form more
tumours called metastases. Forming tumours and developing metastasis are part of the cancer disease, and cancer with
metastases is called metastatic. The originating tissue of cancer gives it its name. When the cancer develops from the
epithelium of the colon or rectum, it is referred to as colorectal cancer (CRC). CRC can be classified by specific
mutations that often co-occur together. An aggressive and deadly type of metastatic CRC is highly associated with a
mutation in the BRAF gene, that is abbreviated V600E, that forms a mutant BRAF protein. The V600OE mutation is
correlated with other genes, namely FOSLI. FOSLI is known to be dysregulated in metastatic cancers, but the
mechanism is poorly understood. The aim of this report is to understand how FOSL/I and its gene product called FRA1
are involved in metastatic CRC that has the V60OE mutation in the BRAF gene. To address this aim we used small 3D
spherical models of cancer that are referred to as organoids. The organoids were generated from patient-derived
colorectal tumours positive for the BRAF-V600E mutation. The BRAF-V600E cancerous organoids were used in this
study along with organoids that were corrected for the V60OE mutation and produced a normal BRAF protein. We used
anti-cancer drugs called chemotherapy to block the mutated BRAF protein and identified that FRA1 was also blocked.
We mimicked the metastatic process and found out that the BRAF-V600E mutation causes the spherical organoids to
change shape and to form sprouts protruding from the spheres. The shape of cells and organoids is called morphology.
The sprouting morphology was reversed to spherical or normal when BRAF was blocked with chemotherapy. From that
we concluded that the V60OE mutation causes the change in shape possibly in combination with FRA1. We performed
further experiments to understand how FRA1 interacts with other genes involved in metastasis, but we did not find a
connection.

Abstract

is a major driver of (EMT) and stemness, and a core
component of the PRC2 complex, along with SUZ12
and EED. Although there is strong evidence that
implicates FRA1 in metastasis, the molecular
mechanisms are still elusive. In this paper, we sought
to elucidate the role of FRA1 in relation to the
BRAF-V60OE mutation to identify the pathological
mechanisms associated with metastatic CRC by
employing a model system of patient-derived CRC
organoids mutant for the BRAF-V60OE.
Immunoblotting revealed that FRA1 expression and
organoid morphology in a metastatic-mimicking
environment containing Collagen I, are BRAF-
dependent. Inhibition of FOSL1 transcription with
small interfering RNA did not have an effect on
PRC2 core component gene transcription and
protein expression. Protein-DNA interactions
between FRA1 and EED, EZH2 and SUZI12 could
not be identified via chromatin immunoprecipitation

In colorectal cancer (CRC) progression, the BRAF-
V600E activating mutation is characteristic of the
serrated pathway. In combination with other
genomic instabilities, BRAF-V600E could be a poor
prognostic marker associated with low survival in
metastatic CRC. The FOSL1 gene was identified to
be preferentially upregulated in CRC patient-
derived organoids carrying the BRAF-V600E
mutation compared to BRAF wild type organoids,
making it a potential effector of the mutation.
FOSLI and its gene product named FRA1 are
present in tumour tissues in different types of
cancers, but not in healthy epithelium. FRA1 is
expressed on the invasive front of tumours and in
metastatic lesions, and its expression is positively
correlated with the number of metastases. FOSL1
was found to be dispensable for survival but was
required for the metastatic spread of epithelial cells

in vivo. The proposed mechanisms by which FOSL1 and RT-PCR.

is involved in metastasis are via epithelial to

mesenchymal transition (EMT) and cell motility. On Key words: colorectal cancer * metastasis ® FRAL ¢
molecular  level, FRA1 is known to BRAF-V600E * organoid sprouting

coimmunoprecipitate with the £ZH2 promoter, that



Abbreviations

AP-1 = Activating protein 1

APC = Adenomatous polyposis coli

BRAF = Murine sarcoma viral oncogene homolog B
CMYC = Cellular myelocytomatosis oncogene

CRC = Colorectal cancer

EED = Embryonic ectoderm development

EGFR = Epidermal growth factor receptor

ERK = Extracellular signal-regulated kinase

EZH2 = Enhancer of zeste 2 polycomb repressive
complex 2 subuint

FOSLI = FOS-like 1

FRA1 = FOS-related antigen 1

GAPDH = Gyceraldehyde-3-phosphate dehydrogenase

Introduction

Colorectal cancer

Colorectal cancer (CRC) is among the world's deadliest
cancers ', with a higher degree of incidences in
developed countries *°. Due to its physiological origins
in the large intestine that includes the colon and the
rectum, sporadic CRC is often regarded a function of
the western lifestyle encompassing unhealthy dietary
habits, chronic stress, antibiotic-induced alterations to
the gut microbiota, next to other CRC risk factors such
as family history and longstanding bowel inflammation
67, The majority of CRC cases are assumed to arise from
cancer stem cells (CSCs) or stem-cell-like cells residing
at the base of the colonic crypts ®. Accumulation of
genetic and epigenetic alterations within the CSCs drive
various histological changes including
hyperproliferation leading to the formation of a
neoplastic precursor lesion or a benign polyp °. If
undetected, the polyp cells can acquire malignant
mutations and progress into metastatic CRC 7.
According to the National Cancer Institute, the survival
of CRC patients baring distant metastasis is less than
20% beyond 5 years from diagnosis in the US '°. CRC,
like other solid tumours, is a heterogeneous disease in
which different subtypes are underlyied by specific
molecular and/or clinical features. CRC progression is
determined by two major precursor lesion pathways
characterised by different types of genomic instabilities
1) the traditional adenoma-carcinoma pathway and the
2) ‘alternative’ serrated neoplasia pathway (Fig. 1).

The conventional adenoma-carcinoma sequence

The conventional adenoma-carcinoma sequence is well-
understood and approximately 90% of CRCs arise from

H3 = Histone 3

H3K?27me3 = Histone 3 trimethylated at lysine 27
KRAS = Kirsten rat sarcoma virus

MAPK = Mitogen-activated protein kinase

MEK = Mitogen-activated protein kinase 1

p- cMYC = phosphorylated cMYC

p- ERK = phosphorylated ERK

p- FRA1 = phosphorylated FRA1

PRC2 = Polycomb repressive complex 2

RNF43 = Ring finger protein 43

ROCK = Rho-associated coiled-coil containing protein
kinase

RSK = Ribosomal s6 kinase

SUZ12 = Polycomb repressive complex 2 subunit
TP53 = Tumour protein p53

Wnt = Wingless-related integration site

it ''. The model was postulated by Fearon and
Vogelstein as a stepwise pattern of activation and
inactivation of key oncogenes and tumour suppressors,
respectively (Fig. 1) 2. A key event for adenoma
initiation is thought to be the inactivation of the tumour
suppressor gene APC that leads to the activation of the
Wht/b-catenin pathway '*-!7. APC is a key member of
the b-catenin destruction complex involved in the
suppression of Wnt/b-catenin signalling '¥. When
mutated or transcriptionally silenced, the destruction
complex is no longer active and b-catenin is stabilised
thereby accumulating in the cytoplasm "'*. Once
saturated in the cytoplasm, b-catenin translocates to the
nucleus where it interacts with canonical Wnt targets to
promote ‘stemness’ characterised by proliferation,
migration, invasion, and metastasis, which result in the
unrestrained proliferation of the adenomatous polyp -
2!, Following APC loss, a turning point in the adenoma-
carcinoma sequence, is acquiring an activating mutation
in KRAS which is a member of the MAPK pathway.
KRAS is a small GTPase of the RAS family of proto-
oncoproteins and acts as a relay for signals originating
at receptor tyrosine kinases such as the EGFR family
12,2223 Upon binding of mitogens, EGFR is activated
initiating a phosphorylation chain reaction through
RAS, RAF, MEK and finally ERK. Phosphorylated
ERK can translocate to the nucleus and interact with
many transcription factors to initiate transcriptional
programs regulating proliferation, differentiation, and
apoptosis 2. Oncogenic KRAS promotes constitutive
signalling of the MAPK pathway without the presence
of growth factors, synergising with aberrant Wnt/b-
catenin signalling, to drive transformation from
adenoma to carcinoma *2°. Both pathways are highly
conserved and regulate essential cell properties
including stem cell maintenance, growth, and
proliferation. The co-activation of Wnt/b-catenin and



MAPK, is a prerequisite for accumulating further
mutations in other key genes including the tumour
suppressor TP53, to drive malignant progression 1227,
Although the original model presents mutation events in
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Figure 1. Major molecular pathways in colorectal cancer.

The conventional adenoma-carcinoma sequence is described as a stepwise accumulation of genome alterations in key tumour
suppressor genes and oncogenes that lead to the oncogenic transformation from normal epithelium to malignancy. The
alternative serrated pathway is characterised with its distinct serrated morphology, and mutations within the MAPK pathway,

specifically in the BRAF gene, combined with silencing of tumour

The alternative serrated neoplasia pathway

Serrated tumours were first described by Jass and Smith
in 1992, but only in the past decade the serrated pathway
has been recognised as another significant route leading
to CRC, and therefore the molecular underworks are
still elusive 282°. Although only ~15% of all sporadic
CRC arise via the serrated pathway, it predicts a more
aggressive phenotype and an overall worse prognosis
compared to  conventional adenocarcinomas,
particularly in late-stage disease . The serrated
pathway is characterised by development of a serrated
precursor lesion often associated with promoter
methylation of key tumour suppressor genes and
microsatellite stability status, whereby microsatelite
instable cancers (MSI) are associated with a better
prognosis compared to microsatellite stable (MSS)
cancers 12,

Whereas alterations in APC and KRAS are common for
the adenoma-carcinoma sequence, in the serrated
pathway this is rarely the case **-°. Mutations in the
BRAF gene occur early in tumorigenesis and are highly

suppressor genes via promoter methylation.

associated with the serrated neoplasia pathway .

