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Abstract

Competitive interactions are the basis of many developmental and homeostatic processes in multi-
cellular organisms. This mechanisms are widespread in nature and play essential roles in tissue quality
control thereby influencing regeneration, aging, development. In addition, cell competition can also have
a tumour suppressing or a tumour promoting role, depending on the context. A mechanism of cell-to-cell
communication during cell competition was proposed to be based on the display of ”Fitness Fingeprints”.
These allow fitness comparison between neighbouring cells through a transmembrane protein named
Flower. The different isoforms of this protein make up the Flower code. Cells of suboptimal fitness will
express ”lose” Fitness Fingerprints while fitter cells express ”win” Fitness Fingerprints. The direct com-
parison of fitness among cells leads to the optimization of tissue fitness by inducing elimination of ”losers”.

A few other key players of Flower-mediated cell competition have been described, mostly using
Drosophila as a model organism. Recently the human homologues of Flower were identified and demon-
strated to drive cell selection through competition. However, much of the signaling relevant to this process
remains unexplored and uncharacterized, especially in humans.

To unravel these mechanisms, a transcriptomics approach through RNA-sequencing was chosen
to identify novel gene candidates, relevant to Fitness Fingerprint based cell competition in humans. To
promote the study of cell elimination through Fitness Fingerprints, an in vitro human competition assay
was further developed.

Keywords: Cell competition, Fitness Fingerprints, Human, Transcriptomics, RNA-seq, Gene ex-
pression

1. Introduction
Cell competition was first reported in 1975 in the
wing imaginal disc of Drosophila melanogaster.
The landmark experiments by Ginés Morata and
Pedro Ripoll reported a process known as cell
competition to eliminate cells heterozygous for the
Minute mutation (M/+). This mutation was later
shown to be involved in encoding ribossomal ma-
chinery of the cell [1, 2, 3]. These cells were elim-
inated from the tissue through an active process
of apoptosis mediated by the Jun N-terminal ki-
nase (JNK) pathway [4]. Only when adjacent to
fitter wildtype cells, was cell competition triggered
and M/+ loser cells eliminated. These findings sug-
gested cell competition to be a context dependent
phenomenon and fitness is a relative concept.

With the great increase of studies in this field
for the past 15 years, it has been shown that cell
competition is not only restricted to ribosomal pro-
tein mutations: impaired growth factor signalling,
reduced anabolic capacity or altered apico-basal
polarity have been shown to also represent triggers

for competitive interactions [5, 6].
With the expanding knowledge on mutations that

trigger cell competition, it was found that certain
mutations can increase the proliferative potential
and enhance the fitness of cells. These termed
”supercompetitor” cells can expand, kill and re-
place their wildtype counterparts. Overall, it was
shown that the clonal expansion of supercompe-
titior cells is morphologically silent because it is
compensated by the elimination of the wildtype
cells [7, 8].

Cell competition was initially proposed to con-
tribute to several physiological functions, including
correction of developmental errors as observed in
the fly wing imaginal disc [4].

Cell competition was also shown not to be re-
stricted uniquely to embryonic stages nor to the
Drosophila model. For instance, this process was
found to be relevant for the normal thymus function
in mice. It was demonstrated that under physio-
logical conditions, T cell precursors derived from
the bone marrow compete with the thymic T cell
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precursors and replace the resident cells [9]. Fur-
thermore, this same experiment also related cell
competition to a tumour suppressing role. When
the competition-based turnover in the thymus was
suppressed, older progenitors that ersisted in the
thymus turned into cancerous cells. Contrastingly,
it has also been suggested that cell competition
might play a tumour promoting role. Supercompe-
tition was proposed to play a role in the expansion
of pretumoural cells through the active elimination
of the surrounding cells [7, 8].

Cell competition is triggered by sharp differences
in fitness between the prospective winner and loser
cells. Several hypotheses have been proposed to
explain the different comparison interactions that
lead to the determination of a winner or loser phe-
notype. These can be categorized according to
the need for direct contact in order to communicate
fitness status. The trophic theory for competition
described cells competing for limiting amounts of
soluble survival factors. Mechanical stress sens-
ing was the basis for the postulation of another
model to explain fitness comparison in epithelia.
Neither of these models require direct winner-loser
cell contact to induce loser elimination.

