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SUMARIO

As células do nosso corpo estdo constantemente interagindo e trocando
informagdes. Um subconjunto dessas interagdes permite a detegéo e eliminagéo de
células estranhas, danificadas ou perigosas. A manutengdo da homeostase do
tecido saudavel envolve fatores intrinsecos e extrinsecos da célula que regulam a
selegao celular, o destino e a morte. Em certas situacbes, as células podem
comparar sua aptiddo celular relativa e ativar mecanismos que asseguram a
eliminagdo de células n&do saudaveis. Este processo endégeno é denominado
competicao celular.

A comparacgao de aptidao celular é usada em Drosophila para a detegao e
eliminacdo de células viaveis, mas danificadas, para retardar o envelhecimento e
prevenir malformagbes do desenvolvimento. As células de Drosophila usam um
mecanismo unico de sele¢do celular baseado em “impressdes digitais de aptidao”.
A detecao e eliminagdo de células menos aptas permite que as moscas retardem o
envelhecimento, eliminem estruturas defeituosas durante o desenvolvimento e
substituam tecidos velhos durante a regeneragéo. As “impressdes fisicas” usadas
pelas células de Drosophila sdo baseadas em uma proteina de membrana que
pertence a familia Flower. As proteinas Flower que indicam aptidao reduzida foram
chamadas de isoformas Flower Lose, porque sdo expressas em células marcadas
para serem eliminadas, chamadas de “células perdedoras”. No entanto, e
notavelmente, a presenca de isoformas de Flower perdedoras na membrana celular
de uma determinada célula ndo implica que a célula sera removida. Se as células
vizinhas tiverem niveis semelhantes de proteinas perdedoras, a célula ndo sera
eliminada. A eliminagéo dos perdedores através do mecanismo de impressao digital
de aptidao, ocorre quando em contato direto célula-célula com células que
expressam a isoforma vencedora da Fwe. Claramente, em Drosophila, as proteinas
Flower atuam como determinantes moleculares diretos da aptiddo celular que séo
usadas para detetar e eliminar muitos tipos de células viaveis, mas relativamente

menos saudaveis.
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Em humanos, a selecao celular foi descrita durante o desenvolvimento e o
cancro, mas normalmente depende da competicdo indireta por fatores de
sobrevivéncia ou nutrientes. Um sistema para comparagao de aptidao celular ativo
em humanos até entdo era desconhecido. Estudamos as isoformas de Flower
humanas e descobrimos que duas das proteinas Flower humanas (1 e 3) se
comportam como isoformas perdedoras, enquanto as restantes (2 e 4) se
comportam como isoformas vencedoras. As isoformas “vencedoras” dao as células
uma vantagem competitiva sobre aquelas que expressam isoformas “perdedoras”.
As células que expressam a perdedora, ndo sio eliminadas se as células vizinhas
tiverem niveis semelhantes de “perdedoras”, agindo, portanto, como impressdes
digitais de aptidao. Além disso, os tumores humanos se beneficiam dessa selecao
baseada em aptidao. O tecido cancerigeno mostra um aumento da expressao de
“vencedoras” e prolifera na presenca de células do estroma que expressam a
isoforma “perdedora”. Isso permite que o cancro ganhe vantagem competitiva para
crescer e ocupar espaco. A inibicdo da FWE reduz o crescimento do tumor, a
metastase e quimio-sensibilizacdo. Nossos resultados ilustram como mecanismos
antigos de reconhecimento e selecdo celular sdo conservados e ativos em humanos,
impactando o crescimento do tumor.

Portanto, descobrir novos interatores de FWE ¢é crucial para entender o
mecanismo de selegao celular e bloquear a progressao do cancro. Para identificar
os interatores de FWE, sob expressamos na linha celular do célon HCT116 as
isoformas “vencedoras” e “perdedoras” de FWE e realizamos imunoprecipitagdo
seguida de espectroscopia de massa. O candidato mais promissor foi o biomarcador
de cancro PTMA, que descobrimos ser altamente expresso em células “vencedoras”
e pouco expresso em células FWE"®. Além disso, descobrimos que a regulagéo
negativa do PTMA nas células “vencedoras” bloqueava a competicdo celular,
impedindo a eliminagdo das células “perdedoras”. Também observamos que a
localizac&o celular de PTMA muda do ndcleo em células FWEK® para o citoplasma
nas células “vencedoras”. O padrao de expressao citoplasmatica e nuclear de PTMA

foi também observado em amostras de pacientes. Curiosamente, a expressao de
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PTMA foi maior na frente invasiva do tumor em contato com o estroma, onde ocorre
a competicao celular. Sabendo que FWE e PTMA estdo mais expressos no cancro,
juntos, esses resultados sugerem uma interagcdo entre eles para promover o
crescimento e a progressao do cancro. Nossas descobertas podem abrir caminho
para o desenvolvimento de novas estratégias de medicamentos para tratar o cancro,

visando essa interacao.

Palavras-chave: Competigéo celular, PTMA, Flower, Interagao proteina-proteina,

Cancro colorretal.
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ABSTRACT

Cells in our body are constantly interacting and exchanging information. A
subset of such interactions allows the detection and elimination of foreign, damaged
or dangerous cells. Maintenance of healthy tissue homeostasis involves cell-intrinsic
and extrinsic factors that regulate cell selection, fate and death. In certain situations,
cells may compare their relative cell fithess and activate mechanisms that secure the

elimination of unhealthy cells. This endogenous process is termed cell competition.

Cell-fitness comparison is used in Drosophila for detection and elimination of
viable but impaired cells, to delay aging and prevent developmental malformations.
Drosophila cells use a unique mechanism of cell selection based on “fitness
fingerprints”. Detection and elimination of less fit cells allow flies to delay aging,
eliminate defective structures during development and replace old tissues during
regeneration. The “fitness fingerprints” used by Drosophila cells is based on a
membrane protein that belong to the Flower family. The Flower proteins that indicate
reduced fitness have been called Flower Lose isoforms, because they are expressed
in cells marked to be eliminated, called “Loser cells”. However, and remarkably, the
presence of Flower Lose isoforms at the cell membrane of a particular cell does not
imply that the cell will be removed. If neighboring cells have similar levels of Lose
proteins, the cell will not be eliminated. The elimination of the losers through the
fitness fingerprint mechanism occurs when in direct cell-cell contact with FWE win
expressing cells. Clearly, in Drosophila, Flower proteins act as direct molecular
determinants of cell fitness which are used to detect and eliminate many types of

viable but relatively less healthy cells.

In humans, cell selection has been described during development and cancer,
but normally relies on indirect competition for survival factors or nutrients. Whether a
system for cell-fitness comparison is active in humans was unknown. Here we study

human Flower isoforms and found that two of the human Flower proteins (1 and 3)



behave as Lose isoforms, whereas the remaining (2 and 4) behave as Win isoforms.
“Win” isoforms give cells a competitive advantage over those expressing “Lose”
isoforms. Lose-expressing cells are not culled if neighboring cells have similar levels
of Lose, therefore acting as fitness fingerprints. Moreover, human tumors benefit from
this fitness-based selection. Cancer tissue shows increased Win expression and
proliferate in presence of Lose-expressing stroma cells. This allows cancer to gain
competitive advantage to growth and to occupy space. Flower inhibition reduces
tumor growth, metastasis and provides chemo-sensitization. Our results illustrate
how ancient mechanisms of cell recognition and selection are conserved and active

in humans impacting tumor growth.

Therefore, uncovering novel flower interactors is crucial to understand the
mechanism of cell selection and block to impair cancer progression. To identify FWE
interactors, we overexpressed in the colon cell line HCT116 the win and lose isoforms
of FWE and performed Immunoprecipitation followed by Mass Spec. The most
promising candidate was the cancer biomarker PTMA, which we found to be highly
expressed in winner cells and poorly expressed in FWEK® cells. Furthermore, we
discovered that PTMA downregulation in the winners blocked cell competition,
preventing loser cell elimination. We also observed that PTMA subcellular
localization shifts from the nucleus in FWEX® to the cytoplasm in the winner cells. The
cytoplasmic and nuclear expression pattern of PTMA was also observed in patient
samples. Interestingly, PTMA expression was higher in the invasive front of the tumor
in contact with the stroma, where cell competition occurs. Knowing that FWE and
PTMA are more expressed in cancer, together these results suggest an interaction
between them to promote cancer growth and progression. Our findings might open
the way to the development of new drug strategies to treat cancer by targeting this

interaction.
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Keywords: Cell Competition, PTMA, Flower, Protein-protein interaction, Colorectal

cancer.
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1.1 CANCER

Cancer ranks as a primary cause of mortality and a significant barrier to raising
life expectancy'. In 112 of 183 nations, cancer is the first or second major cause of
death before the age of 70, and it ranks third or fourth in another 23 countries,
according to estimates from the World Health Organization (WHO) in 2019".

Cancer occurs when cells in an organism begin to grow uncontrollably due to
mutations in their DNA, resulting in tumors or other abnormal growths. While there
are many different types of cancer, they all share certain characteristics such as

uncontrolled cell growth and invasion into healthy tissue surrounding them (Figure

1),

Figure 1 - Tumor development and invasiveness behavior. Adapted from?.

There have been numerous advances made toward understanding how
cancer works as well as developing treatments over the past few decades. However,
much work still needs to be done before we can fully understand this complex
disease. Research into potential cancer treatments has focused on traditional
methods such as chemotherapy and radiation therapy alongside newer techniques
like immunotherapy which, uses antibodies designed specifically for targeting tumor
cells without affecting normal ones nearby or throughout the body. Additionally,
research has also explored ways to identify individuals at risk so preventive measures
may be taken earlier rather than later if necessary. This includes identifying

biomarkers associated with certain cancers through blood tests or imaging scans like

18



Magnetic Resonance Imaging (MRI) which allow doctors more insight into what is
happening inside a patient body before any symptoms arise from these

abnormalities.