BRAF is a serine-threonine kinase that is directly
downstream of KRAS and represents the top-level
element of the MAPK cascade ¥’. Oncogenic mutations
in either KRAS or BRAF result in the constitutive
activation of the MAPK pathway. Therefore, mutations
in either rarely occur together in the same colorectal
cancer and are considered mutually exclusive **. This
is likely because there is no selective advantage for a
cell to develop a second mutation in the same pathway
when the first is already present due to redundancy.
Rather, co-activation of two different pathways such as
Wnt/b-catenin and MAPK is more advantageous
evident by their frequent co-occurance in CRC #'=. Of
note, there is a trend of specific mutations to combine.
For example, APC and KRAS in the adenoma-carcinoma
sequence, BRAF and RNF43 in the serrated pathway
4244 RNF43 is a negative regulator of the Wnt/b-catenin
pathway, and inactivating mutations within RNF43 lead
to upregulation of Wnt signalling “#6. Although both
MAPK and Wnt/b-catenin cascades are affected by
either combination of mutations, it has been shown that



BRAF and RNF43 are negative prognostic factors in
metastatic CRC 47,

The BRAF-V600E mutation

The most common mutation (~95%) within the BRAF
gene in CRC is a single nucleotide substitution that
leads to an amino acid change from valine to glutamic
acid (V600E) and is associated with poor survival
prognosis in the metastatic stage compared to BRAF
wildtype cancers 324748 This occurs within the
activating domain of BRAF increasing its kinase
activity 10 times compared to wildtype, and thereby
constitutively  activating the MAPK pathway,
independent of presence of mitogens *4%. Although
oncogenic mutations in KRAS also lead to
overactivation of the MAPK pathway, it has been
shown that BRAF carrying V600E conferred more
elevated levels of phosphorylated MEK and
phosphorylated ERK, compared to mutant KRAS,
highlighting the potency of V60OE in upregulating the
MAPK pathway *74.

Looking into direct ERK targets that are differentially
expressed in BRAF vs KRAS mutants in CRC, the
Kranenburg group identified FOSLI as an interesting
target. FOSLI was upregulated in BRAF-mutant CRC
organoids in a dataset of BRAF-mutant vs KRAS-mutant
organoids (Sup. Fig. 1, A). Additionally, in a cohort of

B

Figure 2. AP-1 transcription factor dimers.

JunB* )

CRC patient biopsies upregulation of FOSLI was also
observed in BRAF-mutant CRCs compared to BRAF-
wildtype (BRAF-wt) CRCs (Sup. Fig. 1, B), also in
agreement with results from the large TCGA publicly
available dataset (Sup. Fig. 1, C). These data suggest
that FOSLI is a BRAF-V600E specific effector.

FOSLI/FRAI

FOSLI codes for a protein called FRA1 which is a
member of the FOS family of proteins . The FOS
proteins form heterodimers with other proteins (e.g., the
JUN family) to become a functioning component of the
AP-1 transcription factor complex (Fig. 2, A) 31753, AP-
1 is heterogenous because there are numerous protein-
protein combinations, and it has been challenging to
assign a specific well-defined biological function,
however, it has been shown that is involved in cell cycle
progression, apoptosis and transformation, among
others %!, The differential combination of the different
AP-1 components (Fig. 2, B) allows tissue-specific and
temporal regulation of gene expression, and for this
reason, family members of the transcription factor
complex are considered to be proto-oncogenes **. AP-1
is regulated by multiple pathways, but it has been shown
that MAPK signalling is involved in the transcriptional
and post-translational modification of specific AP-1
components, such as FRA1 3¢,

€D @D dyod

JunD*

(A) The classical c-JUN/c-FOS heterodimer, containing the DNA binding domains (DNA-BD), the leucine zipper (LZ)
region, the transcription-activating or transactivating module (TA), and the binding domains for the mitogen-
activated protein kinases, ERK (ERK-BD) in the case of c-Fos, and JNK (JNK-BD) for c-Jun.

(B) A summary of dimer-forming interactions between different groups of AP-1 transcription factor families. Members
of the c-Jun family can form various heterodimers with the adjacent c-Fos family (left), the ATF family (right) or a
large group of transcription factors including Egrl, Rell, Zif1, MyoD or NFAT. All Jun family members and
most ATF family members, marked with *, are also known to form homodimers. The ATF transcription

factors also form heterodimers with the Fos family. The figure and legend were adapted from Raivich &

Behrens, 2006.



Although FRA1 participates in several signalling
cascades, only three kinases, namely ERK2, RSK?2 and
ERKS (effectors of MAPK) interact with FRAI
directly. ERK?2 phosphorylates Serine on positions 252
and 265, RSK also phosphorylates Serine 265 and
ERKS phosphorylates Threonine 230 in human FRA1
%62 In all three cases, phosphorylation favours the
stabilisation of FRA1 and prevents it from proteasomal
degradation %. It is also known that threonine
phosphorylation enhances FRA1 biological activity,
and mutating threonine residues inhibits the
transcriptional activity of FRA1 %,

Although FRAI1 is downstream of KRAS and BRAF,
the Kranenburg group previously demonstrated that
FOSLI is preferentially upregulated in BRAF-V600E
mutants (Sup. Fig. 1, B, C). In addition, the same group
used a CRC patient-derived organoid (PDO) line (T10)
that carries a BRAF-V600E mutant allele to study the
effects of the VO60OE mutation in CRC. In this PDO,
they used CRISPR technology to correct the BRAF-
mutant V60OE allele to wildtype (BC1, BC2). A non-
corrected BRAF clone of T10 (NC) that underwent the
CRISPR process was included as an additional control.
Comparing BRAF-V600E mutant and the CRISPR-
engineered BRAF-corrected CRC organoids revealed
that FOSLI and its target genes were highly upregulated
in BRAF-V600E clones (Sup. Fig. 2, A-C). On protein
level, the BRAF-corrected clones had low basal
expression of phosphorylated ERK and FRA1 and
compared to BRAF-V600E mutants (Sup. Fig. 2, D).
Furthermore, the specific inhibition of BRAF with
either ~vemurafenib or encorafenib abolished
phosphorylated ERK and FRA1 expression in BRAF-
mutant CRC organoids (Sup. Fig. 2, D). Treatment with
encorafenib ceased FRA1 expression and activation
(phosphorylation) in T10 in a time-dependent manner
(Sup. Fig. 2, E). These results confirmed previous
findings that FRA1 is directly regulated by post-
translational phosphorylation by ERK of the MAPK
cascade, and that FRA1 is specifically overexpressed
due to the V60OE activation mutation in the BRAF gene.
Being heavily implicated in the BRAF-V600E
signalling, FRA1 is a potential candidate for the
aggressive phenotype observed in metastatic BRAF-
V600E-positive cancers.

FOSLI/FRAI in cancer

FOSLI overexpression is characteristic for the most
aggressive forms of cancer such as triple-negative
breast cancer and malignant glioma among others -8,
FRA1 expression is also highly correlated with the
number of metastasis in the liver and lymph nodes %-7°.
Moreover, immunohistochemistry revealed that FRA1
was not detected in healthy epithelial cells, but was
present in lesions, whereby the strongest FRAI
expression was in marginal invasive cancer cells, and

FRAT1 expression was higher in liver metastases than in
primary tumours 7. Although FRA1 expression in
tumours is higher than in healthy tissue, it has been
shown that it is not essential for tumorigenic growth and
proliferation in CRC 7. However, there is strong
evidence that implicates FRA1 in the invasive and
metastatic ability of CRC. FRA1 was found to be
responsible for the motility and invasive properties of
colon carcinoma cells in vitro in an ERK-MAPK-
dependent manner (Vial et al., 2003). Iskit et al.,
demonstrated convincing evidence that FRA1 is a key
driver of colon cancer metastasis in vivo, whereby mice
injected with FRA 1-depleted epithelial Caco-2 cells had
a significantly reduced metastatic burden compared to
controls and FRA1 was crucial for the expansion of
established metastatic lesions 7*. These findings suggest
that FRA1 is heavily involved in the metastatic cascade
in different types of cancer.

To tackle the molecular involvement of FRA1 in
metastasis, gene ontology analysis revealed that FOSL/
overexpression and silencing affect gene programmes in
two major categories, namely, epithelial to
mesenchymal transition (EMT) and cell adhesion 7076
8. EMT and evading anchorage-dependent systems are
hallmarks of metastatic progression ™. In developing
tumours, EMT coincides with budding whereby tumour
cells detach from the invasive front of the tumour and
invade the basement membrane *. Then cells enter the
bloodstream and are disseminated across the body.
Cancer cells entering the circulation is a prerequisite for
metastases development 8'. In order to colonise, cells
undergo mesenchymal to epithelial transition (MET)
and invade the tissues ®2. Being epithelial in origin, CRC
cells losing epithelial markers to gain mesenchymal, is
thought to be an early step in the metastatic cascade. Of
note, overexpression of FOSLI in epithelial cells was
shown to cause changes in cell morphology
characteristic of EMT. On one hand overexpression of
FOSLI led to the suppression of epithelial biomarkers
(e.g., E-cadherin), integrins and cell junction proteins.
In turn, their downregulation impaired cell polarity and
paracellular transport in CRC cells ™. On the other hand,
endothelial markers (e.g., Vimentin) and matrix-
degrading enzymes (e.g., metalloproteinases) were
induced. As a result, the FOSLI-overexpressing cells
formed numerous protrusions and migrated. When
transplanted in mice, these cells efficiently colonised
the lung and transformed into vascularised tumours 7.
The opposite effect was observed when FOSLI was
silenced. Epithelial features were upregulated whereby
cells flattened out and suspended their invasive
behaviour, lost tumorigenicity and restored tight
junctions 70777883,

Although FRAT seems to be deregulated in EMT and
cell polarity, the molecular mechanisms are still elusive.
There is evidence that links FRA1 to EMT and
stemness-like phenotypes via EZH2. EZH2 is an



epigenetic driver of EMT, and its overexpression is
correlated to colonic metastasis in an ERK-dependent
manner, similar to FRA1 7%,  EZH?2 is essential for the
enzyme function of the Polycomb repressive compex 2
(PRC2) along with the other core components EED and
SUZ12 %, PRC2 epigenetically represses promoters
through thrimethylation of histone H3 at Lysine 27
residue (H3K27me3) to regulate cellular identity, stem-
cell plasticity and proliferation . EZH2 was found to
bare binding sites for FRA1 in its promoter region, and
chromatin immunoprecipitation confirmed that FRA1
and C-JUN were occupying the EZH?2 promoter in vitro
8. These findings suggest a potential FRA1-mediated
regulation of the PRC2 complex through EZH2 that
could contribute to epithelial transformations in
malignant cancer. Overall, there is a growing body of
evidence reviewed by Jiang et al., 2019 and Sobolev et
al., 2022 that implicate FOSLI/FRAI1 as a major player
in metastasis in various cancers primarily through
increased cell motility that is determined by different
mechanisms where FRA1 might be involved.

BRAF-V600E is associated with an aggressive
phenotype in metastatic CRC. FRAI is specifically
upregulated by the BRAF-V600E signalling and is
involved in metastasis potentially contributing to this
phenotype. In this research we aim to unravel the effects
of BRAF-V600E-mediated overactivation of FRAT on
cell morphology and interaction with the PRC2 core
component genes. To address these aims we must verify
that 1) FRA1 is a direct target of MAPK pathway, and
more specifically, that FRA1 is induced by BRAF-
V600E signalling; 2) BRAF-V600E-induced FRA1
contributes to metastatic characteristics; 3) FRAI1 is
contributing to an aggressive stem cell-like state via
activation of the PRC2 complex. To answer these
questions, we used the previously established BRAF-
V600E mutant (T10, NC) and BRAF-corrected (BCl,
BC2) organoid lines as model systems for the BRAF-

Materials & Methods

Information about materials and primer sequences can
be found in Supplementary Tables 1 and 2, respectively.