An alternative mechanism to recognize and elim-
inate cells in a context-dependent manner was hy-
pothesized to be based on cell-cell communica-
tion. Such a process would allow cells to display
their fitness status to cells in their vicinity and se-
lection would be based on relative comparison be-
tween neighbours. The discovery of the flower
gene (fwe), which encodes for several isoforms
that were termed as ”Fitness Fingerprints”, was
the first evidence to support this theory[10]. fwe
was identified in a microarray experiment in the
Drosophila wing imaginal disc, for genes differen-
tially expressed early in loser cells during compe-
tition. The fwe locus in Drosophila encodes three
different isoforms. One of the isoforms, Fwerubi,
was found to be generally expressed throughout
the wing disc. Hence, it was named Fweubi for its
ubiquitous pattern of expression. Downregulation
of this isoform was found exclusively in loser cells
during competition. On the other hand, the other
two isoforms termed FweloseA and FweloseB were
only found to be expressed in the loser cells during
competition.

Fwe winner and loser signals were later discov-
ered to be integrated by azot, in order to decide
a final outcome [11]. This gene was reported to
work as a mediator of cell competition. azot was
found to be upregulated in loser cells during com-
petition. It encodes for a protein with four calcium
binding EF-hands domains and essentially acts as
a checkpoint for cell elimination upon cell compe-
tition. It was observed that the decision to effec-

tively eliminate the loser cell is dependent on the
transcription of azot.

Drosophila has been the most extensively used
model to study cell competition related to Fitness
Fingerprints. However, it has also been reported
that Fwe is conserved in mammals [12]. Recent re-
search in our group has, for the first time, studied
and characterized the human homologue of Fwe
(hFwe) [13], which encodes four different isoforms,
all predicted to be membrane proteins (Figure 1).
hFwe also appears to be functionally conserved in
humans. It was determined that while hFwe1 and
hFwe3 serve as lose isoforms, hFwe 2 and hFwe
4 give a competitive advantage. These results are
of great importance, given that they will enable to
further understanding on the effects of cell compe-
tition in humans.

Figure 1: Schematic representation of the human Flower iso-
forms. Adapted from [13]

Many of the key players discovered to be re-
lated to Fwe-mediated cell competition were found
in Drosophila through microarray gene expression
studies of cells undergoing competition. However,
next-generation sequencing technologies are now
challenging microarrays as the tool of choice for
transcriptome analysis, providing a new method for
both the mapping and quantification of transcripts.
These platforms allow the fast and cost-effective
generation of massive amounts of sequence data
and have the potential to overcome some of the
limitations posed by hybridization-based method-
ology. In a single RNA-sequencing (RNA-seq) ex-
periment it is not only possible to study gene ex-
pression, but also alternative splicing and novel
transcript mapping among other applications [14].
Furthermore, RNA-seq allows the sequencing and
quantification of transcriptomes at maximal reso-
lution and dynamic range, independently of tran-
script size and, most importantly, free from any pre-
conception of expected results.

The aim of this project is to relate transcriptomic
changes in human cells to the absence of Flower-
mediated cell competition, in both homeostatic and
injury conditions. We also proposed to develop an
in vitro human Fwe-mediated cell competition as-
say.
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2. Results and Discussion
2.1. The effect of Fwe deletion on human cells
MCF7, a human breast cancer cell line, was used
to create the hFwe knockout cell line (MCF7 hFwe
KO) by targeting the first exon of the hFwe gene
via CRISPR-Cas9 genome editing. This exon was
chosen not only for including the starting codon
necessary for transcription, but also for being com-
mon to all transcript variants (Figure 1).