Cancer is caused by both internal factors (such as inherited mutations,
hormones, and immune conditions) and environmental/acquired factors (such as
tobacco, diet, radiation, and infectious organisms). Exploring how genetics, diet,
lifestyle choices, environmental exposures (such as air pollution), hormones and
other factors might contribute to an individual’s risk for developing certain types of
cancers is extremely urgent. Additionally, determine how these same factors affect
tumor growth rates or response to treatment options like chemotherapy or radiation
therapy. All while considering potential side effects associated with therapies used in

treating patients afflicted with various forms of cancerous tumors/disease states.

1.2 THE HALLMARKS OF CANCER

The Hallmarks of Cancer is a set of characteristics that have been commonly
observed in cancer cells. Each hallmark is essential for tumor formation and
progression and together they form the basis for our understanding of how cancer

works.

Professors Weinberg and Hanahan postulated in the beginning of 2000 that
cells have unique capacities as they move closer to a neoplastic state®. They were
referred to as cancer hallmarks and provided a helpful framework for comprehending
tumor development. Eight hallmark capabilities and two enabling attributes are
currently embodied by the Hallmarks of Cancer. The two preliminary "emerging
hallmarks" introduced in 2011*, "reprogramming cellular metabolism" and "avoiding
immune destruction," in addition to the six acquired capabilities proposed in 20003,
have received enough validation to be included in the core set. In addition to the
overarching "genome instability and mutation," which together were fundamentally

involved in activating the eight hallmark (functional) capabilities required for tumor

19



growth and progression, the 2011 follow-up added "tumor-promoting inflammation"

as a second enabling characteristic®.

The hallmarks of cancer graphic have been adapted to incorporate four

additional proposed emerging hallmarks and enabling characteristics involving

‘unlocking phenotypic plasticity,” “nonmutational epigenetic reprogramming,”

“polymorphic microbiomes,” and “senescent cells” (Figure 2 - C).

Sustaining Evading Emerging hallmarks &
A B enabling characteristics

proliferative sngnalmg gromh Suppressors
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Figure 2 - The Hallmarks of Cancer. A) Currently Hallmarks of Cancer; B)

Incorporation of additional proposed emerging hallmarks and enabling
characteristics; C) The new core conceptualization of the hallmarks of cancer.

Adapted from®.
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In order to encourage discussion, debate, and experimental elaboration, this
treatise raises the possibility that some or all of the four new parameters will be
recognized as being applicable to various types of human cancer and thus
appropriate to be incorporated into the fundamental conceptualization of the
hallmarks of cancer.

Understanding hallmarks is critical for the development of effective cancer
therapies, as each hallmark represents a potential target for intervention. In the
following lines we are going to explore more about some of the hallmarks of cancer.

Sustained proliferative signaling refers to the ability of cancer cells to
continuously signal their own proliferation even when normal cellular signals would
stop them from doing so. This is done through genetic mutations or epigenetic
changes which allow the tumor-promoting genes to be expressed more than they
should be normally. Evading growth suppressors refer to how some cancers can
bypass pathways that usually keep cell division under control by mutating certain
proteins or turning off other proteins involved in suppressing abnormal cell division.
This allows uncontrolled reproduction of these mutated cancerous cells®*.

Resisting cell death is another hallmark where apoptosis (programmed
cellular suicide) does not occur as it would with healthy noncancerous cells due to
mutations preventing such an event from happening. This allows mutated cancerous
cells to live longer than they otherwise should do if left unchecked by any form of
apoptosis mechanism present within healthy noncancerous tissue/cells. Enabling
replicative immortality involves telomerase activity which allows for unlimited
replication potential without undergoing senescence (aging process). Inducing
angiogenesis involves stimulating new blood vessel formation around tumors via
secreted cytokines and chemokines. Thus, providing oxygenated nutrients necessary
for further tumor progression while also helping spread those same malignant tissues
throughout the body via metastasizing effects®*.

In conclusion, the Hallmarks of Cancer provide us with an insight into how

different types of malignancies arise and progress over time as well as their potential
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therapeutic targets needed in order to combat them effectively, therefore, providing

us with better hope of achieving successful treatment outcomes.

1.3 COLORECTAL CANCER (CRC)

1.3.1 EPIDEMIOLOGY

Colorectal cancer (CRC) is the third most common cancer worldwide and the
second most common cause of cancer-related death beaten only by lung cancer.
Annually, 900 000 deaths are related to CRC®.

CRC is the second most prevalent cancer among women (9.4%) and third in
men (10.6%)'. Although, the mortality rate of CRC in women is 9.5% taking third
place, after breast (15.5%) and Lung (13.7%) cancer. In men, CRC mortality rate
takes also third place in the ranking with 9.3%, after Lung (21.5%) and Liver (10.5%)
cancer. Western nations account for the majority of CRC cases, but due to
advancements achieved in health systems and the introduction of screening

programs, their percentage of CRC-related deaths has been decreasing®.

The percentage of CRC patients already with metastasis at the time of the
diagnosis is around 20% which can compromise the disease response. After
receiving surgical treatment, 40% of patients with stage II-lll cancer die from
recurrence during the following five years®. About 90% of patients with stage IV
illness had metastasis to the liver, lung, brain, or peritoneum. Liver metastases are
frequently only discovered once the illness has progressed, and even when resection
is used in conjunction with advanced adjuvant systemic regimens, only 20% of cure

is observed, with 70% facing recurrence’®.

1.3.2 RISK FACTORS

Personal characteristics or behaviors are considered risk factors since they

enhance the probability of developing colorectal cancer. Age is the primary risk factor
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for colorectal cancer. CRC is uncommon (apart from inherited cancers) before the
age of fifty, but it is considerably more common among individuals over fifty years

0ld®

Additionally, heavy alcohol consumption, cigarette smoking, and ingesting of
red or processed meat also play an important role. However, it appears that taking
calcium supplements and consuming whole grains, fiber, and dairy products reduces
the risk. Another significant risk factor for CRC is obesity, which is associated with a
sedentary lifestyle®>'°.

The existence of a positive family history of CRC, particularly in relatives who
were younger than fifty at the time of diagnosis, is another risk factor that should be
taken into consideration. An increased risk due to familial history can be derived from

inherited mutations or the environment'’.

Risk factors which are related to lifestyle can be reduced by implementing
modest lifestyle changes in terms of dietary and physical activity habits. Moderate
physical exercise has been shown to boost metabolic rates and gastrointestinal
motility as well as, over time, to increase metabolic efficiency and lower blood

pressure'®12,

1.3.3 SIGNALING PATHWAY

Colorectal cancer (CRC) is a complex disease that can be caused by various
genetic and environmental factors. One of the majors signaling pathways involved in
CRC development is the Wnt signaling pathway, which plays a critical role in

regulating cell proliferation, differentiation, and survival' ',

The Wnt signaling pathway is activated when Wnt ligands bind to frizzled (Fz)
receptors and low-density lipoprotein receptor-related protein (LRP) co-receptors on

the cell surface. This leads to the stabilization and nuclear translocation of beta-
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catenin, a transcription factor that regulates the expression of downstream target

genes'™.

In normal cells, the Wnt signaling pathway is tightly regulated by a complex
network of proteins that control the stability of beta-catenin. One of these proteins is
adenomatous polyposis coli (APC), which promotes the degradation of beta-catenin
by recruiting it to a complex containing the E3 ubiquitin ligase, beta-transducing
repeat-containing protein (beta-TrCP). In CRC, mutations in the APC gene or other
genes in the Wnt signaling pathway can lead to the accumulation of beta-catenin and
the constitutive activation of downstream target genes, such as cyclin D1 and c-myc,
that promote cell proliferation and inhibit apoptosis™®'.

Another important signaling pathway involved in CRC is the MAPK/ERK
pathway, which is activated by growth factors and cytokines and regulates cell growth
and differentiation. In CRC, mutations in the KRAS or BRAF genes can lead to the
constitutive activation of the MAPK/ERK pathway and contribute to the development
of tumor cells'"°.

Other pathways that may be involved in CRC include the PI3K/Akt/mTOR
pathway, which regulates cell survival and metabolism, and the TGF-beta pathway,
which can act as a tumor suppressor or promoter depending on the stage of CRC

development'1¢.

Overall, the development and progression of CRC involve complex
interactions between multiple signaling pathways, and understanding these

pathways is essential for developing new therapies and improving patient outcomes.

1.3.4 TREATMENT
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Colorectal cancer (CRC) treatment depends on the stage of the disease, the
location and size of the tumor, the patient age and overall health, and other individual
factors. The main treatment options for CRC include surgery, chemotherapy,
radiation therapy, and targeted therapy'’"'®.

In addition to these standard treatments, there are also emerging treatments
such as immunotherapy and gene therapy that are being studied for their potential in
treating CRC. It is important to note that a multidisciplinary team of healthcare
professionals, including medical oncologists, surgeons, radiation oncologists, and
other specialists, work together to develop a treatment plan that is tailored to the

individual patient needs.

Surgery is usually the first line of defense against colorectal cancer when it
has been detected early enough to be removed surgically without causing any further
damage to surrounding organs or tissues in the body. Radiation Therapy uses high-
energy X-rays directed towards affected area in order to destroy remaining malignant
cells after surgical resection while minimizing the risk of damaging healthy tissue
nearby thus helping reduce the recurrence rate by eliminating residual disease left
behind postoperatively. Chemotherapy uses drugs to destroy rapidly dividing cells
such as tumor cells in order to reduce their growth and spread throughout the body.
Targeted therapy uses drugs that target specific molecules or proteins in cancer cells,
such as EGFR or VEGF, to block their growth and spread. Examples of targeted
therapy drugs for CRC include cetuximab, panitumumab, etc. This type of treatment
can be especially helpful when other treatments are not effective against advanced

stages of colorectal cancers with certain genetic mutations present within them™,

Tyrosine kinase inhibitors (TKIs) are a group of pharmacologic agents that
interfere with the activity of specific enzymes known as tyrosine kinases by several
modes of inhibition®. These enzymes play a crucial role in various cellular processes,
including cell growth, division, and angiogenesis (the formation of new blood

vessels). TKI can be generally categorized into small molecules and macromolecules
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(e.g., monoclonal antibodies, polypeptides, antibody—drug conjugates, and nucleic
acids)®?'. Ninety tyrosine kinases have been found in the human genome, including

thirty-two cellular tyrosine kinases and fifty-six receptor tyrosine kinases'®.