Organoid lines and culture procedures

Organoid lines

The BRAF-V600E mutant organoid line referred to as
T10 (original name: HUB-02-B2-040) and the healthy
colon-tissue-derived HO040-N were generated from
colorectal cancer and colorectal healthy biopsies,
respectively, from the same patient. The T10 line was

V600E mutant subtype of CRC and incorporated
specific BRAF and FOSLI inhibitors. We confirmed
that FRA1 is a direct target of BRAF-V600E signalling
through ERK-mediated phosphorylation of FRA1. To
understand how FRA1 is involved in metastasis, we
developed an invasion-promoting assay using Collagen
I, as it is known to be an integral component in the
metastatic extracellular microenvironment %!, The
Collagen I-rich 3D assays revealed that CRC organoids
positive for the BRAF-V600E mutation presented with
a morphology associated with invasion, and BRAF-
wildtype (BRAF-wt) did not. Upon pharmacological
inhibition of BRAF, the invasive phenotype was
partially abolished, confirming that BRAF-V600E is
promoting cellular aberrations possibly through FRAT.
The molecular involvement of FRA1 with the PRC2
genes was assessed via a protein-DNA interaction assay
(ChIP), followed by a real time polymerase chain
reaction (RT-PCR) analysis. Due to technical
difficulties with the ChIP and the RT-PCR, we were
unable to answer if FRA1 occupies the PRC2 promoters
in a BRAF-dependent manner. Although the ChIP-RT-
PCR was inconclusive, we did not find any relation of
FRAT1 and the PRC2 components on a protein or mRNA
level, suggesting an alternative mechanism by which
FRAT1 is involved in metastatic CRC. CMYC is a known
target of the MAPK pathway and is also a known
regulator of the PRC2 complex in a BRAF-dependent
manner 2. Due to the overlap with FRA1, cMYC was
used as a positive control in all experiments.

Our research is in line with previous findings that
expression of FRA1 is BRAF-dependent, and that the
V600E mutation is associated with an invasive cell
morphology in Collagen I, possibly through FRA1. We
did not find a link between FRA1 and PRC2, however,
that narrows the targets within the FRA1 interactome
that might be involved in CRC progression.

used to generate organoid clones with a restored BRAF
wildtype allele (BRAF-wt) with CRISPR/ LbCpfl via
homology-directed repair. Additionally, another clone
of T10 referred to as NC non-corrected, also underwent
the CRISPR process without being corrected for the
V600E mutation, and therefore was used as an
additional control.

BRAF-V600OE Genotyping

To check whether the lines were stably corrected or
non-corrected, they were genotyped for the BRAF
region (Sup. Table 2; 12). DNA was isolated from T10,
NC, BCI1 and BC2 organoid lines using the QIAamp
DNA Micro Kit. After measuring DNA concentration



on a Nanodrop 2000, a PCR was run to amplify the
regions of interest following the GoTaq DNA
Polymerase protocol.

Single 25 ul reaction

5x Green GoTaq Buffer 5 pL
MgCl, 1.75 uL
dNTPs (10 mM) 0.75 uL
10 uM Forward primer 1 pL

10 uM Reverse primer 1 puL
GoTaq Polymerase 0.125 uL.
Genomic DNA template 1 pL
Nucelase-free water 14.375 pLL

Run protocol

94°C 5
55°C I’
72°C 1’30
Go To Step 2 27x
94°C 307
58°C 40
72°C 50
72°C 10’

4°C %

Then the PCR products were separated via
electrophoresis on a 1 % agarose gel. Bands with the
correct size were cut out from the gel and DNA was
purified using Roche’s High Pure PCR Product
Purification Kit. The purified DNA was sent for Sanger

Organoid culture

Organoids were cultured in 70% basement membrane
extract (BME) and 30% Advanced DMEM/F12
supplemented with 1% Penicilin/Streptomycin, 1 M
Hepes and 1% Glutamax (referred to as Basal Media or
BM). Additionally, 1x B27, 10% Noggin-conditioned
medium, 125 mM N-acetylcysteine, 10 mM
Nicotinamide, 0.5 pM A8301, 10 uM SB202190 and 50
mg/mL EGF were added to the BM media (referred to
as Enriched Medium or EM). EM was used to refresh
organoids every 2-3 days. Depending on the seeding
ratio and growth speed, organoids were passed
approximately every 7 days in ratios between 1:3 and
1:6. To be passaged, droplets containing the organoids
were mechanically disrupted and collected in cold BM
media. They were centrifuged at 1800 RPM and the
media was aspirated. Then organoids were either
mechanically disrupted with a P10 tip inside a P1000
tip, or with the use of TrypLE enzyme for single cell
dissociation.  Organoids were incubated with
prewarmed 1 mL of Tryple E at 37°C between 5 and 10°.
The enzyme reaction was deactivated with 10 mL cold
BM. After repelleting and supernatant aspiration,
organoids were mixed with BM:BME (30:70) and
seeded in ~5 pL hanging droplets in 6-well plates at
37°C for 1 h. Upon single cell dissociation, EM media
supplied with 10 M ROCK inhibitor Y-27632. For the
non-mutant healthy HO40-N line, the EM was supplied
additionally with 20% R-spondin 1-conditioned
medium and 1% Wnt surrogate conditioned medium.

sequencing in reactions of 2.5 puL with a primer
targeting a sequence within the PCR product and 7.5 pL
DNA. Then the results were aligned in Benchling where
sequenced transcripts were compared to the correction
template.

BRAF inhibition

Prior to adding BRAF inhibitors organoids were
growth-factor-starved in a low serum media
overnight. Then, encorafenib or vemurafenib were
added to a final concentration of 1 uM to BRAF-
mutant lines (T10, NC) and DMSO was added for
control treatment to BRAF-corrected lines (BCl,
BC2).

Small interference RNA

Small interference RNA (siRNA) was prepared prior to
experiment according to manufacturer’s instructions.
SiRNA concentration was verified using UV
spectrophotometry at 260 nm: siControl = 233 ng/uL,
siFOSL1 =300 ng/pL.

Sample preparation

For this experiment 2 wells of ~1.5x10° of each T10 and
NC were seeded in 6-well plates as per standard
culturing regiment described above. After growing at
almost full capacity of the BME droplets, the organoids
were dissociated into single cells with TrypLE and
moved to ultra-low adherent plates in 1 mL suspensions.
The cells were transfected according to Interferin
transfection reagent protocol for suspension cells. For 1
mL of cell suspension, 200 pL of Opti-MEM were
mixed with 12 pL of Interferin and siRNA Control




(siCntrl) or siRNA against FOSLI (siFOSL1) at a final
concentration on 1.5 uM. The cells were incubated at
37°C for 6 hours and they were resuspended hourly to
ensure homogenous transfection. At the end of the
treatment, the cells were collected and seeded into
BM:BME matrix as per standard procedure.

RNA isolation

24 hours after siRNA treatment, cells were collected in
15 mL falcon tubes and resuspended with a 23-gauge

needle (0.6 mm x 30 mm) under pressure and lysed with
cell lysis buffer (RLT + b-mercaptoethanol). The rest of
the RNA isolation procedure was carried out following
the RNeasy Micro Kit’s protocol. RNA concentration
was measured on a Nanodrop 2000.

Reverse transcription
Complementary DNA (cDNA) was reverse transcribed

from the isolated RNA for each sample following the
iScript Reverse Transcription Supermix kit instructions.

Single 20 uL reaction

5x iScript Reaction Mix 4 uL
20x iScript Reverse Transcriptase 1 pL
RNA template ~300 ng

Nuclease-free water up to 20 pL

Run protocol

25°C 5
46°C 200
95°C r

4°C

RT-PCR

Following cDNA synthesis, the expression load for the
genes FOSLI, EZH2, EED and SUZI2, compared to
GAPDH (Sup. Table 2; 7, 8,9, 10, 11), in all samples
was measured by RT-PCR. The IQ SYBR Green
Supermix was kept in the dark and thawed on ice.
Everything was briefly vortexed immediately before
use. Primers were diluted to 10 uM working
concentration and DNA templates were diluted 5x with

nuclease-free water before use. Master mixes (MM) for
each primer set were prepared of which 10 pL of each
MM was added per well in a 96-well plate. 5 pL. of
diluted DNA templates were added separately to the
wells in triplicates. After pipetting, a sticker lid was put
on top of the plate and the plate was briefly centrifuged
to collect all the liquids to the bottom of the wells and
to remove bubbles. RT-PCR was performed on a RT
PCR: CFX96 System.

Single 15 uL reaction

5x IQ SYBR Green Supermix 7.5 pL
10 uM Forward primer 0.75 uL
10 uM Reverse primer 0.75 pL
Diluted DNA template 5 uL
Nuclease-free water 1 uL

Run protocol

95°C 3
95°C 107
60°C 10~
72°C 307
Go To Step 2 39x
95°C 107
65°C 57
95°C 5

RT-PCR Analysis

Cq values of replicates with a greater difference of 0.4
were excluded from the analysis. Analysis was done
according to the fold-difference method. First, the Cq
values of GAPDH corresponding to each gene FOSLI,
EZH2, EED and SUZI2, were averaged for each group
individually. To obtain the delta Cq (dCq), from each
sample Cq the corresponding averaged GAPDH value
was subtracted. Then, the obtained dCqs were averaged
for each group. To obtain the delta delta Cq (ddCq), the
averaged dCq was subtracted from each individual dCq
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value. Then 2 to the power of the ddCq produced the
fold difference. After calculating the fold difference,
mean standard deviation and standard error were
calculated for each group of folds, and loaded into
GraphPad Prism to generate bar plots.

SDS-PAGE & Immunodetection

Protein isolation




After the siRNA experiment, protein lysates were
extracted 48 hours after transfection, and following
BRAF inhibition, proteins were collected after 72 hours.
Organoids were released from the BME with dispase
which was added at a final concentration of 1 mg/mL
for 10° at 37°C. After enzyme treatment, organoids were
collected and washed with BM medium twice.
Organoids were repelleted at 1800 RPM and the
supernatant was aspirated. Cells were lysed with RIPA

lysis buffer supplemented with 1% protease inhibitors
and 1:200 phenylmethylsulfonylfluoride for 30’ on ice.
Then samples were sonicated 3 x 5°° at the highest
setting with 40’ breaks in between each sonication

cycle. Following sonication, samples were centrifuged
for 10’ at 12.000 RPM at 4°C. Supernatant containing
the protein fraction was collected and stored at -80°C.