To identify genes relevant to cell competition, the
wildtype and knockout conditions were compared
through RNA-seq. A large subset of 7153 differen-
tially expressed genes was found (Figure 2). Hav-
ing generated this dataset, the next step would be
to perform functional assays with the most statis-
tically significant differentially expressed candidate
genes. An unbiased approach based on statisti-
cal significance is the one most in-line with the use
of RNA-seq which, unlike microarray experiments,
is hypothesis-independent in nature. This strategy
is therefore the one that allows more novel unex-
pected discoveries.

Figure 2: Distribution of up and down-regulated genes across
the total of differentially expressed genes between MCF7 WT
and MCF7 hFwe KO samples.

However, by having a preliminary look at the
data, within the top 25 differentially expressed
genes sorted by statistical confidence, a few genes
were thought to be of special relevance (Table
1). This bias in analysis is mainly due to expec-
tations from the dataset or previous work in the
group that has provided some hints as to what one
might expect. Transcription factors downstream of
hFwe would be of interest to pursue in future as-
says that try to clarify how hFwe downstream sig-
naling is modulated. Within the top 25 genes, a
few transcription factors and nucleic acid binding
proteins can be found: CSDE1, XBP1, GATA3,
ZFP36L2. Given the contact-dependent nature
of Fwe-mediated cell competition, genes that en-
coded proteins with transmembrane domains or
secreted proteins were also thought to be of in-
terest: DCBLD2, CTSD, SLC16A3. Additionally, it
is known that azot encodes for a protein with EF-

hand domains, hence some genes with such do-
mains were also a possibility: S100A4. Further-
more, the RNA-seq results also allow the search
of specific genes, given an ENSEMBL ID. Us-
ing this approach, it was possible to search for
CALM3 in our dataset. This gene is currently being
tested in parallel work within our research group,
as a candidate for human homologue of azot. In-
deed,CALM3 was found among the differentially
expressed genes between the wildtype and knock-
out conditions.

Functional enrichment analysis of the RNA-seq
dataset was also performed. This analysis looks
for functional annotations particularly enriched in
the dataset. Terms related to ”Cell cycle”, ”Cell pro-
liferation” and ”Cytoskeleton Organization” were
found among the top enriched GO terms. These
are in accordance with observed morphological dif-
ferences, here shown as cell size, and differences
in cell cycle analysis (Figure 3).

Furthermore, validation of the RNA-seq exper-
iment was performed with RT-qPCR using five
genes from the top 25. A strong linear correlation
was observed between the gene expression of the
tested genes, as determined by both RNA-seq and
RT-qPCR (R2 = 0.96).

Figure 3: Cell size and cell cycle analysis. a-b) Size of MCF7
WT and MCF7 hFwe KO was assessed through flow cytometry,
by measuring forward light scatter (FSC-A). a) The right shift
on the horizontal axis indicates the MCF7 WT population has
a greater cell size than MCF7 hFwe KO. b) Two independent
experiments were performed, with two replicates each. c) The
DNA histograms show the distribution of cell populations in each
phase of the cell cycle. Comparison between the same cell cy-
cle phase between the two conditions with t-test rendered all
tests with p-val < 0.01. Experiment conducted with three bio-
logical replicates.
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2.2. The Effect of hFwe on External Insult Response
To assess the role of human Flower in a context of
injury, UV irradiation was applied on both MCF7
WT and MCF7 hFwe KO to induce mild stress
and increase the need for fitness-based cell selec-
tion, in similarity to what was done in Drosophila to
study the role of azot [11]. RNA-seq analysis re-
sulted in two lists of differentially expressed genes:
one from the analysis of differentially expressed
genes between the non-irradiated wildtype and UV
irradiated wild-type conditions (WT-WTi); and an-
other from the analysis of differentially expressed
genes between the non-irradiated knockout and
UV irradiated knockout conditions(KO-KOi, Figure
4).

Figure 4: Representation of differentially expressed genes
upon UV exposure in wildtype and knockout conditions.
Genes classified as differentially expressed between MCF7 WT
and MCF7 WT UV irradiated in green. Equivalently, differentially
expressed genes between MCF7 hFwe KO and MCF7 hFwe KO
UV irradiated conditions are represented in blue. Venn diagram
format depicts the overlap of differentially expressed genes be-
tween the two groups. All genes considered differentially ex-
pressed have an adjusted p-val < 0.01.