In the context of cancer, abnormal activation of tyrosine kinases is often
associated with uncontrolled cell growth and the development of tumors. TKils are
designed to target and inhibit these kinases, thereby disrupting the signaling
pathways that contribute to cancer progression. These pathways may involve
intracellular kinases or the receptor tyrosine kinase?'~%3. The potency, mechanism of
action, selectivity, and safety profile of different TKIs are influenced by how

selectively they bind to their targets?*.

TKls work by blocking the activity of tyrosine kinases, which are often
associated with cell surface receptors. Many TKls are designed to target specific
receptor tyrosine kinases (RTKs) involved in cancer growth. Different TKls may have
varying specificities, targeting different tyrosine kinases. Common targets include
vascular endothelial growth factor receptors (VEGFR), epidermal growth factor

receptors (EGFR), platelet-derived growth factor receptors (PDGFR), and others?.

Targeted therapies such as tyrosine kinase inhibitors (TKIs) aim to interfere
with the biological processes that control the proliferation of malignant cells. It has
been approved for the treatment of various cancers, including colorectal cancer. They
are often used in advanced or metastatic stages of the disease, and some TKis are
indicated when standard treatments have not been effective. Regorafenib is an
example of a TKI used in colorectal cancer treatment. It is an oral multi-kinase
inhibitor that targets various protein kinases involved in tumor angiogenesis and
oncogenesis (the process of tumor formation). It had been approved for the treatment
of metastatic colorectal cancer in patients who had previously received standard
therapies without success. It is often used as a last-line treatment option. Regorafenib
inhibits specific receptors, including vascular endothelial growth factor receptors
(VEGFR), platelet-derived growth factor receptors (PDGFR), and fibroblast growth
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factor receptors (FGFR). By blocking these receptors, regorafenib interferes with
angiogenesis and tumor cell proliferation. Axitinib, lenvatinib, and sorafenib are other
TKIs that have been investigated for their potential in colorectal cancer

1920232527 |t is essential to note that the use of TKls and other cancer

therapy
treatments is highly individualized. The choice of therapy depends on factors such
as the specific characteristics of the tumor, the patient's overall health, and the

presence of any genetic mutations.

The type of treatment to be chose also depends on the patient MSI status, as
either “MSI-high (MSI-H)” or “MSS (non-MSI).” More than 80% of the colorectal
cancer patients are classified as MSS (Microsatellite Stable) or non-MSI. Generally,
they are one of the most highly mutated tumors and also do not respond to
immunotherapies. Biomarkers such as the RAS family, BRAF or HER2, can help to
identify the best treatment option. For instance, the presence of KRAS mutation can
predict resistance to anti-EGFR therapy. MSI-high or MSI-H (Microsatellite Instable)
results from the dysregulation in the Mismatch Repair Genes (MMR), leading to
genetic errors in the DNA during cell division. Patients who test MSI positive are
considered to have an MSI-High tumor. These MSI-H tumors respond positively to
immunotherapy treatment such us anti-PD1 checkpoint blockers pembrolizumab or

nivolumab?.

According to the tumor stage, the ESMO guidelines suggest different
treatment strategies for colorectal cancer as you can see in the table below (Table
1). In a metastatic disease condition (stage 1V), many systemic therapeutic options
are available (Table 1) based on the molecular tumor characterization, the treatment
outcome (curative or palliative) and the toxicity of the drugs. According to the ESMO
guidelines, here, patients can be classified into clinically defined groups in order to
have a more specialized or recommended treatment. The guideline also presents a
first, second, third and a fourth line treatment option in case of side effects and/or

relapse (Table 1),
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Table 1 - Treatment strategy recommended for colorectal cancer patient. Adapted
from 82 ESMO Guidelines 2014.

Stage |

Stage Il

Stage Il

Stage IV

15t line

2" [ine

3" line

4™ line

Surgical removal of the tumor and lymph nodes is usually the only treatment
needed.

Surgery is mostly the first treatment. In some cases, adjuvant chemotherapy
and radiation therapy in combination with chemotherapy (before or after
surgery) may be recommended.

Treatment usually involves surgical removal of the tumor followed by

adjuvant chemotherapy. Radiation therapy may be used with chemotherapy
before or after surgery, along with adjuvant chemotherapy.

Metastatic Colorectal Cancer (MCRC) Treatment Strategy

Scenario |

Cytotoxic doublet' +
bevacizumab

Cytotoxic doublet' +
bevacizumab or
aflibercept®

Irinotecan or FOLFIRI
+ anti-EGFR antibody?

Regorafenib

Scenario Il

Cytotoxic doublet' +
bevacizumab

Cytotoxic doublet' +
anti-EGFR antibody?

Regorafenib

Scenario lll

Cytotoxic doublet! +
anti-EGFR antibody?

Cytotoxic doublet' +
bevacizumab or
aflibercept®

Regorafenib

Tcytotoxic doublets: fluoropyrimidine + oxaliplatin or irinotecan; 2Ras wild type; ®aflibercept only in combination with FOLFIRI
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Scenario I: Metastatic disease that may be removed with a curative goal. After
chemotherapy has reduced the size of the tumor, the aim is to be disease-free, which
enables secondary surgery and may increase the chance of long-term survival or a

cure.

Scenario Il: Disseminated disease, technically ‘never/unlikely resectable
intermediate intensive treatment. The goal of the treatment is primarily palliative. The
best approach seems to be the first-line treatment with a high possibility of causing

metastases regression in patients with more aggressive or widespread ilinesses.

Scenario lll: Non-intensive/sequential treatment for a metastatic illness that is never
resectable. The maximum metastasis regression is not the main goal of treatment for
these individuals. The goal is to prevent tumor progression and extend life with the
least amount of treatment burden possible in the absence of current or imminent

symptoms and with a low risk of rapid deterioration.

Overall, there have been advances made towards treating different forms and
stages of colorectal cancers. More research still needs to be done to have a better

understanding of how to treat this illness both medically and psychologically.

1.4 CELL COMPETITION

Natural selection, sometimes known as the survival of the fittest, is a Charles
Darwin theory to explain how species evolve. Due to genetic variations that give
some organisms a functional advantage over others in the same environment, better-
adapted species have the capacity to outcompete other members. According to
Wilhelm Roux, this idea may be extended to tissues and cells, which fight with one
another for resources and available space. As a result, only the fittest cells are
allowed to survive in the tissue, while the less fit cells are eliminated?.

Maintenance of healthy tissue homeostasis involves cell-intrinsic and extrinsic

factors that regulate cell selection, fate and death. In certain situations, cells may
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compare their relative cell fitness and activate mechanisms that secure the

elimination of unhealthy cells. This endogenous process is termed cell competition®.

Stages of cell competition

1. Cellsin a tissue have different fitness levels

AN % A\ J

2. Relative fitness is sensed between cells

D -
N / N J

3. Less-fit cells die; fitter cells undergo
compensatory proliferation

A

[ | = Fitter cell

= Less-fit cell

Cell death

Figure 3 - Schematic representation of the Key Stages of the Cell Competition.
First, cell fitness differences in will trigger cell competition. Next, these fitness level
differences in will be sensed by the prospective winner and loser cells, and translated

into a compensatory proliferation or apoptotic response. Adapted from®'.

This process was first reported in the Drosophila melanogaster wing imaginal
disc by Ginés Morata through a series of landmark experiments aimed to study the
phenotype of the Minute dominant mutation which encodes a ribosomal protein. The
homozygous Minute mutation revealed itself to be lethal, since cells become unable
to produce proteins and ultimately die, due to a cell autonomous effect and not related
to a competitive interactions®. In heterogeneity (M+/M-), the Minute mutants
presented with a deficient ribosomal protein, led to reduced growth and proliferation

33—

rates®*°, but clones were viable (individuals reached adulthood). However, when

these cells were surrounded by wild-type (WT) cells (M+/M+), they were eliminated?,
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which sparked the belief that these heterozygous cells underwent apoptosis when in
contact with WT cells. Further investigation confirmed that Minute +/- clones
elimination by wildtype clones was indeed apoptosis dependent®>3.

Since then, numerous other genes and mutations have been linked to this
mechanism, emphasizing the significance of an active cell selection in an organism®'.
Certain cells may suffer mutations during their formation or develop them over time,
or they may be subjected to insults that impair their capacity to manufacture proteins,
proliferate and not be exposed to survival factors - leading to their fitness decrease.
This imbalance causes a heterogeneous population of cells in a tissue, which
ultimately affects the health of the organism's organs.

In order to detect and eliminate a wide variety of those viable but suboptimal
cells, it has been shown that Drosophila cells can directly exchange cell fithess
information?®*"*_ Direct comparison of cell fitness is therefore used in Drosophila to
detect and eliminate many types of viable but impaired cells in order to delay

t29,38—42

ageing®, eliminate defective structures during developmen or replace old

tissues during regeneration®'43,

»29,37-

The “fitness fingerprints % that reveal optimal or suboptimal cell fitness to

neighboring cells are encoded by different isoforms of the transmembrane protein
Flower?*3"=°_ The isoforms that indicate reduced fitness are called Lose isoforms®"38,
because they are expressed in viable cells marked to be eliminated, provided that
fitter cells expressing Win isoforms are available®’. Importantly, the proliferation of
winner cells occurs at the expense of losers, so total cell numbers do not change,

maintaining the correct pattern of the organ while maximizing its fitness*.