Protein concentration

Following lysate preparation, protein concentration was
measured with a Bradford assay. For this, the protein
reagent dye concentrate was diluted 5x with sterilised
water. To measure protein concentrations of the lysates,
2 uL of each vortexed lysate was mixed with 998 pL of
the diluted dye. To generate a standard curve, bovine
serum albumin (BSA) was mixed with the diluted dye:

BSA (0 mg/mL) ulL 5x Diluted Dye uL

0 1000
2 998
4 996
6 994
8 992
10 990
15 985
20 980
30 970

Standard curve and sample absorbance were measured
at 595 nm with a spectrophotometer.

Sample preparation

15 or 20 pg of protein lysate from each sample were
mixed with RIPA lysis buffer. 5x sample buffer and
boiled for 5’ at 95°C on a heat block immediately before
loaded on the gels.

SDS-PAGE

Depending on their size, proteins were resolved either
on 8% or 12% polyacrylamide gels via gel
electrophoresis. Stacking gels were run at 100 V for 0.5
h and then running gels were run at 150-200 V until the
front dye disappears at the bottom. Following
electrophoresis, membrane transfer was performed
using the Nitrocellulose kit and the Trans-Turbo Blot
Transfer System. To ensure the proteins were
successfully transferred to the membranes and were
equally loaded in each lane, the blots were immersed in
a Ponceaus solution for 5° at room temperature (RT) and
then washed with DEMI water.

Immunodetection

11

Prior to immunodetection blots were immersed in 5%
bocking solution (BSA x Tris-buffered saline 0.05%
Tween-20 abbreviated as TBST) for 1 h at RT on aroller
bank. Primary antibody solutions were mixed by adding
antibodies against FRA1, p. FRA1, cMYC, p. cMYC,
ERK, p. ERK, EZH2, EED, H3, H3K27me3, GAPDH,
all raised in rabbit, 1:1000 in a 5% blocking solution
overnight (o/n) at 4°C. Primary antibody solution was
collected and stored at -20°C. The membranes were
washed with TBST 4 times for 5° each on a roller bank.
Secondary antibody solution was prepared by mixing
anti-rabbit HRP antibody 1:1000 in a 5% blocking
solution. The membranes were incubated with
secondary antibody solution for 1 h at RT. The solution
was aspirated and the membranes were washed with
TBST 4 times for 5’ on a roller bank. The proteins were
visualised with the ECL Prime Western Blotting
Detection Reagent Kit.

Imaging & quantification

Blots were imaged in an Amersham imager 600. With
automatic exposure settings for chemiluminescence.
Bands were analysed in Image Lab by using the Volume
Tools = Rectangle = Local (subtraction method) =
Analysis Table = Excel. The adjusted volume values
were used to calculate protein expression. All different
protein values were normalised to their corresponding
GAPDH loading control bands and turned into
percentages.




Chromatin immunoprecipitation RT-PCR

Primer design

Promoter regions of EZH2, EED and SUZI2 genes
where FRA1 and cMYC were previously shown to bind
were identified in the hgl9 UCSC Genome Browser
with all Tracks activated for transcription factor binding
and marks associated with active promoter. Genomic
sequences with the strongest affinity, according to
published literature on the website, for FRA1 and/or
cMYC were picked for oligonucleotide design. Non-
coding sequences where FRA1 and cMYC were do not
bind were selected for background negative control.
Each chosen primer sequence was copied and pasted in
the Primer3 qPCR primer design engine. Sequence
length was set between 50 and 150 bp and an average
temperature of 65°C. Primers were ordered from
Integrated DNA Technologies or MERCK and
reconstituted in Nuclease-free water to 100 pM upon

arrival.  Primer sequences are available in

Supplementary Table 2 (1, 2,3,4,5,6).

RT-PCR

All reagents were briefly vortexed immediately before
use. Primers were diluted to 10 uM working
concentration, input DNA was diluted 50 times and
immunoprecipitated DNA was diluted 2 times with
Nuclease-free water. Primer sets 1,3,4,6 and 2,3,5,6
(Supplementary Table 2) were used for FRA1 and c-
Myc RT-PCR reactions, respectively. Master mixes
(MM) for each primer set were prepared of which 8 uLL
of each MM was added per well in a 96-well plate. 2 pL
of diluted DNA templates were added separately to the
wells in triplicates. After pipetting, a sticker lid was put
on top of the plate and the plate was briefly centrifuged
to collect all the liquids to the bottom of the wells and
to remove bubbles. RT-PCR was performed on a RT
PCR: CFX96 System.

Single 10 ul reaction

Run protocol

5x IQ SYBR Green Supermix 5 pL 95°C 3
10 uM Forward primer 0.5 uL 95°C 15~
10 uM Reverse primer 0.5uL 60°C 307
Diluted DNA template 2uL Go To Step 2 40x
Milli-Q 2 uL Melt curve:
95°C I’
65°C 57
95°C end
Input percentage 3D sprouting assay

Results were analysed in Excel following an adapted
version of the 3 protocol. Triplicate Cq values with a
greater difference than 0.4 were excluded from the
analysis. The raw Cq values were corrected for their
dilution by calculating the log2 of the dilution factor
(IN: log2 (2) =1, IP: log2 (50) = 5.64) and subtracting
it from the corresponding raw Cq value.

Cq (IN) = Cq (1% IN) — log2 (2)
Cq (IP) = Cq (50% IP) — log2 (50)

After adjusting for the dilution, the IN values of each
group were averaged together and each IP value was
subtracted from the corresponding averaged input. Then
2 was put to the power of the obtained number and
multiplied by 100.

ACq = Cq (IN) — Cq (IP)
Percentage of Input = 24 x 100
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Sample preparation

The sprouting assay was adapted from Koorman et al.,
2022. Organoids were collected from BME using 1
mg/mL dispase for 10’ at 37°C. Organoids were
collected in 15 mL falcon tubes and washed twice with
BM. Then they were pelleted at 1800 RPM and
supernatant was discarded. The organoids were
resuspended in BM and seeded at ~250 organoids per
2.5 uL of suspension for each group. Counting was done
with a mechanical tally by eye on an EVOS
stereomicroscope. 2.5 uL of each cell suspension were
mixed with 7.5 pM either neutralised Collagen I (see
next section) or BME and seeded onto polymer-bottom
5-well plates in 10 pL droplet per well. The seeded
matrix droplets were polymerised for 1-2 hours at either
physiological 37°C or 26°C for larger pore formation to
promote collective invasion, as per personal advice
from Koorman et al’s writers °!. Pre-warmed BM (low
serum/growth factor) media was added 45 pL per well.
In an experiment involving BRAF inhibitors




encorafinib and vemurafinib, were added to a final
concentration of 1 uM and to T10 and NC. For a
negative control, equal to the drugs in microliters of
Dimethyl sulfoxide (DMSO) were added to all lines
T10,NC, BCI and BC2.

Collagen I preparation

Collagen I was handled on ice and buffers were pre-
chilled to prevent pre-polymerisation. Collagen I from
rat tail was neutralised with 1M NaOH to pH 7.0 — 7.5
with the help of pH strips. Neutralised collagen was
diluted to 2 mg/mL final concentration with PBSx1.

Quantification

The organoids were imaged daily with an EVOS
stereomicroscope. Sprouting and cells that were
separated from the organoids were manually counted in
Image J (FLJI) using Plugins = Analyze = Cell
counter. The number of sprouting was normalised to the
total number of organoids within the same field.

Immunofluorescence

Results

Sequencing results of CRC organoid lines
confirmed that T10 and NC are heterozygous for
the BRAF-V600E mutation and BC1 and BC2 were
BRAF-wt (data not shown).

Protein expression analysis of BRAF-V600E
mutant and BRAF-corrected colorectal cancer
organoids treated with BRAF or FRA1
inhibitors.

Phosphorylation of ERK, cMYC and FRAI are
BRAF-dependent

To validate that FRA1 is directly regulated by the
MAPK pathway, we used encorafenib and vemurafenib
specific BRAF inhibitors or DMSO (control) on BRAF-
V600E mutant CRC organoid lines (T10, NC), and
compared them to DMSO-treated lines. Following drug
treatment, immunoblotting revealed protein levels of
cMYC and phosphorylated cMYC were decreased
compared to DMSO-treated BRAF-mutant lines, and
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48 hours after seeding, organoids were fixed in 4%
Paraformaldehyde for 1.5 h, followed by
permeabilisation with PBDO.2T (Triton X-100 0.2%,
Bovine Serum Albumin 1%, DMSO 1%, dissolved in
PBSx1) buffer. Primary antibody against CK20 (mouse,
1:500) was mixed in PBD02 and added overnight. The
next day, wells were washed three times for 5° with
PBD.02T on a shaker. Then, secondary antibody anti-
mouse Alexa Fluor 647 (5 ng/mL), nuclear stain DAPI
(1:1000) and Collagen I probe CNA35-GFP (1:1000),
were mixed into the PBD0.2T buffer and added to the
organoids for 2 hours in the dark on a shaker. Following
secondary antibody staining, the wells were washed
with PBDO02 three times for 5° in the dark on a shaker.
Then the organoids were mounted with one droplet per
well with mounting medium.

Microscopy & image analysis

Mounted organoids were imaged on a confocal
microscope Zeiss LSM 700 at 40x magnification. Z-
stacks of organoids from each group were made
following the default Zen Zeiss software settings. Then,
Z-stacks were saved as ome.tifs and processed in Image
J (FII). Omedtif files were opened as colorised
hyperstacks in Image J. Then a 3D projection was made
following Plugins = 3D Viewer or Image = Stacks =
3D project.

were comparable to the expression of BRAF-corrected
clones (Fig. 3). CMYC being a known target of MAPK
signalling, confirms that the BRAF blockade was
successful ?2. This is also evident by the decrease in
phosphorylation of ERK in BRAF-V600E mutants, by
encorafenib and less by vemurafenib (Fig. 3). However,
the chemo-drugs could not lower phosphorylation of
ERK to BRAF-wt levels (Fig. 3). Similar pattern of
downregulation as to phosphorylated ERK was
observed in FRAI1, although on a lower scale.
Expression of FRA1 and its phosphorylation were more
decreased by encorafenib than by vemurafenib in the
T10 mutant line, compared to DMSO-treated mutants
(Fig. 3). FRA1 expression was absent in BC clones and
completely diminished in BRAF-inhibitor-treated
mutants (Fig. 3). Phosphorylation of FRAI was
comparable between corrected clones and drug-treated
NC. Overall, the inhibition of BRAF successfully
decreased the phosphorylation of ERK that in turn
downregulated FRA1 expression and phosphorylation
to BRAF-wt levels, confirming previous statements that
FRAT1 is directly regulated by the MAPK pathway (Sup.
Fig. 2, D, E) Gruda et al., 1994; Terasawa et al., 2003;
Treinies et al., 1999).