It was reasoned that the 228 genes matching
both analysis were hFwe independent and trig-
gered by UV irradiation, because these genes
were differentially expressed between the non-
irradiated and irradiated samples in both the pres-
ence and absence of hFwe. Indeed, literature re-
view and functional enrichment analysis, confirmed
that these genes were, in great part, related to the
classical response to UV induced stress, DNA re-
pair and DNA damage signaling (data not shown)
[15, 16] .

The differentially expressed genes that did not
match the WT-WTi analysis and remained in the
KO-KOi dataset exclusively, were postulated to
be dependent on the absence of hFwe and UV-
triggered (KO-KOi non-matching genes dataset).
In addition to the DNA damage and repair related
genes found to match between both Wt-WTi and
KO-KOi analyses, addeditional UV damage and
DNA repair genes that were not present in the WT-
WTi analysis, were found exclusively in the KO-KOi

non-matching dataset. Given that fitness based se-
lection is no longer possible in the knockout con-
dition, the DNA damage and repair response will
persist in the KOi culture. Cells that in the wildtype
condition would be eliminated by fitness compari-
son, in the knockout condition will remain alive or
senescent and the problems caused by the injury
will accumulate. In addition, another GO category
that is present in the non-matching KO-KOi analy-
sis is the ”ribosome biogenesis” annotation. This
might be comparable to the Minute mutations, in
the sense that UV damage would result in loser
cells with reduced anabolic fitness.

It is also worth noting that the size of the KO-KOi
dataset is larger than the WT-WTi analysis (Figure
4). Meaning that more genes are differentially ex-
pressed in the KO-KOi analysis. This might be due
to secondary compensatory pathways being acti-
vated in order to circumvent the absence of Flower.

The genes that were found to be exclusive of
the WT-WTi analysis (WT-WTi non-matching dif-
ferentially expressed genes), were hypothesized to
be triggered by UV irradiation and require the ex-
pression of Flower (Table 2). This dataset, would
therefore be of great interest, given its potential in
finding possible novel players related to Flower-
mediated competition. Similarly to the previous
section, within this dataset it would be desirable to
conduct functional experiments in the future on an
unbiased selection of candidate genes.

However, a preliminary analysis of the top 25
differentially expressed genes, sorted bt statis-
tical significance shows again a few interesting
genes. For the same reasons as previously de-
scribed, particular importance was given to genes
encoding for: secreted proteins, as is the case of
CTSD;transcription factors, SP110; and EF-hand
domains, S100P. In addition, one of the top 25
genes, BASP1, was found to have CALM3 included
in its interactome network (determined by STRING
protein-protein interaction database).

2.3. Creating a competitive paradigm: Direct fitness
manipulation of human cells

To further study the mechanisms that govern
fingerprint-based fitness comparison in human
cells, an essay inspired by previous work of col-
leagues within the group was designed. This ex-
periment primarily consists on dictating the fitness
of human cells by transfecting Flower-deficient
cells with a single human flower isoform. The
resulting cell line therefore only expresses the
prospective ”win” or ”lose” fingerprint [13]. Trans-
fections were performed following two strategies.
Initially, a proportion of one lentiviral particle to
each cell was used, as is usually done in trans-
fection experiments. Often transductions are per-
formed with proportions ranging from 1:1 to 1:10
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Table 1: Top 25 differentially expressed genes, ordered by statistical significance. Fold change is relative to MCF7 hFwe
KO dataset, —i.e., negative fold change represents downregulation in the KO dataset, while positive fold change translates upreg-
ulation in KO dataset relative to WT dataset. Drosophila orthologues of human genes are shown when possible.