Cell competition takes place in this so-called heterotypic environment
to eliminate of unfit cells. However, cell competition is not triggered when losers are
in contact with loser cells. This can cause the accumulation of the unfit populations®.
Therefore, competition is activated in a heterogenous scenario and not in a

homogenous scenario.
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Figure 4 - Model representing Fwe-dependent cell-cell communication
decisions. A) Winner cells interact with winners, all cells survive and competition

does not occur. B) Loser cells interacting with losers, all survive. Cell competition is

lose

isoform into the extracellular matrix,
ubi

not triggered. C) Unfit cells will express a fwe
which is detected by the nearby winner cell expressing fwe"'. When a winner cell
identifies a loser cell it triggers the elimination of the unfit loser cell from the tissue.

Adapted from®’.

This cell selection mechanism has an important role in maintaining tissue
homeostasis. For instance, in the early in life, the selection of healthy and viable cells
enables the proper growth of the organism by removing unhealthy or malformed
cells*2. The maintenance of the healthiest stem cells is crucial since they give rise to
all of the organism's cells and, once they reach adulthood, specialize into younger,
healthier cells that can replace older, damaged cells in tissues®**°.

Cell competition has also been implicated in Alzheimer’s Disease to select fit
neurons, contrarily to the initial thought that all neuronal death in this context was
prejudicial. However, a lack of cell selection may cause developmental problems,
accelerated aging, and cancer formation.

The same mechanism gives premalignant cells a competitive advantage to
grow at the expense of neighboring cells®. In humans, opportunities for fithness-based

cell selection have also been described during development and cancer, but they
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46-48

normally rely on the indirect competition for survival factors or nutrients ,and if a

system dedicated to direct fitness comparison is active in humans was unknown.

1.4.1 SUPERCOMPETITION

Supercompetition is a mechanism of cell competition associated with cancer
development, based that mutations acquired by some cells improve their fitness and
proliferation, turning them into a supercompetitors cells. These supercompetitors are

capable of eliminating WT neighboring cells***

. Many genes linking to the
supercompetiton process have been described. The proto-oncogene Drosophila Myc
(dMyc), which codes for a transcription factor that controls cell proliferation and
ribosome biogenesis, has been the subject of the most research in Drosophila®.
Supercompetitive cells expressing higher levels of dMyc, outcompete neighboring
WT cells which express normal levels of dMyc®°'. Therefore, cell competition may

cause cancer by considering cancerous cells to be fitter than normal cells®*°2.

a Fitness comparison Loser elimination Loser replacement by winners

£ z> wild type @ Reduced fitness @ Increased fitness ,j?i/ Apoptosis

Figure 5 - The mechanism of cell competition. A) Cells locally exchange fitness-
related information during competition (comparison phase, left). Lower-fitness cells
(losers) are eliminated when fitness differences are identified, most frequently via

apoptosis (elimination phase, middle) and the process is complete when winner cells
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replace the eliminated cells (replacement phase, right). B) Cell competition may also
lead to the expansion of high-fitness cells, also known as supercompetition, by
expressing high levels of the fitness marker and therefore leading to the death of the

surrounding well type cells. Adapted from?.

1.4.2 MECHANISMS OF CELL COMPETITION

1.4.2.1 COMPETITION FOR SURVIVAL FACTORS

Competition for trophic factors is the one that most mimic the ecological
phenomenon since it takes place when less fit cells have more difficulty collecting
nutrients or other molecules necessary for their survival than healthier cells, which
causes their starvation and eventually dead. Identical to what is depicted in Darwinian
competition in ecology, the trophic theory for competition described cells competing
for limiting amounts of survival factors.

According to, in Minute-mediated cell competition, the extracellular growth
factor Dpp levels were decreased in the loser mutants. A decrease in Dpp signaling
was sufficient to cause elimination®.

In contrast to other competition models, no direct contact between cells is
necessary. Depending on the rate of ligand capture and the distance to the

extracellular growth factors, the elimination of cells may take place at a distance®.

1.4.2.2 MECHANICAL CELL COMPETITION

Cell populations with different growth rates and movement, leads to the
accumulation of mechanical stress in the tissue. It was initially hypothesized, using
mathematical modeling, that in the presence of space constraints, rapidly
proliferating cells would apply compression stress on the population of slowly
expanding cells. Given that the compression forces tend to be locally concentrated

and that both populations are equally healthy and resistant to mechanically induced
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cell death, the rapidly proliferating population will be forced to undergo apoptosis,
which will cause it to die.

However, if the slow-growing population has reduced fithess and is more
sensitive to mechanically induced cell death, these cells will die, alleviating the overall
effect on the tissue®. Later, it was demonstrated that the mechanical stress caused
by crowded conditions, in fact, triggers cell death and extrusion®'. Both in vitro and in
vivo studies using the Drosophila and zebrafish have shown the importance of
mechanical forces in cell competition*953-5%,

Mechanical cell competition can act as a tumor expansion or tumor
suppression mechanism. If tumors acquire increased resistance to compression,
they can promote wild-type cell elimination and expand even more, but if tumor cells
are more sensitive to compression, adjacent wild-type cells can trigger their
t%€.

elimination and prevent cancer developmen Equally, to trophic competition,

mechanically induced death does not require direct winner-loser cell contact.

1.4.2.3 COMPETITION THROUGH COMPARISON OF FITNESS
FINGERPRINTS

In contrast to the initial two conditions of elimination, in this scenario
cells requires cell-cell contact between the loser and winner cells to trigger the
elimination of the unfit loser cells. Cells display on the surface their fithess status
level to the neighboring cells. Relative comparison will be used to eliminate the unfit
cells when differences in fitness level are detected® 8.

This form of cell competition can be seen as a series of events that start with
the detection of relative fitness between cells, which can then trigger a pro-apoptotic
signal in less fit cells, leading to their exclusion from the tissue. The first evidence for
this concept came from the discovery of the flower gene (fwe), which codes for a

several isoforms known as "Fitness Fingerprints"®"*,

35



© Survival factors Dppand © °

o SPARC, neurotrophic
(@] factors ° H
o (0] o
T ot mmlm Sl
Receptor l
Apoptosis

Mechanlcal stress Mechamcal stress

j@j@\@ &O

: C Extrusion and apoptosrs

Fitness fingerprints

yn, ' Fweubi E

5 — [azof] :

3Q 8 “‘ S— 5 FweloseA/ 1 i
2 ," . FweloseB hid E

Apoptosis

Figure 6 - Different types of cell competition. A) Competition for limiting survival
factors. Winner cells (orange) have a higher capacity to bind pro-survival factors,
reducing the abundance of available survival factors for loser cells (blue) leading to
their elimination. B) Mechanical cell competition. Differential growth and/or tissue
movement leads to the compression (arrows) of the loser cells, triggering their
elimination. C) Competition through comparison of fitness fingerprints. Loser cells
express on their surface an unfit marker (FwelLose), and winner cells express a fit
marker (FweWin). Interaction between FwelLose and FweWin expressing cells leads
to the transcription of azot, which triggers the expression of hid (a pro-apoptotic
gene) and ultimately leads to loser cell elimination from the tissue. Importantly, this
is the only type of CC that requires direct contact between Loser and Winner cells to

trigger the elimination of the losers. Adapted from®®,
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1.4.3 THE FLOWER CODE

During development and ageing, damaged but viable cells accumulate within
tissues. The process of cell competition eliminates suboptimal cells from tissues to

30,3233:42.4346-48.59 | oser cells are directed by

mitigate organ dysfunction and disease
receptor signaling, mechanical forces, or fitness fingerprint markers to undergo
caspase-dependent apoptosis. Fitness fingerprints reveal optimal or suboptimal cell
fitness to neighboring cells by expressing membrane proteins, such as Flower

323436 | oser cell fitness signals, including Azot and Flower Lose isoforms,

proteins
were identified by their upregulation in a Drosophila screen of dMyc-overexpressing
cells competing with wild-type cells. Winner cells expressing Flower-Win isoforms
outcompete and eliminate Loser cells bearing Flower-Lose isoforms in a mixed

34,35,50,53

population . In this sense, Flower isoforms form a “code” of markers for

comparison of relative cellular fitness.

Furthermore, the Fitness Fingerprints were reported to be tissue specific.
While Fwe loseA or Fwe loseB expression is necessary to trigger loser cell
elimination in the epithelia of the Drosophila wing disc, in neuronal cells Fwe loseA

isoform does not correspond a loser marker” 384243,

Table 2 - The fitness marker Flower is conserved from flies to mammals. Overview
of Fwe isoform’s role in Drosophila (dFwe) and mouse (mFwe). Adapted from®.

Fitness markers

Loser isoforms Winner isoforms
FweloseA Fweubi
' FweloseB

mFwe1 mFwe2
/*& mFwe3 mFwe4
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It has been shown that Fwe is conserved in mammals, despite the fact that
Fwe was initially found in Drosophila, which has since been the most often utilized
model to explore its functions®®. One mouse-specific putative homologue of the
Drosophila FWE (dFwe) in mice encodes four distinct isoforms known as mFwef1,

mFwe2, mFwe3, and mFwe4, all believed to be transmembrane proteins.

Therefore, it is important to study, whether a human homologous of Flower
plays a role in cell competition and consequently if the Flower code is also conserved

in human.

Drosophila

Extracellular space

I
M L Nl
ouse W%o

mFwe 1 mFwe 2 mFwe 3 mFwe 4

Figure 7 - Structure of Fwe isoforms in Drosophila and mice. Adapted from3"°,

1.4.3.1 AzoT

In Drosophila, Azot ("cell fithess checkpoint") is expressed in the loser cells
marked to be eliminated during cell competition. Loss of Azot in these cells leads to

their survival and growth, suggesting that Azot plays a role in promoting cell death.

The Azot transcription factor integrates the relative differences in flowerLoseB
expression between the cell and its neighbors, as well as the endogenous SPARC

expression itself*. In less fit cells, azot transcription occurs upstream of the activation
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of pro-apoptotic genes Hid, leading to cell death, although SPARC can block this
process by inhibiting Azot functions®®2. Both the mechanisms that Azot incorporates
this knowledge and those that cause the upregulation of flowerLoseB are still

unknown.