Expression of PRC2 core component proteins are
not BRAF-dependent

EZH?2 and EED expression had no discernible pattern
between different treatments or lines (Fig. 3).
According to the quantification, EED expression was
decreased in vemurafenib-treated T10, but that is not
clearly visible on the blot (Fig. 3). The H3K27me3 is
predominantly methylated by EZH2 and thus should
follow a similar expression pattern, however,
H3K27me3 was variable and independent of BRAF
status (Fig. 3). Histone H3, being one of the core
proteins in chromatin should be equally expressed
regardless of post-translational modifications and
therefore was included as a control to H3K27me3, but
it showed differential expression, except for in BRAF-

corrected clones where H3 was consistent (Fig. 3) **.
The variation in H3 could be underlying the variable
expression of the H3K27me3 mark. These results show
that there was no effect of BRAF inhibition on any of
the PRC2 components, and the outcome is inconclusive
for H3 and H3K27me3. In comparison, although not
detected by quantification, the blots had visibly lower
levels of EZH2 and EED in the BRAF-corrected lines,
but not completely absent, indicating that EZH2 and
EED maintain expression in BRAF-wt (Fig. 3). The
H3K27me3 was not present in the BRAF-corrected
clones that stably expressed H3, suggesting that in
BRAF-wt the EZH2 protein is expressed but is not
enzymatically active.
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Figure 3. Protein expression comparison between BRAF-V600E and BRA F-corrected colorectal cancer

organoids with or without BRAF inhibitors.

BRAF-V600E mutant (T10, NC) and BRAF-corrected (BC1, BC2) CRC organoid lines were treated immediately after cell
seeding. DMSO was used as a negative control to all lines. Each BRAF-V600E line was treated with encorafenib (Encor) and
vemurafenib (Vemur) BRAF inhibitors individually. Protein lysates were collected 72 hours after the drugs were added and
were detected via immunoblotting. The immunoblots as representative and were imaged with an Amersham Imager 600
imaging system. Protein bands were analysed in ImageLab and each sample was normalised to its corresponding GAPDH
loading control band (N=1). Graphs were generated using GraphPad and represent protein quantification.

Expression of PRC2 core components is not
FRAI-dependent
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To identify if PRC2 core genes are affected by FRA1 in
relation to the VO60OE overactivation of BRAF, we used
small interfering RNA to block transcription of FOSLI
(siFOSL1) and negative control siCntrl. We compared



mRNA and protein expression between siFOSL1-treated
and siCntrl-treated BRAF-V600E CRC organoid lines.
Gene expression analysis revealed that FOSLI was
lowered by 0.5-fold and increased by 0.5-fold upon
FOSLI inhibition in T10 and NC, respectively (Fig. 4,
A). On a protein level FRA1 was almost completely
diminished and its phosphorylation was also decreased
after siFOSL1 addition in both organoid lines,
contradicting the mRNA expression in NC (Fig. 4).
Following siFOSL1 treatment, mRNA expression of all
PRC2 core genes was slightly decreased in both lines,
except for EED which was upregulated in T10 (Fig. 4,
A). These results are reflected by the western blots that
show no effect of FRA1 inhibition on EZH2 and EED
in NC, and a slight decrease of EZH2 in T10 (Fig. 4).
Total cMYC and phosphorylated cMYC were
unaffected by FOSLI depletion in both lines (Fig. 4, B).
Total ERK and phosphorylated ERK remained the same
in siFOSL1 and control treatment in T10. In NC, total
ERK levels were also unaffected, phosphorylated ERK
was 100 times more upregulated compared to the rest of
the proteins in control-treated, and relative to the
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siFOSL1-treated (Fig. 4, B). H3 was increased in both
NC and TI10 treated with siFOSL1 compared to
controls. H3K27me3 show contradicting results
whereby protein expression is enhanced in siFOSL1-
treated T10 and diminished in NC (Fig. 4, B). Even
though the FRA1 protein expression changes are not
reflected on mRNA level in NC, there is a visible
decrease in FRA1 and p. FRA1 in FRAI-inhibited
wells, indicating that the siRNA treatment was partially
effective in downregulating the transcription of FOSL/
and thus translation of FRA1, and that no effect on EED,
EZH2 and H3K27me3 was observed. We cannot
exclude the possibility that the effect of siRNA was
insufficient to reach possible targets of FRA1 due to, for
example, short exposure or low transfection efficiency.
In contrast to the previous blot in Figure 2, H3 was
consistent between all lines and treatments (Fig. 4, B).
As cMYC is not a target of FRA1 it was not expected to
be affected by FRA1 levels, and that is reflected by the
homogenous cMYC expression and phosphorylation
between controls and siFOSL1-treated (Fig. 4, B).
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Figure 4. MRNA and protein expression comparison between BRAF-V600E and BRAF-corrected
colorectal cancer organoids with or without small interfering RNA against FOSL 1.
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(A) BRAF-V600E organoids (T10, NC) were treated with either negative control siCntrl or siFOSL1 against

(B)

FOSLI transcription (N=1). MRNA was collected 24 hours after treatment and reverse transcribed into cDNA.
RT-PCR using the cDNA as template was carried out to measure the expression of EZH2, EED and SUZI2
genes. The fold difference between the genes was calculated by normalising siFOSL1-treated samples to
controls.

Protein lysates were collected 48 hours after siRNA treatment and proteins were immunoblotted. The blots
were imaged with an Amersham Imager 600 Imaging System and protein bands were analysed in Image Lab.
Protein expression of each sample was normalised to its corresponding loading control GAPDH represented
by graphs generated in GraphPad.

Morphological phenotype analysis of BRAF- To understand the effect of the BRAF-V600E mutation
V600E and BRAF-corrected colorectal cancer on organoid morphology, we used BRAF-V600E and
organoids in two types of tissue matrices BRAF-corrected clones in a metastatic promoting

Collagen I promotes sprout formation in BRAF-
V600 mutants

A

setting using Collagen I and compared it to the Collagen
IV-rich BME matrix. In standard conditions of BME,
organoids, regardless of BRAF status formed spherical
structures with a similar cystic morphology with
occasionally visible apical lumen (Fig. 5, A).
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Figure 5. Morphological phenotype and quantification of BRAF-V600E mutant and BRAF-corrected
colorectal cancer organoids in BME or collagen I matrices.

(A)

(B)

BRAF-mutant (T10, NC) and BRAF-corrected (BC1, BC2) clones were seeded in either BME or Collagen I (N=1).
Images were taken with a stereomicroscope (EVOS) 48 hours after cell seeding and are representative. The white
arrow marks a sprouting event. Magnification is 40x and scale bar is 50 um.

Sprouting was quantified by counting all organoids with sprouts and normalising it to the total number of organoids
within the same field (N=1). Images of multiple wells of the same group were treated as technical repeats. Graphs
were generated in GraphPad, error bars represent standard deviation.
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No morphological differences were identified between
BRAF-corrected clones cultured in BME and Collagen
I (Fig. 5). However, lines carrying the BRAF-V600E
mutation displayed an aberrant morphology in Collagen
I whereby individual or more cells formed protrusions
pointed outward to the extracellular matrix also referred
as sprouts (Fig. 5, A). Quantification revealed that
mutant organoids formed sprouts at ~90% in Collagen
I, but not in BME, and BRAF-wt lines did not have
differences in morphology in either condition (Fig. 5,
B). These results indicate that Collagen I promotes
morphological changes in the BRAF-V600E mutants,
but these changes are not observed in a normal Collagen
IV-rich BME matrix. This suggests that the BRAF-
V600E mutation induces molecular events that result in
the acquired ability of organoids to deform in a
metastatic-mimicking environment.

Cell protrusion formation could be inversely
related to cell separation in time

To gain a better understanding of sprout formation
dynamics we followed the morphology of the BRAF-
V600E mutant T10 line for three days in BME or
Collagen I. In an attempt to prevent possible cell death
from anoikis we included ROCK inhibitor and
compared it to non-treated organoids. In addition to
sprouting, another phenotype was identified,
characterised by cells that appear to detach from the
organoids in Collagen I, referred as dissemination (Fig.
6, A). On the day of organoid seeding, there is nearly
100% sprout formation in Collagen I, that decreases
with 20% on the following days, regardless of ROCK
inhibitor (Fig. 6, B). The opposite trend was observed
whereby disseminating cells or cell debris increase from
almost none to between ~70% on the second day in
Collagen I (Fig. 6, B). Furthermore, there is 20% more
cells that were separated from the organoids with the
addition of ROCK inhibitor in Collagen I on day 2 (Fig.
6, B), indicating that the detached cells might survive
better with the drug. Although ROCK inhibitor is a
potent inhibitor of death from cell detachment, it does
not prevent cells from dying by other factors *.
However, we did not perform specific assays to confirm
if the separated cells were dead or alive, and therefore
we can only speculate. No sprouting events and a 20%
increase in dissemination on the first day were observed
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in BME +/- ROCK inhibitor (Fig. 6, B). These results
confirm that the BRAF-V600E mutation leads to sprout
formation in a Collagen I matrix regardless of ROCK
blockade, but more in-depth research is required to
understand the condition of the detached cells.

BRAF inhibition reversed the sprouting
morphology in a Collagen I matrix

We used immunofluorescent staining to gain a deeper
insight into sprouting events in BRAF-V600E mutant
(T10, NC) compared to BRAF-corrected (BC1, BC2)
CRC and healthy colorectal (H040-N) organoids. We
used specific BRAF inhibitors in an attempt to reverse
the sprouting phenotype. CK20 is an epithelial marker,
characteristic for cells of the intestinal mucosa, and is
outlining the basolateral and apical membranes of the
CRC organoids (Fig. 7, A). Neither of the organoids in
BME formed sprouts, and BRAF-corrected and healthy
lines did not form protrusions in Collagen I (Fig. 7). The
healthy HO40-N presented with abnormal formation of
multiple luminae and a sheet-like spread-out flattened
morphology. The sheet-like morphology is reminiscent
of epithelial cell lines (e.g., Caco-2) in 2D culture
conditions where they form a polarised monolayer of
epithelium and also of the simple epithelium adjacent to
the mesoderm in vivo 7. This suggests that the
organoids derived from a non-cancerous tissue ‘behave’
like normal epithelium and form continuous sheets,
rather than 3D spheres, regardless of matrix
composition (images for HO40-N in BME not shown).
The appearance of multiple luminae could be a
consequence of the flattened formations, as opposed to
the well-described intestinal self-assembling intestinal
spheroids that form a single apical lumen *. After 2 days
in Collagen I, T10 and NC displayed ~80% and ~40%
of protrusions, respectively. Protrusions seem to follow
the shape of the collagen crimping as they are formed in
the same direction as the collagen bundles (Fig. 7, A).
Encorafenib decreased sprouting by 1/2 and
vemurafenib — by 1/3 in T10 by the end of treatment in
Collagen I, whereas BRAF inhibitors completely
abolished sprout formation in NC (Fig. 7). Overall,
these results further solidify previous findings that
BRAF-V600E is responsible for protrusion formations
in a Collagen I matrix, that could be reversed with
inhibition of the BRAF kinase.
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Figure 6. Morphology and quantification of sprouting and dissemination of a BRAF-V600E mutant
colorectal cancer organoid line in Collagen I with or without ROCK inhibitor.