Gene Name log2(FC) Fly Orthologue
CSDE1 cold shock domain containing E1 -2.6855 Unr Upstream of N-ras
CDH1 cadherin 1 -3.6603 - -
DCBLD2 discoidin, CUB and LCCL domain containing 2 3.7196 - -
APPBP2 amyloid beta precursor protein binding protein 2 -3.4483 Pat1 Protein interacting with APP tail-1
FSCN1 fascin actin-bundling protein 1 4.4002 sn singed
EZR ezrin 3.3403 Moe Moesin
XBP1 X-box binding protein 1 -5.0056 Xbp1 X box binding protein-1
DHRS2 dehydrogenase/reductase 2 -4.9210 CG10672 SD02021p
COTL1 coactosin like F-actin binding protein 1 3.2119 CG6891 CG6891, isoform A
GATA3 GATA binding protein 3 -8.7476 grn; pnr; GATAe grain; pannier; GATAe
TRIM37 tripartite motif containing 37 -3.4547 - -
CTSD cathepsin D -2.4066 cathD; CG10104 cathD ; -
PREX1 phosphatidylinositol-3,4,5-trisphosphate dependent Rac exchange factor 1 -6.0833 - -
NCOA3 nuclear receptor coactivator 3 -4.2143 - -
PARD6B par-6 family cell polarity regulator beta -4.5902 par-6 par-6
AKAP12 A-kinase anchoring protein 12 9.5895 - -
PHLDA1 pleckstrin homology like domain family A member 1 6.8717 - -
BCAS3 BCAS3, microtubule associated cell migration factor -6.5219 rudhira -
MIR6787 microRNA 6787 4.5803 - -
ZFP36L2 ZFP36 ring finger protein like 2 -4.7262 Tis11 Tis11 homolog
PDP1 pyruvate dehyrogenase phosphatase catalytic subunit 1 5.7307 Pdp Pyruvate dehydrogenase phosphatase
PHLDA2 pleckstrin homology like domain family A member 2 2.6130 - -
IDH2 isocitrate dehydrogenase (NADP(+)) 2, mitochondrial -3.9134 - -
SUMO3 small ubiquitin-like modifier 3 -3.3318 smt3
S100A4 S100 calcium binding protein A4 8.1239 - -

Table 2: Top 25 differentially expressed genes in the WT-WTi non-matching group, ordered by statistical significance.
Fold change is relative to MCF7 WT irradiated dataset, —i.e., negative fold change represents downregulation in the WTi dataset,
while positive fold change translates upregulation in WTi dataset relative to WT dataset. Drosophila orthologues of human genes
are shown when possible.

Gene Name log2(FC) adjusted p-val Fly Orthologue
IFIT1 interferon induced protein with tetratricopeptide repeats 1 3.3028 1.33E-87 - -
OAS3 2’-5’-oligoadenylate synthetase 3 2.3603 4.45E-77 - -
PARP14 poly(ADP-ribose) polymerase family member 14 2.2268 5.14E-75 - -
DTX3L deltex E3 ubiquitin ligase 3L 1.6634 1.57E-67 dx deltex
EIF2AK2 eukaryotic translation initiation factor 2 alpha kinase 2 1.2308 2.26E-43 - -
S100P S100 calcium binding protein P 1.5346 3.53E-41 - -
CLU clusterin 1.2010 5.54E-41 - -
OAS1 2’-5’-oligoadenylate synthetase 1 2.2685 2.31E-35 - -
SP110 SP110 nuclear body protein 1.9113 5.55E-34 - -
IFIH1 interferon induced with helicase C domain 1 1.8633 1.61E-30 - -
SAMD9 sterile alpha motif domain containing 9 2.0688 3.19E-30 - -
MT-TF mitochondrially encoded tRNA phenylalanine 1.6832 6.30E-29 - -
DDX60 DExD/H-box helicase 60 2.0703 1.54E-28 - -
H1F0 H1 histone family member 0 -1.0517 1.49E-26 - -
BASP1 brain abundant membrane attached signal protein 1 1.0226 1.73E-25 - -
CTSD cathepsin D -0.4771 3.14E-25 cathD; CG10104 cathD ; -
MT2A metallothionein 2A 0.6830 2.64E-24 - -
TAP2 transporter 2, ATP binding cassette subfamily B member 1.3050 2.90E-24 - -
NEAT1 nuclear paraspeckle assembly transcript 1 (non-protein coding) 0.6980 1.09E-21 - -
RNR2 mitochondrially encoded 16S RNA 0.4127 2.74E-17 - -
PLSCR1 phospholipid scramblase 1 1.3196 4.75E-17 scramb1; scramb2 scramblase 1; scramblase 2
ISG20 interferon stimulated exonuclease gene 20 1.3713 1.77E-15 - -
IFIT3 interferon induced protein with tetratricopeptide repeats 3 1.4910 3.83E-15 - -
IRF7 interferon regulatory factor 7 1.4859 1.09E-14 - -
DTD1 D-tyrosyl-tRNA deacylase 1 -0.6641 1.66E-14 CG18643 D-tyrosyl-tRNA(Tyr) deacylase
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(of target cells to infecting agents, respectively).
Given that lentiviral transfections can be modelled
with a Poisson distribution, using an average of 10
particles per cell ensures that 99% of the cells in
a culture will be synchronously infected [17]. Us-
ing one lentivial particle per cell, it can be pre-
dicted that 73% of the culture was infected with at
least one copy of hFwe. Following FACS sorting to
select the infected cells, RT-qPCR showed that in
fact, there was no statistically significant difference
between the endogenous expression observed in
MCF7 WT cells and the low overexpression cell
lines (Figure 5).