Overall, the role of Azot in cell competition appears to be to promote the
elimination of weaker or damaged cells through the activation of cell death

pathways®.

1.4.3.2 SPARC

Secreted protein acidic and rich in cysteine (SPARC), also called Osteonectin
or BM-40, is involved in cell-cell interactions, extracellular matrix (ECM) remodeling

and bone mineralization®¢

SPARC physiological functions include the maintenance of a wide range of
cells and tissues, including bone, pancreatic tissue, nerve tissue and contractible

636772 Due to its wide range of

cells like cardiomyocytes and vascular smooth cells
functions, SPARC also plays a key role in tumor growth, invasion and metastasis by
remodeling the extracellular matrix (ECM) and promoting epithelial-mesenchymal
transition (EMT)%¢%7-"3 However, SPARC expression depends on cancer type and

74,75

its stages, providing different outcomes since it may act as a tumor-suppressor®

or a tumor-promoter’®.

SPARC is a critical survival factor because it can protect cells from being
eliminated during active competition. Interestingly, upregulation of SPARC on
prospective loser cells initiates a compensatory mechanism to inhibit caspase
activation and transiently protect the cells from elimination®>**?’_ Induction of Fwe-
Lose isoforms marks loser cells for death, but SPARC overexpression can rescue
the loser cell fate.

In a cancer context, stroma cells can upregulate SPARC as a defence

mechanism to stave off elimination, preventing cancer initiation and growth®. It is
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also likely that SPARC acts in an autocrine manner and activates a signaling pathway
that prevents apoptosis’”.

Epigenetic silencing of SPARC is also frequent in CRC and it correlates with
cancer progression and resistance to chemotherapy’®’®. Yet, treating CRC cells

overexpressing SPARC can rescue its expression and enhance sensitivity to

79,80

therapy corroborating its tumor-suppressing role.
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Figure 8 - SPARC in cell competition. A) Normal scenario of competition by fithess
fingerprints. Cells compare their relative fitness status by expressing a fit or unfit
marker, flower win or flower lose respectively, on their surface. This fitness
comparison leads to azot transcription, consequently, activation of hid expression (a
proapoptotic gene) and loser cells die. B) Overexpression of SPARC in loser cells
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downregulates Azot activity, protecting these cells from elimination. Thus, Loser cells
in the tumor microenvironment upregulate SPARC as a defence mechanism, which

functions as a natural strategy to prevent cancer growth. Adapted from®’.

1.4.4 CELL COMPETITION IN CANCER

It has been described that through a process of cell competition, cancer cells
expand and overtake a microenvironment by targeting stromal cells for elimination.

In normal CC scenario, the relative comparison of cell fitness levels can
activate mechanisms that eliminates unhealthy cells from a tissue. However, in a
super competition scenario, tumour cells can acquire mutations that make them
“fitter” than their neighbors, triggering their elimination. This fithess comparison
mechanism gives premalignant cells a competitive advantage to grow and gain space
at the cost of neighboring cells®. In humans, cell selection based on fitness status,

has also been described during development and in oncogenesis®.

Homotypic population
or # Growth

Heterotypic population

L Elimination Compensatory !
‘ of less fit proliferation of -> <«
r I Il T ) di Il [
loser cells surrounaing cells ‘ > <«
Super-competition
a ‘ Elimination of t Proliferation of super- = Fitter cell
wild-type cells competitor cells

" -5 _— = Less-fit cell

‘ ] = Super-competitor cell

Figure 9 - Modes of Cell Competition. Suboptimal cells are eliminated when

surrounded by their fitter counterparts during cell competition. In a supercompetition
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scenario, Myc-overexpressing cells eliminate their wild-type neighbors promoting
cancer growth. Fitter and Less-fit cells remain viable in a homotypic environment.
Adapted from®'.

In this sense, CC in a cancer context can act as a tumor promoter, helping
the malignant cell to grow and inducing the death of the neighboring stroma cells, or
as a tumor suppressor by eliminating this malignant cell, maintaining tissue

homeostasis.

1.4.5 CELL COMPETITION IN TUMOR GROWTH

Cell competition occurs when highly fit cells overtake a population by killing
off viable loser cells. However, limited attention has been given to the ability of cancer
cells to eliminate healthy cells. Pro-oncogenic cells can exploit competition pathways
to promote caspase activation and elimination of neighboring healthy stromal cells.
A simple perception is that tumor formation is driven by the uncontrolled division of
highly proliferative cancer cells. However, most carcinomas initially spread through
affected organs without disrupting tissue architecture. The fitness of the
microenvironment can determine if cancer expansion occurs or not?’.

Tumor growth can also be enhanced from the invasion caused by cell mixing,
which exacerbates interactions between winners and losers, as well as by the
elimination of healthy tissue derived by increasing mechanical tension as the tumor
grows — showing how cancer cells can manipulate cell competition mechanisms for
their benefit®°.

Tumor cell subpopulations compete versus heterotypic host stromal tissue
cells (fibroblasts, immune cells, endothelial cells, epithelial cells). In effect, boosting
the fitness of host tissues (i.e. via caspase inhibition) can block the spread of

cancerous cells*%4.

1.4.6 CELL COMPETITION AS TUMOR SUPPRESSOR
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Cell competition can act as a tumor suppressor when healthy epithelial cells
recognize and remove tumor cells from the tissue, halting the development of
cancer>"®’,

Cells with the RAS-V12 mutation, one of the most common mutations in
cancers, are extruded from the WT epithelium by CC, inhibiting their proliferation both
in vitro and in vivo studies®>®*. Similar evidence is shown in cells that have been
activated by Src, ERBB2-overexpressing cells, YAP component-activated cells, and
cells activated by CDC4277%®  all of which have been thoroughly documented as
oncoproteins or connected to cancer. Moreover, TP53-mutant cells on a WT
epithelium underwent necroptosis by cell competition®®8°,

In the mammalian thymus, young T cells outcompete their old progenitors,
preventing the development of acute lymphoblastic leukaemia due to cumulative
genetic insults*’.

The process of removing cells from the epithelium that carry potentially
cancer-causing mutations is known as an epithelial defence against cancer
(EDAC)*. Early in the process of carcinogenesis, EDAC functions as a protective

mechanism against cancer®.

1.4.7 COMPETITION BETWEEN TUMOR AND STROMA

Organs and tissues in our bodies are made of specialized cells. A balance
between cell growth, division, and death is necessary for tissue health. Cancer cells
can engage in competition with neighboring cells, including epithelial cells and
fibroblasts***'%2, The phenomenon of cell competition has several functions in the
development of cancer. Tumor clones and the surrounding stroma may have active
or inactive competition signaling pathways. Active competition can produce
stimulatory, inhibitory, or neutral effects on tumor cell proliferation. The stromal tissue
microenvironment is a crucial defence mechanism in resistance to oncogenesis®.

Oncogenesis entails intricate cell-cell interactions between the host tissue

and the tumor®. Myc and YAP (Hippo pathway) protein level heterogeneity is seen
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in the tumor-stroma microenvironment of human cancer tissues such as breast,
colon, and lung, and correlates with functional alterations®'. Higher c-Myc and YAP
levels in tumor cells linked with caspase-3 positive apoptotic stromal cells in the
neighboring compartment were observed in studies of the tumor-stroma interface®'.
This demonstrates that super competitor tumor cells appear to further invade a tissue
compartment by causing the surrounding, viable stromal cells to undergo
programmed cell death®'. In fact, Myc amplification is associated with worse

prognosis in breast cancer patients and higher intratumor heterogeneity®.

1.5 AImMS

Direct comparison of cell fitness is therefore used in Drosophila to detect and
eliminate many types of viable but impaired cells in order to delay ageing®, eliminate
defective structures during development®****2 or replace old tissues during
regeneration . Based in previous studies that demonstrate that Drosophila cells can
directly exchange cell fithess information, it was therefore unknown whether a similar
mechanism of cell-fitness comparison is present in human cells.

In Chapter 2, we studied the functional role of the four human Flower
isoforms. We characterize which one works as a Win and Lose isoform in human
cells by establishing an in-vitro competition assay. We also proved that FWE role is
conserved in humans. We propose that in the early stages of cancer, cells express
high levels of FWE Win and are able to outcompete normal cells, and thereby
monopolize tissue space. Based on these achievements, in Chapter 3, we focused
in understanding the mechanisms of cell competition by identifying hFWE binding
partners and study their role in CC and cancer progression. We are faced with difficult
challenges to develop effective therapies against cancer. Therefore, this study is
important for helping add a puzzle in the development of new drugs that could

suppress tumor cell proliferation and block cancer progression.
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CHAPTER 2

Flower isoforms promote competitive
growth in cancer
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2.1 ABSTRACT

In humans, the adaptive immune system uses the exchange of information between
cells to detect and eliminate foreign or damaged cells; however, the removal of
unwanted cells does not always require an adaptive immune system'?. For example,
cell selection in Drosophila, uses a cell selection mechanism based on ffithess
fingerprints’, which allow it to delay ageing®, prevent developmental
malformations®* and replace old tissues during regeneration®. At the molecular level,
these fitness fingerprints consist of combinations of Flower membrane proteins®*®.
Proteins that indicate reduced fitness are called Flower-Lose, because they are
expressed in cells marked to be eliminated®. However, the presence of Flower-Lose
isoforms at a cell's membrane does not always lead to elimination, because if
neighbouring cells have similar levels of Lose proteins, the cell will not be killed*57.
Humans could benefit from the capability to recognize unfit cells, because the
accumulation of damaged but viable cells during development and ageing causes

8-17.