(A) Images were generated 24 hours after cell seeding and are representative of sprouting and dissemination

(B)

morphology. Magnification is 40x and scale bar is 50 um.

The organoids were imaged daily for 3 days using a stereomicroscope (EVOS). Both sprouting and dissemination
were quantified by counting all organoids with sprouts and with separating cells and normalising it to the total
number of organoids within the same field (N=1). Images of multiple wells of the same group were treated as
technical repeats. Graphs were generated in GraphPad, error bars represent standard deviation.
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Figure 7. Immunofluorescent staining and quantification of sprouting morphology of BRAF-V600E
mutant, BRAF-corrected colorectal cancer and healthy colorectal organoids in BME or Collagen I with

or without BRAF inhibitor.

(A) Organoids from all groups were seeded in either BME or Collagen I, and the matrices were polymerised at 26°C
(N=1). After polymerisation, BRAF-V6600E lines (T10, NC) were supplied with BRAF inhibitors or DMSO, and
BRAF-corrected (BC1, BC2), non-mutant colorectal organoids (HO40-N) were treated only with DMSO as a
negative control. Organoids were fixed 48 hours after seeding and immunofluorescently labelled for cytokeratin 20
(CK20) in magenta, nuclear DAPI in blue and Collagen I in green. Images were generated with a Zeiss LSM 700
confocal microscope at 40x magnification and scale bars are 100 pum. Images of T10 and H040-N in DMSO BME

were not included due to the files being corrupt.

(B)

Images of organoids were obtained with a stereomicroscope (EVOS) 48 hours after treatment and before fixation

for immunofluorescence. Sprouting was quantified by counting all organoids with sprouts which was normalised

to the total number of organoids within the same field.

FRAT1 promoter occupation of PRC2 core genes

To understand the molecular involvement of FRA1 with
the PRC2 core genes, DNA from BRAF-V600E and
BRAF-corrected lines was immunoprecipitated for the
presence of FRA1 and that was compared to non-
immunoprecipitated (input) DNA. Using specific
primers for the promoters of EZH2, EED, SUZI2 and
negative control background regions, we performed
RT-PCR to identify enrichment of FRA1, compared to
cMYQC, in those regions in both immunoprecipited and
input DNA.

Primer efficiency and target specificity

The quality of primer sets was assessed from the melt
curve of the RT-PCR reaction. Both EZH?2 primer sets |
and II displayed unstable melt curves with two peaks
indicating that the primers amplify two targets in
immunoprecipitated and input DNA samples (Fig. §, A,
EZH2 1, EZH2 1I). Peak height and number are
indicative of primer affinity and specificity,
respectively, therefore we can conclude that EZH?2
primers were not specific and cannot be used for further
analysis. Cq values are inverse to the amount and copies
of the target DNA in a sample and are registered in the
exponential phase of DNA amplification above the
threshold line. Lower Cq values (<29 cycles) indicate
higher amounts of the target nucleic acid, and vice
versa, higher Cq values (>38 cycles) indicate lower
amounts of the target sequence *°. Since background
primers were designed to amplify a non-coding region
where FRA1 and cMYC do not bind, they were
expected to not amplify above the threshold line in
either immunoprecipitated or input DNA. However, the
signal from the background primers in all cases reached
above the threshold early between the 10" and the 20"
cycle, and formed multiple peaks (Fig. 8, A). Early rise
in amplification can indicate formation of primer
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dimers, rather than oligonucleotides binding to the
DNA. Although, they are not expected to bind to any
DNA, the primers should remain under the threshold
level. Therefore, due to possible primer-dimer
formation the background oligonucleotides were
deemed unreliable. EED primers reached saturation at
26 cycles for the input DNA and at 30 cycles for the
immunoprecipitated DNA in both cMYC and FRAI,
and formed single high peaks indicative of specific
primer binding with strong affinity for the region of
interest (Fig. 8, A). The SUZ12 I primer set amplified
its target in input and FRAI-pulled DNA between 28
and 30 cycles, respectively, but formed a smaller peak
in addition to the big peak of the peak curve. The
smaller peak can indicate unspecific binding or different
melting temperatures of that specific DNA region
and/or of oligonucleotides. The SUZ12 II set amplified
the input DNA after 34 cycles, and the cMYC-DNA
after 40 cycles, but did not form peaks (Fig. 7, A). As
mentioned before, higher Cq corresponds to lower
amount of target DNA, or poor oligonucleotide design
or low enrichment of cMYC at the SUZ12 promoter.

FRAI does not occupy promoters of PRC2 genes
in a BRAF-dependent manner

FRA1 was shown to bare binding sites for EZH2 and
ChIP revealed that FRA1 indeed occupies the EZH2
promoter in cell lines that have an intrinsic higher
expression of FRA1 . Moreover, dysregulations in
either FRA1 or EZH2 have been found to have
overlapping molecular and morphological changes in
cancer ¥1%  Therefore, we hypothesised that FRA1
could promote these changes via the PRC2 complex
through EZH2, and possibly through interaction with
the other core components EED and SUZI2. As FRA1
is stimulated in BRAF-V600E mutants (Sup. Fig. 2), we
expected to observe increased FRA1 occupancy on
PRC2 promoters in the mutant organoid lines. However,



due to poor oligonucleotide design and technical
challenges of the RT-PCR assay, we could not make any
conclusions about FRA1 and cMYC enrichment at the
EZH?2 and SUZI2 promoters. FRA1 was not detected at
the EED promoter in a BRAF-dependent manner, as
NC-mutant and BCl-corrected lines showed similar
values (Fig. 8, B). Although the data for EZH2 and
SUZI2 is unreliable, similar outcome to EED was
observed in the rest of the genes, but we could only
assume that FRA1 was not enriched at PRC2 promoters

A

Amplification

in BRAF-V600E mutants compared to BRAF-wt (Fig.
8). It seems that cMYC was more enriched in BRAF-
mutants compared to BRAF-corrected lines, however,
we were faced with multiple technical challenges along
with unspecific primer amplification that prevented us
from extracting any definitive conclusion about cMYC
at PRC2 promoter regions (Fig. 8).
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Figure 8. Primer efficiency and FRA1 enrichment at PRC2 core promoter regions in BRAF-V600E
mutant vs BRAF-corrected DNA using chromatin immunoprecipitation RT-PCR.

DNA from BRAF-V600E mutant (T10, NC) and BRAF-corrected (BC1, BC2) lines was crosslinked to DNA-bound
proteins and immunoprecipitated with antibodies against either FRA1 or cMYC, the latter used as a positive control for
transcription factor enrichment at promoters. Non-immunoprecipitated DNA was used as input control and is
characterised by an earlier amplification above the threshold line at O and higher melt peaks compared to
immunoprecipitated DNA (A). Background represents regions of the DNA that FRA1 and cMYC should not occupy.
Both the immunoprecipitated and input DNA were used as templates for a RT-PCR reaction.



(A) Following RT-PCR, primer efficiency was determined by the amplification and melt curves, and primer
specificity was estimated using the melt peaks. Different primer sets are displayed in different colours: EZH2
I (pink), EED (purple), SUZ12 I (green), Background (Black), EZH?2 II (orange), SUZ12 II (dark green).

(B)

Input percentage represents the DNA pulled down by FRA1 or cMYC antibody relative to the input DNA and

shows the enrichment of FRA1 or cMYC at the EZH2, EED and SUZI2 promoters. Error bars represent

standard deviation.

Discussion

The BRAF-V600E mutation was shown to be more
potent in upregulating the MAPK pathway compared to
other activating mutations (e.g., in KRAS) and is
associated with low survival and poor response to anti-
EGFR chemotherapy drugs in metastatic CRC *#™-
49101102 T a research to find differentially expressed
targets of the MAPK pathway, the Kranenburg group
identified that FOSLI was upregulated in BRAF
mutants compared to KRAS in CRC organoids (Sup.
Fig. 1, A). Further analyses in CRC-derived organoids
and patient biopsies revealed that the FOSLI gene was
preferentially upregulated in BRAF mutant compared to
BRAF wild type samples, in agreement with analysis of
the large TGCA cohort (Sup. Fig. 1, B, C). More
specifically, FOSLI and its target genes were
preferentially upregulated in BRAF-V600E CRC
organoids compared to BRAF-corrected (Sup. Fig. 2, A-
C). Furthermore, previous evidence that FRAI is
regulated by ERK-mediated phosphorylation, was
confirmed by targeting the BRAF kinase 6062,
Consequently, ERK was not phosphorylated, and this
prevented overall FRA1 expression and
phosphorylation, confirming that FRA1 is downstream
of MAPK, and tightly regulated by BRAF (Sup. Fig. 2,
D, E). There is strong evidence that implicates FOSLI
in various aspects of the metastatic cascade in different
cancers. FOSLI differential expression is highly
associated with gene panels responsible for invasion
(matrix-degrading enzymes, integrins, cytoskeletal
rearrangements) and stemness (proliferation, evading
cell death from anoikis) 70788384100 Earlier it has been
shown that FRAI1 is dispensable for cell proliferation,
but essential for metastasis in CRC in vitro and in vivo
7174 The exact role of FRA1 in metastasis is unclear,
however, there is evidence that it could be through
interaction with EZH2, a known driver of EMT and
stemness "', ]t was shown that the major
methyltransferase of the PRC2 complex, EZH2 has
binding sites for FRA1 which is indicative of FRAI-
mediated regulation *.