Figure 5: hFwe expression after lentiviral transfection.
Gene fold change was determined using the 2−∆CT method
for all isoforms. The expression of each isoform in the MCF7
WT cell line was used as the endogenous expression control.
GAPDH was used as housekeeping gene. Results representa-
tive of two independent experiments.

Using the experimental setup as described, co-
culture of the low overexpression cell lines in both
1:1 or 1:10 proportions of loser isoform cell line
to winner cell line, did not lead to the observation
of cell competition. It was then hypothesized that
greatly overexpressing the isoforms could possi-
bly trigger cell competition. Hence, new cell lines
were transfected following a second strategy us-
ing concentrated lentiviral particles in a 1:32 pro-
portion of target cells to lentiviral particles, ensur-
ing about 95% of the culture integrated at least
20 copies of hFwe, according to the Poisoon mod-
elling. Figure 5 shows that in the high overexpres-
sion cell lines a statistically significant overexpres-

sion of the Flower isoforms is observed. Still, under
these experimental conditions no competition was
observed upon co-culture (Figure 6a ). Figure 6b
shows increased apoptosis in co-culture at the 72h
timepoint, when compared to the apoptotic popula-
tions in each monoculture for the same timepoint.
This result requires more independent replicates in
order to assess statistical significance. Neverthe-
less, it marginally suggests that using more lentivi-
ral particles and causing an even higher overex-
pression could lead to an evident competitive con-
text.

3. Conclusions
Transcriptomic changes were observed through
RNA-seq analysis upon the deletion of hFwe. Can-
didate genes possibly related to Flower-mediated
competition were identified and should be further
characterized in the future through functional as-
says of deletion or overexpression in Drosophila or
using the proposed in vitro assay.

Transcriptome analysis further revealed differ-
ences between the wildtype and knockout condi-
tions in response to injury. Overall, more genes
were found to be differentially expressed in re-
sponse to radiation upon the absence of Fwe. This
could be the result of alternative compensatory
pathways activated upon hFwe deletion. Further-
more, additional UV damage elated genes were
found to be exclusive of the knockout condition.
There is also reason to believe this could also be
due to persisted damage in cells that would be
eliminated if fitness comparison were possible.

In the attempt of establishing an in vitro human
assay of Fwe-mediated cell competition, single iso-
forms of hFwe were introduced into hFwe-deficient
cells. However, under the practiced experimental
conditions, even with different induced magnitudes
of hFwe isoform overexpression, the triggering of
cell competition was not evident. Nevertheless,
the results suggest that in the future, increasing
the magnitude of overexpression could lead to the
competitive response.