organ dysfunction and disease However, in Drosophila this mechanism is

hijacked by premalignant cells to gain a competitive growth advantage'®. This would
be undesirable for humans because it might make tumours more aggressive'®?'. It
is unknown whether a similar mechanism of cell-fithess comparison is present in
humans. Here we show that two human Flower isoforms (hFWE1 and hFWE3)
behave as Flower-Lose proteins, whereas the other two isoforms (hFWE2 and
hFWE4) behave as Flower-Win proteins. The latter give cells a competitive
advantage over cells expressing Lose isoforms, but Lose-expressing cells are not
eliminated if their neighbours express similar levels of Lose isoforms; these proteins
therefore act as fitness fingerprints. Moreover, human cancer cells show increased
Win isoform expression and proliferate in the presence of Lose-expressing stroma,
which confers a competitive growth advantage on the cancer cells. Inhibition of the
expression of Flower proteins reduces tumour growth and metastasis, and induces
sensitivity to chemotherapy. Our results show that ancient mechanisms of cell

recognition and selection are active in humans and affect oncogenic growth.
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2.2 MAIN

CI90ORF7 (also known as CACFD1; referred to here as hFWE) encodes
human Flower (hFWE) and generates four protein-coding splice variants (hFWE1—
hFWE4) (Fig. 1a). Mining of the Encode database? showed high levels of acetylation
at the 27th lysine residue of the histone H3 protein (H3K27Ac) and hypersensitivity
to DNAase-I around the +1 open reading frame (ORF) (Extended Data Fig. 1a, b),
suggesting that the hFWE locus is transcriptionally active®®. The hFWE exons are
conserved (Extended Data Fig. 1c), and alternative splicing produces four hFWE

isoforms of transmembrane proteins, with membrane-spanning domains as predicted
(Fig. 1b). To identify potential hFWEWIN or hFWELOS€ isoforms (as observed in
Drosophila®), we generated CRISPR-assisted MCF-7 hFWEKO cells that expressed

individual hFWE isoforms and used them for a co-culture protocol (Extended Data

Fig. 1d). MCF-7 hFWEKO celis lacked expression of h(FWE mRNA (Extended Data
Fig. 1e), but did not differ from wild- type cells in terms of proliferation (BrdU and MTT
assays), cell- cycle, reactive oxygen species (ROS), annexin-V, and clonogenic
assays (Extended Data Fig. 1f—k). Lentivirus-assisted overexpression of the four

hFWE isoforms had no effect on cell proliferation, cell death, cell volume, cellular

sphericity, or annexin-V staining when compared to MCF-7 hFWEKO cells (Extended
Data Figs. 1I, m, 2a—f, Supplementary Video 1). From these data, we conclude that,
as in Drosophila®®'®2* human cells homogenously expressing single hFWE isoforms

do not undergo apoptosis.
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Figure 1 - Characterization of human flower isoforms and competition between
winner and loser cells. a, A schematic representing the hFWE gene locus and its
six exons, which alternatively splice to generate four hFWE isoforms (hFWE1-—
hFWE4). b, Model depicting the transmembrane structures of the four hFWE
proteins. The colour coding of amino acid chains is complementary to the colour
coding of hFWE exons and shows the contributions and locations of the amino acid
sequences coded by each exon.c, Live-cell imaging shows competition
between hFWEX® MCF-7 cells expressing hFWE1-IRES-GFP (green) and hFWE2-
IRES-RFP (red) isoforms; cells carrying the hFWE1 isoform are eliminated. n =3

biologically independent experiments with similar results.

To identify potential \FWEWIN and hFWELOSE jsoforms, we performed live-
cell imaging (Extended Data Fig. 1d), which showed that cells expressing hFWE1 or
hFWE3 undergo cell death only when co-cultured with cells expressing either hFWE2
or hFWE4; cell death was accompanied by increased proliferation of cells expressing
hFWE2 or hFWE4 (Fig. 1c, Extended Data Figs. 3a, b, 4a, Supplementary Videos 2—
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5). These findings suggest that hFWE2 and hFWE4 function as hFWEWIN isoforms
whereas hFWE1 and hFWE3 function as hFWELOS€ isoforms. Furthermore,

elimination of hFWELOS€.expressing cells occurred through caspase-dependent
apoptosis, because the addition of the caspase inhibitor Z-VAD-FMK inhibited this
process and annexin-V staining (Extended Data Figs. 4b, 5a, b, 6a, Supplementary
Videos 6, 7). Cells expressing individual isoforms (hFWE1-hFWE4) did not induce

loss of co-cultured hFWEKO cells, indicating that hFWE-mediated cell elimination
requires cells that express both hFWEWIN and hFWELOSe (Extended Data Fig. 6b,
Supplementary Video 8). Elimination of hFWELOS€ cells was dependent on contact
with hFWEWIN cells, because no apoptosis was observed during imaging of low-
density-plated hFWE1-GFP* and hFWE2-RFP* cells (Extended Data Fig. 6c,

Supplementary Video 9). We tested whether factors secreted by hFWEWin.
expressing cells were involved in cell elimination by transferring conditioned medium
from hFWE2-expressing cells onto hFWE1-expressing cells and found that it had no
significant effect on cell death (Extended Data Fig. 6d). Live-cell calcium imaging

using Fluo-4AM dye showed that expression of individual hFWE isoforms in MCF-7

hFWEKO cells had no effect on cellular calcium levels (Extended Data Fig. 7a, b),
and the calcium chelator BAPTA-AM did not interfere with the elimination of

hFWELOS€. expressing cells (Extended Data Fig. 7c), suggesting that hFWE

25-27 and their function is calcium-

isoforms do not function as calcium transporters
independent. We conclude that human Flower proteins work as canonical fithness

fingerprints.

To study the role of Flower proteins in human cancer, we used quantitative
PCR (gPCR) to measure the expression of hFWE isoforms in laser-captured
formalin-fixed paraffin-embedded (FFPE) samples of cancerous and adjacent
stromal tissue from individuals with malignant tumours (25 breast, 21 colon), benign

tumours (10 breast, 10 colon), and normal tissue (10 breast, 10 colon, from matched
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patients; Fig. 2a). All h(FWE isoforms showed poor expression in normal tissue. The
tumour tissue showed increased expression of hFWEWIN isoforms, and stromal

tissue showed significant upregulation of hFWE!OS€ isoforms (more in malignant
tumours than in benign tumours and their stroma; Fig. 2a). Sequential laser capture
of breast and colon stromal tissue showed a significant increase in expression of
hFWELOSE isoforms in the first 400 um from the edge of the tumour tissue (Extended
Data Fig. 7d), where genes involved in the regulation of apoptosis were concurrently
upregulated (Extended Data Fig. 7e). Fluorescence in situ hybridization (FISH)
showed increased expression of hFWEWIN isoforms exclusively in breast cancer

cells (Extended Data Fig. 7f); further gPCR showed that, unlike tumour epithelial
cells, normal epithelial cells do not exhibit high hFWEWin expression (Extended Data
Fig. 7g). MCF-7 hFWEKO cells expressing hFWE2 induced apoptosis of co-cultured

primary epithelial cells or fibroblasts (isolated from normal breast tissue; Extended
Data Fig. 8a).

We generated two anti-hFWE antibodies (one against the N terminus that is
common to all four isoforms, and the other specific to the hFWEWIN isoforms
(encoded by exon 3)). We used immunohistochemistry to validate the antibody
specificity in sections of hFWEKO cells overexpressing hFWE1, hFWE2, hFWE3 or
hFWE4 (Extended Data Figs. 8b, 9a). Immunostaining with anti-hFWEWIN and anti-
hFWE-N-term antibodies produced positive membrane staining in breast cancer cells
(Extended Data Fig. 9b). Immunohistochemistry with the anti-hFWEWin antibody
showed that hFWEWIN was expressed exclusively in breast, colon, and squamous

cell carcinoma (SCC) cancers (Fig. 2b, Extended Data Figs. 7h, 9c).

Immunohistochemistry of the same breast, colon, and SCC cancers with anti-hFWE-

N-term anti-bodies —which recognize both hFWEWIN and hFWELOS€ isoforms—
showed staining of both cancer and stromal cells (Fig. 2b, Extended Data Figs. 7h,

9c). Both antibodies showed poor staining in normal tissue (Extended Data Fig. 9c).
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Our main observations from this analysis were that both types of hFWE
isoform tend to be low in healthy tissue, hFWEWiN isoforms are upregulated in cancer

tissue (more in malignant than in benign cancers), and levels of hFWELOS€ isoforms

are unusually high in the cancer-adjacent stroma.
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Figure 2 - Flower isoforms and human cancer. a, Expression of h(FWE"" and
hFWE"*®* mRNA is observed in benign and malignant tumours, their respective
stroma (from same samples) and healthy tissue (laser microdissected, FFPE
samples). Poor expression was observed in healthy tissue; hRFWE"™ isoforms were
upregulated in benign tumour tissue; and hFWE"**® isoforms were upregulated in
stromal tissue. In malignant tumours, hFWE"“" isoforms were significantly
upregulated in cancer tissue and hFWE"*® isoforms were significantly upregulated in
stromal tissue. hFWE"™ expression ratio for normal:benign tumour:malignant
tumour,  1:2.328:11.369. hFWE"*® expression ratio for  normal:benign
stroma:malignant stroma, 1:6.513:24.694. By binary logistic regression analysis,
hFWE""™ in cancer (with P = 0.006) and hFWE"**® in stroma (with P = 0.015) together
have predictive capacity for malignant tumours of 86.3%. n represents the number of
biologically independent experiments and fold change is calculated against the

expression of h(FWE"" isoforms in normal breast tissue. Box plots show median, first
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and third quartiles, positive and negative error values (s.d.). All statistically
significant P values are shown (two-tailed t-test). Nor, normal tissue; can, cancer
tissue. b, Left, haematoxylin and eosin (H&E) stained colon cancer and stromal
samples. Right, immunostaining of colon cancer samples shows the abundance of
hFWE"" isoforms. Middle, staining with anti-nFWE-N-term antibody shows staining
in both tumour and stroma. This experiment was repeated independently three times

with similar results.