Since FOSLI is preferentially upregulated in the BRAF-
V600E mutation, and is involved in metastasis, we
hypothesised that FOSLI/FRA1 could play an
important role in promoting molecular and
morphological changes that are beneficial for the
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progression of malignant CRC. To test this, the BRAF-
V600E-positive CRC was modelled with the use of
patient-derived BRAF-V600E mutant and BRAF-
corrected organoid lines. We tested the effect of the
BRAF-V600E mutation in combination with a
metastatic-promoting  environment on organoid
morphology. Anti-cancer drugs that target BRAF were
tested if they can efficiently reverse the molecular and
morphological changes induced by the BRAF-V600E
mutation. To better understand the downstream
molecular events of FRAI, we specifically targeted
FOSLI transcription and we analysed FRA1 interaction
with promoters of PRC2 core genes known to be
important for maintaining a stem-cell like state and
EMT.

By targeting BRAF, we partially depleted p. ERK which
in turn downregulated FRAT1 and p. FRA1, confirming
previous findings that FRA1 is regulated by the MAPK
cascade and that FRA1 is overexpressed specifically
due to the BRAF-V60OE mutation %2, The BRAF
inhibition is also reflected by the downregulation of
c¢cMYC and p. cMYC which are downstream of BRAF
(Fig. 3). We used cMYC as an additional control for the
BRAF inhibition, as cMYC is partially regulated by the
MAPK cascade. In BRAF-V600E-mutants cMYC and
p.- cMYC were downregulated to BRAF-wt levels,
following BRAF inhibition, further confirming the
treatment was successful. Since the PRC2 complex is
known to be downstream of BRAF signalling and
partially regulated by BRAF-effectors, including
cMYC, we expected to see a downregulation of the core
proteins EZH2 and EED, upon a BRAF blockade.
Although FRAI and cMYC were successfully
decreased we did not observe any changes in the PRC2
gene products. We established that EZH2 and EED
maintained protein expression under BRAF-wt,
however, it was lower compared to the expression in
BRAF-V600E mutant and compared to drug-treated
organoids. This indicates that the effect of the drugs was
too transient to produce a significant difference in
downstream targets of cMYC and possibly of FRAI.
The efficiency of inhibition is highly dependent on the
duration of the drug treatment, the timing of protein
collection and the half-life of the drug. The half-life of
encorafenib is >30 hours in vitro and vemurafenib is
cleared after ~57 h in vivo, which is likely decreased in
vitro %19 In addition, in comparison to encorafenib,



vemurafenib is known to have a more transient
inhibitory effect according to unpublished studies of the
Kranenburg group. In our case, the inhibitors were
added once and proteins were collected 72 hours later,
allowing the drugs to get completely cleared and
therefore replenish BRAF signalling. It has been
previously shown that encorafenib was sufficient to
deplete cMYC expression and phosphorylation, but
after 16 hours expression was renewed (Sup. Fig. 2, E).
Therefore, we can argue that the effect of the drugs was
initially stronger, but by the time we collected the
proteins, the effect had decreased and that is why we did
not observe a full depletion of cMYC, p. cMYC or p.
ERK, and consequently of FRA1 and p. FRA1. In turn,
the effect of the BRAF inhibition was completely lost
on the level of EZH2 and EED, which are farther
downstream of BRAF compared to cMYC and FRAI.
Interestingly, the effects of the anti-cancer drugs were
not equal. Compared to vemurafenib, encorafenib
exerted a stronger inhibitory effect, that is reflected by
lower phosphorylation of ERK that in turn resulted in a
lower expression and phosphorylation of FRA1 in T10
(Fig. 3). We also observed that H3K27me3 expression
was higher only in vemurafenib-treated wells (Fig. 3).
Although there is a high variation in H3K27me3,
possibly due to the heterogenous expression of the
histone H3 itself, we speculate that the initial BRAF
blockade downregulated EZH2 and its target
H3K27me3, and that is visible on the blots (Fig. 3). The
differential effect of the chemotherapeuticals can be
explained by their differing mechanism of action.
Encorafenib is a general inhibitor of BRAF kinase
activity regardless of being mutant or wild type '®.
However, vemurafenib specifically inhibits the kinase
of BRAF-V600E mutant '*. The BRAF-V600E mutants
used in this study are heterozygous for the V600E
mutation. That is possibly why encorafenib seems to
have a stronger effect, as it abolishes BRAF activity
entirely, whereas the vemurafenib only blocks the
mutant kinase, and not the wild type, which remains
functional. To improve this assay, we advise to resupply
the chemotherapies daily, or to collect the samples
earlier to ensure that the drugs are still active in the cells.

To test if FRA1 specifically interacts with the PRC2
core components in BRAF-V600E mutant organoids,
we used small interfering RNA to block FOSLI
transcription and therefore FRA1 protein translation.
The inhibition of FOSLI was reflected on mRNA and on
protein level in T10, which indicates that the treatment
was successful (Fig. 4). However, there was a
discrepancy between FRA1-inhibited FOSL/ and FRA1
in NC (Fig. 4). Although FOSLI seems to be
overexpressed following siFOSL1 treatment, the
expression and phosphorylation of FRA1 on a protein
level was low or completely diminished, further
indicating that the transfection with siRNA was
successful (Fig. 4). However, RT-PCR results from a
single experiment are insufficient in reflecting a true
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biological effect due to the lack of biological repeats.
The experiment has to be reproduced multiple times to
narrow the error rate and to calculate the differences in
variation in order to obtain a reliable outcome. Of note,
we cannot make definitive conclusions about the effect
of siFOSL1 on PRC2 genes, however, we recorded
small decrease in all genes except for EED. These
insignificant changes were not detected on a protein
level for EZH2 and EED, suggesting that FRA1 has no
involvement in the regulation of PRC2 core
components. Histone H3 expression was homogenous
in all lanes (Fig. 4), in contrast to the previous blot (Fig.
3), and therefore is a reliable loading control for the
H3K27me3 mark. H3K27me3 showed increased
expression in T10 compared to NC. Moreover,
inhibition of FRA1 increased the H3K27me3 mark in
T10, a difference that is not reflected by EZH2
expression (Fig. 4, B). We believe that such
discrepancies could be a function of the assay itself as
there is an increased possibility for technical errors in
each component of the siRNA RT-PCR experiment.
Small inhibitory RNA could yield very powerful gene
transcription abrogation, in easily transfected cells such
as Hela cells, however, transfection of higher order
systems such as organoids could be challenging due to
heterogeneous reagent dispersal and inappropriate
siRNA delivery, among other problems 06107  In
addition, the RT-PCR technique is known to be
notoriously error-prone due to pipetting errors,
evaporation, air entrapment, excluding other factors
such as the quality of the template. Despite the
limitations of the siRNA RT-PCR assay, on protein
level, there is a visible decrease of FRA1 in siFOSL1-
treated wells, indicating that the small inhibitory RNA
treatment was successful, but no effect on EED, EZH?2
and H3K27me3 was observed. CMYC, ERK and their
phosphorylated versions were unaffected by FRAI
phosphorylation which makes sense because ERK is
upstream of FRAT and cMYC is not a target of FRA1
and therefore either should not be affected by blockade
of FRA1. To further delve into FRA1 involvement with
the PRC2 we performed ChIP and analysed it with RT-
PCR. Due to poor primer design and a high degree of
errors associated with the chromatin extraction and RT-
PCR, we could not address this aim, and more
biological repeats are required. However, the FRA1
enrichment is following a similar pattern in all lines and
in all genes whereby FRA1 has the highest percentages
in the BC2 line, followed by ~1% in the BC1 and NC
lines, and no enrichment in the T10 line (Fig. 8, B). The
observed pattern in all genes is suggesting that FRA1
occupation on PRC2 promoters is not dependent on
BRAF status (Fig. 8, B), and that is also in line with the
results following BRAF and FOSLI inhibition (Fig. 3,
7).

An important limitation of this experimental set-up is
the presence of cMYC. BRAF-V600E-mediated
overexpression of cMYC is known to regulate



H3K?27me3 via direct interaction with the PRC2 genes
%2, Therefore, the presence of cMYC might prevent
seeing any effect of FRA1 possibly due to competition
for the same DNA binding site on EZH2 and other
PRC2 components. To improve this setback, we advise
the conditional knockdown of cMYC to exclude its
already established regulatory role on the PRC2
complex, followed by transient deprivation from FRAT.
Inducible constructs have an advantage over gene
knockouts in that permanent inhibition especially of a
key gene such as cMYC might have a detrimental effect
on vital cellular processes. Resupplying the cells with
FRA1 and/or cMYC would reveal specific effects on the
PRC2 complex. Markers like gene and protein
expression could be monitored as well as changes in
methylation. Data from such analyses would enrich our
understanding of FRA1 and cMYC in proliferation and
stemness that has direct implications on metastatic
cancer research.

Although our results did not support previous claims
that FRA1 interacts with the PRC2 complex, FRA1
could be involved in epithelial cell transformations
through a different mechanism. Due to strong evidence
of FRA1 being involved in cell motility, we used a
metastasis-promoting matrix to compare differences in
morphology between FRA1-high BRAF-V600E mutant
CRC organoids with BRAF-wt that have low levels of
FRA1. We discovered that lines carrying the BRAF-
V600E mutation promoted cell protrusions and
separating cells in Collagen I and not in BME, whereas
BRAF-corrected lines did not form cell sprouts in either
matrix (Fig. 5; Fig. 6, B; Fig. 7, A). Similar to Koorman
et al, we observed small protrusions when the collagen
was polymerised at 37°C, however, a collective invasion
of bigger sprouts occurred at 26°C, likely due to larger
pore formation and a higher alignment of the collagen
%!, Upon use of BRAF inhibitors we partially abolished
sprout formation, indicating that BRAF is upstream of
molecular events responsible for the aberrant phenotype
(Fig. 7). The sprouting events are reminiscent of
pseudo-like cytoplasmic protrusions that have been
described in EMT-derived tumour cells clustering
predominantly on the invasive front of the tumour.
Moreover, we observed detached cells or cell debris that
might follow a similar mechanism to tumour budding,
however, further research is required (Fig. 6, A). Similar
to what we observed, these protrusions are often in
direct contact with adjacent structures and along with
the budding cells are associated with increased cell
motility and invasiveness '®-'''. Tumour budding is
associated with certain parameters notably loss of clear
sprouting or cell budding, however, more scientific
effort is required to unravel the relationship between
FRAT1 and the Rho-pathway.
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boundary between tumour and healthy tissue, and cell
migration, and has been officially recognised as
additional prognostic factor by the international union
against cancer (UICC) >4 Utilising the Collagen I
assay to model invasion and possibly a process similar
to tumour budding could be developed into a useful
prognostic marker for patients in the future.