Despite the exploratory nature of the experi-
ments, the information the results reveal is rele-
vant. The generated data is novel and points to-
wards the need to further develop protocols to bet-
ter characterize Fwe-mediated cell competition in
humans, given the growing evidence of the rel-
evance of this mechanism in physiological and
pathological processes, cancer in particular.

4. Methodology
4.1. Cell culture
MCF7 WT cells, MCF7 hFwe KO cells, HEK293T,
and other subsequent cell lines resulting from
lentiviral transfection of the above mentioned
parental lines were cultured in Dulbecco’s Modi-
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Figure 6: Co-culture experiments overexpressing Win and Lose hFwe isoforms. a) Live imaging experiment with high
overexpression winner and loser conditions. Top row images depict the initial timepoint while the bottom row images correspond
to the final timepoint. Fluorescent signal in live imaging expreriments is due to the co-expression of fluorophores (GFP/RFP)
with the transfected hFwe isoform. Cell seeding in a 1:10 ratio of MCF7 hFwe 2-RFP to MCF7 hFwe 1-GFP, respectively, was
performed.

fied Eagle Medium (DMEM,Biowest, L0104-500).
All culture media were supplemented with 10%
fetal bovine serum (FBS, Gibco, 10270) and
1% penicillin-streptomycin (HyClone). Cells were
maintained in a humidified environment at 37
◦C, 5% CO2, 95% humidity, live cell imaging in-
cluded. All cell lines were routinely checked for
Mycoplasma contamination.

4.2. RNA-sequencing
RNA extraction was performed on triplicate sam-
ples of MCF7 WT, MCF7 hFwe KO at 48 hours af-
ter seeding. Separate triplicate samples of MCF7
WT and MCF7 hFwe KO were seeded in parallel
and irradiated (UVP C-X 2000 crosslinker, 254 nm)

with UV light at the energy of 10 J/m 2. RNA of the
UV irradiated samples was extracted at 48h after
irradiation. Hence, in total, twelve mRNA libraries
were constructed following the Lexogen QuantSeq
protocol [18]. Samples were sequenced on an
Illumina HiSeq 3000 instrument as 50bp single-
end libraries at the Centre for Genomic Regulation,
Barcelona. Between seven and nine million reads
were obtained per sample. The data presented
in this study were analysed through Galaxy,an
open-source, web-based platform for bioinformat-
ics data analysis [19]. Raw data files from the
sequencing were assessed for quality using the
FastQC tool. No artifacts from sequencing adap-
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tors or significant decrease in quality with increase
in read length was evident, therefore no trimming
or other kind of post-processing was applied on
the reads. Reads were mapped to the human
GRCh38 genome assembly with HISAT2 2.0.5.1
using default parameters [20]. Quantification of
aligned reads and extraction of gene and transcript
information was performed using htseq-count (HT-
Seq version 0.6.1) [21]. Biological replicates were
merged and differentially expressed genes were
determined using DESeq2 [22]. A cut-off of ad-
justed p-value < 0.01 was used to define the dif-
ferentially expressed genes group. Gene Ontology
(GO) analysis for differentially expressed genes
was performed using the GOEnrichment present
in the Galaxy platform with default settings. Slim
GOEnrichment was preferentially used in order to
avoid redundancies and ease data analysis.

4.3. Lentiviral production and transduction
4.3.1 Low Overexpression

For the generation of letiviral particles, 6× 106 293
HEK293T cells were seeded in 10 cm plate in com-
plete DMEM (pen-strep free). The following day the
cells were co-transfected with the the GFP/RFP -
IRES - hFWE1−4 transfer vector plasmid (pD2109-
CMV) and pLP1, pLP2, and pLP/VSVG (ViraPower
Lentiviral Expression System, Invitrogen) packag-
ing plasmids using Jet-Prime transfection reagent
(Polyplus). The DNA transfection mix consisted of
the following: 1, 2µg pLP1: 1, 13µg pLP2 : 0, 78µg
VSV-G : 1µg lenti target DNA. Lentiviral super-
natants were collected at 24h after transfection,
centrifuged at 3000 g for 5 min and filtered through
a 0.45µm pore size syringe filter to eliminate cellu-
lar debris and stored in at -80 ◦C.