These results suggested that tumour cells exhibit high hFWEWIin expression
and tend to grow in areas of stroma with high hFWELose expression. To investigate
whether overexpression of hFWELOS€ in host tissue and hFWEWIN in the tumour
might result in aggressive tumour growth, we generated FweKO mice? bearing
orthotopic breast tumours derived from MCF-7 cells. Individual hFWE isoforms were
overexpressed in the mammary tissue of FweKO mice to study the effects of host
cells, and hFWEKO MCF-7 cells overexpressing GFP-tagged individual hFWE
isoforms were used to generate the tumours (Fig. 3a). When we analysed all possible
combinations, we found that MCF-7 hFWEKO cells expressing hFWE2-GFP or
hFWE4—-GFP generated isoform expression within FweKO mouse mammary tissue

(28-day study). Reduced tumour growth was observed when mammary tissue

expressed hFWEWIN jsoforms and cancer cells expressed hFWELOSe isoforms.

Increased tumour growth was observed when mammary tissue expressed

hFWELOSe isoforms and cancer cells expressed hFWEWIN isoforms. n = 3, all
statistically significant P values shown, two-tailed t-test, mean + s.d. aggressive
tumours when implanted into mammary tissue expressing hFWE1 or hFWE3 (Fig.

3b, Extended Data Fig. 9d). The results suggest that interactions between expression

of hFWEWIN isoforms in tumours and hFWELOSe isoforms in the stroma are

important for tumour growth.
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Figure 3 - Lose isoform in stroma and Win isoform in tumour cooperate to
induce aggressive cancer growth. a, Schematic of mouse model used to study
competition between injected hFWE""- or hFWE"**-expressing cancer cells and
hFWEWN- or hFWE"*-expressing host tissue. hFWEX represents any one of
hFWE1-hFWEA4. LV, lentivirus. b, Tumour volumes were measured and analyzed for
each of the 16 combinations of hFWEX-IRES-GFP expression in MCF-
7 hFWE®® xenografted cells and hFWE isoform expression within FweX° mouse
mammary tissue (28-day study). Reduced tumour growth was observed when
mammary tissue expressed hFWE""isoforms and cancer cells expressed
hFWE"**® isoforms. Increased tumour growth was observed when mammary tissue
expressed hFWE"**® isoforms and cancer cells expressed hFWE"" isoforms. n = 3,

all statistically significant P values shown, two-tailed t-test, mean + s.d.

We investigated the role of host tissue hFWE isoforms by using hFWE2-
overexpressing hFWEKO HCT-116 and MCF-7 cells to generate tumours in FweWT
and FweKO mice. Both HCT-116 hFWE2* and MCF-7 hFWE2* tumours were larger
with higher incidences of metastasis in FweWT mice than in FweKO mice (Extended
Data Fig. 9e—g). The expression of hFWELOSE isoforms was upregulated in wild-type
MCF-7 cells when they were co-cultured with hFWE2-expressing hFWEKO MCF-7
cells (Extended Data Fig. 10a, b). Similarly, expression of hFWELOS® isoforms was

increased in tumour-adjacent tissue from FweWT mice after implantation of hFWE2-
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expressing MCF-7 tumours when compared with before (Extended Data Fig. 10c).
From these experiments, we conclude that the expression of Win isoforms in the
tumour is sufficient to induce increased expression of Lose isoforms non-
autonomously in the surrounding cells. These data show that stromal Lose and

tumoral Win isoforms cooperate to promote aggressive cancer growth.

Next, we tested whether inhibition of Flower could provide anti- cancer
benefits. Amongst ectopic tumours derived from hFWEWT and hFWEKO HCT-116
cells, those derived from hFWEWT cells were larger (Extended Data Fig. 10d, e).

Knockdown of hFWE expression by short hairpin RNA (shRNA) in hFWEWT HCT-
116 cells before xenografting (Extended Data Fig. 10g, h) reduced both tumour
volume and probability of metastasis (Extended Data Fig. 10d—f). The growth
(Extended Data Fig. 10d, e) and metastatic potential (Extended Data Fig. 10f) of
HCT-116 tumours treated with shRNA targeting hFWE was rescued by ectopic
expression of codon-optimized hFWE2 cDNA (which is unaffected by anti-hFWE
shRNA) (Extended Data Fig. 10h). In a gain-of-function experiment, we

overexpressed hFWE2 in CCL-218 (colon cancer) cells, which express low levels of

hFWEWIN isoforms; this resulted in a nearly threefold increase in their tumour growth
potential (Extended Data Fig. 10i, j).

We screened a panel of 18 metastatic cell lines of multiple origins (breast,

colon, prostate, pancreatic, and ovarian) for hFWEWin expression (Extended Data
Fig. 10j). Cells with higher (HCT-116 colon and DU-145 prostate) or lower (CCL-218

colon and OVCAR-8 ovarian) expression of hFWEWIN were selected, and their
tumorigenic potential was observed. We tested the therapeutic potential of hFWE
gene knock- down (Extended Data Fig. 10g) in combination with standard-of-care
chemotherapy against the tumorigenic potential of these cancer cell lines. DU-145
and HCT-116 cells had significantly higher tumorigenic potential and generated
larger tumours than CCL-218 and OVCAR-8 cells (Fig. 4a, b). hFWE knockdown
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significantly reduced tumour volumes (Fig. 4a, b). Control xenografts and those
treated with scrambled shRNA generated much larger tumours than xenografts
treated with anti-hFWE shRNA or chemotherapy (fluorouracil (5-FU) for colon
cancer?®, or cisplatin and docetaxel for prostate?® and ovarian® cancer). Treatment
with a combination of anti-hFWE shRNA and chemotherapy further reduced, and in
some cases completely eliminated, tumorigenesis (Fig. 4a, b). Control experiments
demonstrated the efficiency of hFWE shRNA in all tumours (Extended Data Fig. 10k).
Metastatic probability was reduced markedly upon hFWE knockdown and even
further by combined treatment with chemotherapy (Fig. 4c). Thus, we conclude that
human hFWE proteins can have a powerful effect on tumorigenicity and propose that
therapies targeting these proteins have the potential to impair cancer growth and

metastasis.
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(colon) and OVCAR-8 (ovarian) cell lines was tested. Orange, control vehicle-treated
tumours; green, negative control non-specific scrambled (Scr) shRNA-treated
tumours; blue, tumours treated with a cocktail of anti-hFWE shRNA, resulting in a
significant reduction in tumour volume; black, cisplatin + docetaxel for prostate (DU-
145) and ovarian (OVCAR-8) lines and 5-FU for colon cancer lines (HCT-116 and
CCL-218); red, a combination of hFWE knockdown with chemotherapy abolishes
tumour burden in several cases and overall significantly reduces tumour
growth. n = 5 biologically independent experiments, P values shown, mean + s.d.,
one-tailed t-test. ¢, The effect of treatment with vehicle, scrambled
shRNA, hFWE shRNA, chemotherapy, and a combination of hFWE shRNA and
chemotherapy on metastasis. Heat map scale indicates the probability of metastasis,
which is significantly reduced by treatment with AFWE shRNA or a
combination of hFWE shRNA and chemotherapy (compare groups 1 and 2 with
groups 3, 4 and 5; n = 5 each group).

We have shown that the human Flower protein code mediates competitive
interactions that depend on cell contact and caspase-dependent apoptosis but not
on calcium transport. Homogeneous expression of any of the four Flower proteins
does not trigger cell elimination or affect cell fithess in terms of proliferation, survival,
or clonogenicity. Cell elimination requires different levels of Win and Lose isoforms
in neighbouring cells, demonstrating that relative levels of these proteins are more
important than absolute levels for cell selection. In addition, we find that human
tumours use cell fithess markers to gain a competitive advantage over neighbouring
cells. This work represents a conceptual advance in understanding the role of cell
fithess comparisons in the progression of human cancer. It describes a concrete
molecular mechanism that regulates oncogenic growth and metastasis via the Flower
fithness comparison system. This appears to be a striking general feature of solid
tumours and an unrecognized prerequisite for tumour growth. Notably, we also show

that inhibition of cell competition can be combined with standard-of-care
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chemotherapy to further prevent tumour growth and metastasis of colon, ovarian and

prostate cancers.

2.3 METHODS

2.3.1 BIO-INFORMATICS ANALYSIS.

Encode data for the CACFD1 (hFWE) gene were collected systematically from the
UCSC Genome Browser. The trans-membrane structures for human hFWE isoforms
were predicted using Predictprotein 2013 software from the Technical University of
Munich.

2.3.2 ESTABLISHED CELL LINES AND CULTURE CONDITIONS.

A2780-CR, A2780-CS, CCL-218, DU-145, HCC-1954, HCT-116, MCF-7, MCF 10A,
MD-4, MD-7, MDA-MB-231, MDA-MB-468, PC-3, SK-BR-3, TR-127, TR-182 and ZR-
75 cells were procured with certificates of authentication from the American Type
Culture Collection (ATCC). HEK293 cells were procured from Cell Biolabs. OVCAR-
4 and OVCAR-8 cells were kindly provided by S. Karuppaiyah (Ohio State
University). In brief, all cell lines were cultured as suggested by the ATCC in
Dulbecco’s modified Eagle’s medium (DMEM) or RPMI 1640 (Corning)
supplemented with 10% (v/v) heat-in- activated fetal bovine serum (FBS) (Gibco) and
1% (v/v) penicillin/streptomycin (Thermo Fisher Scientific) and incubated at 37 °C in
a humidified atmosphere of 95% air and 5% CO2. Cell lines were tested for

mycoplasma contamination.