From our experiments we can only speculate if the
detached cells are indeed living and migrating away
from the organoids. That is why including a cell
tracking assay or using a live/dead stain would provide
clarification. Following this, to understand the role of
FRA1 in BRAF-V600E overexpression, it would be
useful to generate FRA1 mutant for its essential
phosphorylation sites. That way FRA1 would be
specifically prevented from BRAF-ERK-mediated
activation, and thereby would confirm that any effects
produced by FRA1 are due to the BRAF-V600E
mutation. From that, RNA sequencing and protein
expression would give insight into FRA1-mediated
molecular shifts. Furthermore, changes in morphology
can be assessed with the 3D sprouting assay in Collagen
I. Chemoattractants characteristic of metastatic CRC
can also be included to test the migration ability of
organoid budding cells. Overall, the 3D sprouting in
Collagen I can be used to monitor organoid morphology
and is a powerful tool to test novel cancer drugs that
provides a possibility for personalised patient approach.

Despite the correlations between FRA1 expression and
EZH?2 activity in EMT, according to our research, FRA1
does not affect PRC2 expression on mRNA or protein
level. Rather than via the PRC2 complex, FRA1 could
contribute to invasive behaviour in another way. There
is extensive literature on FRA1’s involvement in cell
motility through cytoskeletal rearrangements. For
example, it has been clearly demonstrated that the
MAPK/ERK-induced overexpression of FRA1 leads to
inhibition of ROCK signalling which is necessary for
the extension of ruffles into active extending
protrusions in colon carcinoma cells . Moreover,
inhibition of FRA1 decreased tumour cell motility and
invasion. Of note, in our 3D sprouting experiment with
the mutant T10 in Collagen I vs BME, we observed no
added value of including ROCK inhibitor on protrusion
formation or cell migration (Fig. 6). Vial et al
demonstrated that overactivated FRA1 plays the same
function as pharmacologically inhibiting the ROCK
pathway, that serves to prevent cells dying from anoikis
9310 For that reason, we speculate that, upon addition
of the drug there was no increase in



Conclusions

Our goal was to decipher potential mechanisms of
BRAF-V600E-induced FRA1 in metastatic CRC. We
confirmed that FRAT1 is overexpressed due to BRAF-
V600E overactive kinase activity and that BRAF-
V600E is specifically responsible for acquiring an
invasive phenotype in CRC. Therefore, we
hypothesised that FRA1 is involved in promoting
invasion possibly through the PRC2 complex, however,
we could not identify relevant molecular interactions
with FRA1. It is possible that FRA1 contributes to
cancer aggressiveness via a different route, through
cytoskeletal rearrangements and evading anoikis,
through interaction with ROCK signalling, for instance.
Albeit lacking the complexity of a whole organism,
patient-derived organoids are comparable to the tissue
of origin and carry patient-specific features. Our model
system of CRC and invasion can be used to test novel
chemotherapy drugs in combination with genome-
editing technology to specifically target FRA1, in order
to fully unravel its roles in CRC. The 3D nature of the
organoid system allows the spatiotemporal
investigation of protein localisation and cytoskeletal
elements utilising techniques like
immunohistochemistry and live imaging. These
techniques can be combined to improve our
experimental set-up to build up our knowledge of FRA1
in the setting of BRAF-V600E.
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Supplementary materials

Reagents & antibodies

Catalogue number

Manufacturer

Advanced DMEM/F-12

A83-01

Basement membrane extract (BME)
Albumin Bovine Fraction V, powder
Bovine Serum Albumin Standard
B-27

c-myc (E5Q6W) Rabbit mAb
Cultrex Rat Collagen I

Cytokeratin 20 (M7019)

DAPI

Dispase II, powder

ECL Prime Western Blotting Detection Reagent
EED (E4L6E) XP Rabbit mAb

EGF (human)

Encorafenib (LGX818)

Ezh2 (D2C9) XP Rabbit mAb

FRA1 (D80B4) Rabbit mAb
GAPDH (D16H11) XP Rabbit mAb

Glutamax Supplement

Goat-anti-mouse IgG (H+L) Secondary Ab Alexa Fluor 688
Goat-anti-mouse Polyclonal immunoglobulins HRP
Goat-anti-rabbit Polyclonal immunoglobuling HRP

GoTaq DNA Polymerase

HEPES

High Pure PCR Product Pufirication Kit

H3 Rabbit pAb

H3K27me3 (C36B11) Rabbit mAb

INTERFERIn, siRNA and miRNA Transfection Reagent
iScript Reverse Transcription Supermix

1Q SYBR Green Supermix

MAPK Erk1/2 p44/42 (137F5) Rabbit mAb

MAPK p. Erk1/2 p44/42 Thr202/Tyr204 Rabbit Ab
p-slide (immunofluorescence)

Mounting medium

N-acetyl-L-cysteine

Nicotinamide

ON-TARGET plus Non-targeting Control Pool
Opti-MEM Reduced Serum Media

PageRuler Plus Prestained Protein Ladder (10 to 250 kDa)

p. c-Myec Ser62 (E1J4K) Rabbit mAb
Penicilin/Streptomycin (P/S)
pET28a-EGFP-CNA35 (Collagen I probe)
p. FRAI Ser265 (D22B1) Rabbit mAb

Protein Assay Dye Reagent Concentrate

QIAamp DNA Micro Kit

RIPA (lysis buffer)

RNeasy Micro Kit

SB202190

siRNA Human FOSL1 ON-TARGET plus SMART pool
Trans-Blot Turbo Transfer system

Trans-Blot Turbo Midi Nitrocellulose Transfer Packs

TrypLE
Vemurafenib

Y-27632 (ROCK inhibitor)

12634010
HY-10432
3533-001-02
24040100
5000206
17504044
18583
344000501
M7019
422801
17105041
10308449
85322

S7108
5246
5281
cs5174

A21057
P0448
P0447
M3005
H3375

11732676001
ab1791
cst9733
101000036
1708891
1708882
cst4695
9101

81506
50001
A9165
N0636
D0018101005

26619
13748

61603
5841

5000006

56304

9806

74004

A1632
L004341000005
1704150
1704159

PLX4032
HY-10583

ThermoFisher Scientific
MCE

Sigma-Aldrich
ThermoFisher Scientific
Bio-Rad

ThermoFisher Scientific
Cell Signalling Technology
R&D

Agilent Dako

BioLegend

ThermoFisher Scientific
Cytiva

Cell Signalling Technology
PreproTech

Selleckchem

Cell Signalling Technology
Cell Signalling Technology
Cell Signalling Technology
ThermoFisher Scientific
Life technology

Agilent Dako

Agilent Dako

Promega

Sigma

Roche

Abcam

Cell Signalling Technology
Polyplus

Bio-Rad

Bio-Rad

Cell Signalling Technology
Cell Signalling Technology
Ibidi

Ibidi

Sigma

Sigma

PerkinElmer (horizon)
ThermoFisher Scientific
ThermoFisher Scientific

Cell signalling
ThermoFisher Scientific

Addgene
Cell Signalling Technology

Bio-Rad

QIAGEN

Cell Signalling Technology
QIAGEN

Gentaur

PerkinElmer (Dharmacon Reagents)
Bio-Rad

Bio-Rad

ThermoFisher Scientific
Selleckhem

MedChem Express

Supplementary Table 1. Reagents and antibodies catalogue sheet.
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ChIP RT-PCR

Target Sequence Transcription factor
1. EZH2 Promoter 1 FW: TCCACTGCCTTCTGAGTCC FRA1/cMYC
RV: AAAGCGATGGCGATTGGG
2. EZH2 Promoter 11 FW: CTCCACTGCCTTCTGAGTCC FRA1/cMYC
RV: CCCTGTGATTGGACGGGC
3. EED Promoter FW: TTCCACAGACTTTCGCTCCC FRA1/cMYC
RV: CCGGCAGTCTACACGATGTA
4. SUZ12 Promoter FW: GACCCCTAATTTTCCCGCGA FRA1
RV: GGATTCCCCCGTCAGTCAC
5. SUZ12 Promoter FW: GATGGCGCCTCAGAAGCA cMYC
RV: GATTTGCCGCCCGAAGCC
6. Negative Control FW: AGTCTCATTCGGTTGCCCAG hgl9 dna
RV: AGACCAGACTGGCCAACATG range=chr12:49585004-
49585919
siRNA RT-PCR
7. FRA1 FW: GGAGGAAGGAACTGACCGACTT
RV: CCAGATTTCTCATCTTCCAGTTTGT
8. EZH2 FW: ATTTCGTAGGAGGGAGCAAAG
RV: TGGGCCTGCTACTGTTATTG
9. EED FW: TAAGGGCACGTAGAGCATTTAG
RV: TGAGCAGGAAGACAGTACAAAG
10. SUZ12 FW: GCAGCTTACGTTTACTGGTTTC
RV: TGAGTTTGGTGATGGCTTATCT
11. GAPDH FW: CTTTTGCGTCGCCAG
RV: TTGATGGCAACAATATCCAC
Genotyping

12. BRAF-V600E

FW: CAGACCTCTGACCTTGCTCA

RV

: GACAACTGTTCAAACTGATGGGA

Supplementary Table 2. Primer sets.

Primers are displayed in a 5’ to 3’ direction.
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Supplementary figure 1. FOSL 1 mRNA expression in colorectal cancer.

Data in A and B was obtained via mRNA sequencing by the Kranenburg group and graphs were generated in R2 Software
(Amsterdam Medical Centre). The results published in C are based on the TCGA dataset generated in the cBioPortal.

(A) Expression of FOSLI mRNA between 15 KRAS and 15 BRAF mutant in CRC organoids

(B) Expression of FOSLI mRNA between 35 BRAF mutant, 54 BRAF wildtype and 24 unknown for the mutations in
patient biopsies of tumour colon metastasis.

(C) Expression of FOSLI mRNA between mutant BRAF (alterred) and wildtype BRAF (unaltered) in the TCGA cohort.
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Supplementary figure 2. FOSLI mRNA and FRA1 protein expression comparison between BRAF-
V600E mutant and BRA F-corrected colorectal cancer organoids.

Data was generated via RNA sequencing by the Kranenburg group and the plots were made in R2 (Software by Amsterdam
Medical Centre).

(A) MRNA expression of FOSLI in BRAF-V600E mutant (mutated) and BRAF-corrected (corrected) CRC organoids.
(B) MRNA expression of FOSLI target genes in BRAF-V600E mutant and BRAF-corrected CRC organoids.

(C) Correlation graph of A and B.
(D) Protein expression of phosphorylated FRA1 (p-FRA1) and FRA1 in BRAF-V600E (T10, NC) and BRAF-corrected

(BC1,BC2). T10 was treated with encorafenib (enco o/n) or vemurafenib (vemu o/n) overnight. Actin was used as

loading control.
(E) Following encorafenib treatment, protein expression of p-FRA1, FRA1, cMYC and phosphorylated cMYC (p-

cMYC) was detected at different time points shown on the top of the blots. GAPDH was used as a loading control.
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