For each transfection, 1× 106 cells were seeded
and after 24 hours transduced in T-25 flask with
1 mL of supernatant containing lentiviral particles
in complete DMEM supplemented with 8µg/mL of
Polybrene (Sigma). Cells were incubated overnight
and, after that, the medium with the viral particles
was replaced. Cells were then maintained in cul-
ture for two passages in the BSL2 facility. GFP
and RFP positive cells were then sorted through
fluorescence-activated cell sorting (FACS), in or-
der to enrich the transfected population. Transduc-
tion efficiency was assessed by flow cytometry to
be under 10%, indicating an integration of a single
copy of target DNA per cell.

4.3.2 High Overexpression

For the generation of lentiviral particles, 12 × 106

293 HEK293T cells were seeded in duplicate, in
15 cm plates in complete DMEM (pen-strep free).
The following day the cells were co-transfected

with the the GFP/RFP - IRES - hFWE1−4 trans-
fer vector plasmid (pD2109-CMV) and pLP1, pLP2,
and pLP/VSVG (ViraPower Lentiviral Expression
System, Invitrogen) packaging plasmids using Jet-
Prime transfection reagent (Polyplus). The DNA
transfection mix consisted of the following: 4, 79µg
pLP1 : 4, 5µg pLP2 : 3, 11µg VSV-G : 4, 15µg lenti
target DNA. Lentiviral supernatants were collected
at 24 hours and 48 hours after transfection, cen-
trifuged at 3000 g for 5 min and filtered through a
0.45µm pore size syringe filter to eliminate cellu-
lar debris. The 60 mL of supernatant were then
concentrated with LentiX (ClonTech) to 600µLtotal
volume and stored at -80 ◦C.

For each MCF7 hFwe KO cell line transduced
with GFP/RFP - IRES - hFWE1−4, 45 × 105 cells
were transduced in 24-well plate with 600 µL of
supernatant containing lentiviral particles in a to-
tal of 1 mL of complete DMEM supplemented with
8µg/mL of Polybrene (Sigma). Cells were incu-
bated overnight and, after that, the medium with
the viral particles was replaced and the cells were
maintained in culture continuously for two pas-
sages until FACS to sort GFP or RFP positive cells.

4.4. Apoptosis analysis
Flow cytometery was used to detect the population
of apoptotic cells by observing Annexin-V stain-
ing (Pacific Blue conjugte, Invitrogen) of the MCF-
7 WT,MCF-7 hFweKO cells and cell lines overex-
pressing the hFwe isoforms. Cells were washed
once with PBS, and incubated with annexin as per
manufacturer’s protocol. Stained cells were ana-
lyzed by flow cytometry (LSRFortessa X-20) and
the percentage of apoptotic cells was determined
by using FlowJo software.

4.5. Cell Cycle Analysis
Following trypsinization, 1× 106 cells were washed
with PBS and fixed in 70% ice-cold ethanol while
vortexing, to avoid aggregation. Fixation was per-
formed for a minimum of 1 hour at 4◦C. Fixed
cells were re-hydrated for 10 mins in PBS and
washed once again. The cells were then incubated
in the presence of 50µg/mlpropidium iodide (PI),
a dye that allows determination of DNA content,
and RNase A, to prevent non-DNA specific signal.
The cell suspension was then strained and cell cy-
cle distribution profiles were measured with LSR-
Fortessa X-20 using ModFit software.

4.6. Cell Competition Assay
Cells (GFP+; RFP+) were co-plated in equal num-
ber or in a 1:10 proportion in a Lab-Tek II Cham-
bered Coverglass and left undisturbed for 24 hours.
After this period, the cells were observed for any
event of cell competition (in GFP+ or RFP+ popu-
lations) by live-cell imaging using Zeiss LSM 880.
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The co-culture experiments with GFP+ and RFP+
cells were also analyzed by flow cytometry (LSR-
Fortessa X-20) to identify a dominant population
and cell competition-induced cell death (annexin-v,
Thermo Fisher Scientific).
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