2.3.3 TRANSFECTIONS AND PREPARATION OF LENTIVIRAL
PARTICLES.
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All transfections were per- formed using Lipofectamine 3000 (Thermo Fisher
Scientific). Lentiviral particles encoding Cas9 + hFWE single guide RNA (sgRNA),
hFWE shRNA, and cDNA for hFWE1-hFWE4 were generated using HEK293T cells
and their respective packaging. The viral particles were concentrated by centrifuging
the supernatant at 22,000 r.p.m. for 2 h at 20 °C. The pellet was re-suspended in 200
ul 1x HBSS, purified by layering the 200 pl of viral preparation on 1.5 ml of 20%
sucrose (in HBSS) and centrifugation at 22,000 r.p.m. for 2 h at 20 °C, and then the

pellet was re-suspended in 100 yl 1x HBSS. The titre of lentiviral particles was deter-
mined using a p24 ELISA kit (Cell Biolabs); 109 TU mi=1 was used for cell culture
experiments, and 1011 TU mI=1 was used for in vivo infections. For infection of target

cells, lentiviral particles were diluted in culture medium containing 5 g mi—T1

polybrene (Thermo Fisher Scientific).
2.3.4 GENERATION OF MCF-7 AND HCT-116 HFWEKO CELLS.

Stable knockout of hFWE was performed using lentiCRISPR V2 vector (Addgene)
expressing both Cas9 and sgRNA targeting the hFWE gene loci. Cloning of sgRNA
targeting hFWE gene loci was performed as described previously®'32, Lentiviral
particles were generated by transfection of HEK293T cells with lentiCRISPRs,
psPAX2, and pMD2.G plasmids (Addgene) and the virus was collected 48 h later®'*2,
MCF-7 and HCT-116 cells were infected with lentiviral particles, and 48 h later the

medium was replaced with culture medium containing 2 ug mi—1 puromycin (Thermo
Fisher Scientific). After 2 weeks of puromycin selection, single-cell colonies were
isolated via ring cloning. DNA from each colony was extracted using QuickExtract
(Epicentre). To confirm that an indel was present at both alleles, the region, including
the target site, was amplified using PCR. The PCR products were ligated into
pBlueScript (Addgene) for cloning and sequencing. Oligos for creating CRISPRs:
CACFD1-csp1a: CACCGCATGACGTGGTGGTACCGC, CACFD1-csp1b:
AAACGCGGTACCACCACGTCATGC, CACFD1-csp2a: caccT-
TTCAAGCTTGCGCGATCTC, CACFD1-csp2b: aaacGAG ATC GCG CAAGCT TGA
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AA, CACFD1-csp3a: CACCGGGCTGTGAGCTGCGCCTGA, CACFD1- csp3b:
AAACTCAGGCGCAGCTCACAGCCC. Primers used for PCR to check deletion:
CACFD1-PCR-csp1F: aagcttTAT GCT CCC TCT CCC ACA AGG C, CACFD1-PCR-
csp1R: ctcgagGAC TGG ATA CTC ACA GAC TGC CC, CACFD1- PCR-csp2F:
aagcttCTT CTG GGT GCT GTG AGA ACT GTG, CACFD1-csp2R: ctcgagGGA CGG
CCA TGC ATT ACT CAC.

2.3.5 sHRNAs.

Stable knockdown of hFWE was performed using lentiviral constructs (Genscript)
containing shRNA targeting hFWE. The shRNA sequences were: 5'-
TCTGGCCTCTTCAACTGCATCACCATCCA-3' 5-TGAATGCC
TTCATCTTGTTGCTGTGTGAG-3"; 5-CGCTCCTGGCAGAAGGCT
GTCTTCTACTG-3"; and 5-GGCAGCAGGCGGATGAGGAGAAGCTCGCG-3". The
lentiviral packaging was performed in 293FT cells using ViraSafe Lentivirus
Packaging System (Pantropic Cell Biolabs), as per the manufacturer’s instructions

and previously stated. Forty-eight hours after transduction, cells were selected with

2 ug mi—1 puromycin in growth medium for 10 days and single colonies were selected

and propagated. Gene knockdown efficiency was assessed by qPCR.
2.3.6 HFWE CDNA OVEREXPRESSION.

The pCDH-CMV-MCS-EF1a-copGFP and pCDH- CMV-MCS-EF1a-RFP vectors
expressing individual hFWE isoforms 1-4 were obtained from System BioSciences.
GFP-IRES-Isoform-1-4_OptHs vectors were obtained from ATUM. The lentiviral
packaging was performed in 293FT cells using ViraSafe Lentivirus Packaging

System (Pantropic Cell Biolabs) per the manufacturer’s instructions.

2.3.7 MTT ASSAY.
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We seeded 1 x 104 MCF-7 wild-type of hFWEKO cells into 96-well plates overnight.
Next, the culture medium was removed and cells were washed with PBS, and then
incubated with 0.5 mg/ml 4,5-dimethylthiazol-2-yl-2,5-diphe- nyltetrazolium bromide
(MTT; Sigma-Aldrich) in fresh culture medium for 3 h at 37 °C. The culture medium
was carefully aspirated, and the formazan product was dissolved in 180 ul DMSO.
Cell viability was measured as the difference between the absorptions at
wavelengths of 570 and 650 nm. All experiments were performed in triplicate and

repeated three times.

2.3.8 COLONY FORMATION ASSAY.

MCF-7 wild-type and MCF-7 hFWEKO cells were seeded into 6-well culture plates

(1% 103 cells per well) and then cultured under standard conditions over 21 days.
The medium was replaced every third day. Finally, the cells were fixed with methanol
and then stained with crystal violet (Sigma Aldrich). All experiments were performed

in triplicate and replicated three times.
2.3.9 BRDU ASSAY.

Cellular proliferation was measured using the Cell Proliferation ELISA BrdU
Colorimetric Assay Kit (Roche Applied Science). We plated 1 x 103 MCF-7 wild-type

or hFWEKO cells per well in 96-well plates. Twenty-four hours after plating, cells
were labelled with BrdU in fresh culture medium overnight at 37 °C. Cells were then
fixed and denatured for 30 min, followed by incubation with peroxidase substrate
solution at 25 °C and the reaction was stopped using 1 M H2SO4. An absorbance
wavelength of 450 nm and reference wavelength of 690 nm were used. All

experiments were performed in triplicate and replicated three times.

2.3.10 ROS MEASUREMENT.
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ROS levels were determined by incubating MCF-7 wild-type and hFWEKO cells in
serum-free DMEM containing 10 uM 2',7'-dichlorodihydro- fluorescein diacetate (H-
DCFDA; Thermo Fisher Scientific) for 30 min at 37 °C. Cells were trypsinized and
were washed twice in PBS, and the final cell pellet was re-suspended in PBS. DCF
intensity was measured by flow cytometry using the BD-LSRII H274 per
manufacturer’s instructions. All experiments were performed in triplicate and

replicated three times.
2.3.11 APOPTOSIS AND CELL CYCLE ANALYSIS.

At the endpoint of monoculture or co-culture experiments, cells were stained with
annexin-V (Thermo Fisher Scientific) per the manufacturer's instructions. Flow
cytometry was performed to detect apoptotic cells by observing FITC-conjugated and
pacific blue-conjugated annexin-V staining. For cell cycle analysis, MCF-7 wild-type
and MCF-7 hFWEKO cells were fixed in 70% ethanol. Fixed cells were washed with
cold PBS and stained with 50 ug mi="1 propidium iodide (Thermo Fisher Scientific).
Flow cytometry for apoptosis detection and cell cycle distribution profiles was
performed using MACSQuant Analyzer (Miltenyi Biotec) and analysed using FlowJo

software (Treestar).

2.3.12 LIVE-CELL IMAGING OF CELL COMPETITION ASSAY.

MCF-7 hFWEKO cells were infected with lentiviral particles expressing GFP- or RFP-

tagged hFWE1-hFWE4 isoforms and cultured for 24 h. RFP* and GFP* cells were
sorted by flow cytometry using the BD FACS ARIA Ill (BD Biosciences).
Overexpression of hFWE in sorted cell populations was measured by gPCR and only
sorted batches with high expression of hFWE1-hFWE4 (characterized by hFWE Ct
value of ~14, with GAPDH Ct value of ~21) were used. Equal numbers of MCF-7
cells expressing GFP- or RFP-tagged hFWE1-hFWE4 were co-plated in a glass-

bottom dish (Matek) in the specified combinations and co-cultured under normal
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conditions for 24 h. Cells were then subjected to live-cell imaging for the indicated

times and processed for apoptosis detection by annexin-V staining. To study
caspase-dependency for cell death, MCF-7 hFWEKO cells expressing hFWEWin

were co-cultured with MCF-7 hFWEKO cells expressing hFWELOS€ in the presence
of the caspase inhibitor Z-VAD-FMK (20 puM, Sigma-Aldrich) for 24 h. We next
performed live-cell imaging at the indicated times, and, at the study endpoint, cells
were processed for apoptosis detection by annexin-V staining when indicated. To

observe the contact-dependency of cell competition, an equal number of MCF-7

hFWEKO cells expressing hFWE1-GFP and MCF-7 hFWEKO cells expressing
hFWE2-RFP were co-plated at low density, followed by live-cell imaging. For

conditioned medium experiments, medium was collected from MCF-7 hFWEKO cells

expressing hFWE2 cDNA, centrifuged at 1,000 r.p.m. for 5 min, and then added to
target MCF-7 hFWEKO cells expressing hFWE1-GFP. Cells were subsequently

cultured for 24 h, then we performed live- cell imaging at the indicated times. Live-
cell imaging was performed using Leica TCS SP8 confocal laser microscopy (Leica
Microsystems), a Nikon A1 HD25 confo- cal microscope (Nikon), and a Zeiss LSM-
800 with Airy Scan Confocal Microscope (Zeiss). Analysis of cell motility, cell count
and cell death was performed manually using Fiji software (http://fiji.sc/) and the
analysis of average cell volume and aver- age cell sphericity were performed using

Imaris7.6.5 software (Bitplane).

2.3.13 CELL COMPETITION ASSAY WITH NORMAL BREAST CELLS.

MCF-7 hFWEKO cells were infected with lentiviral particles expressing hFWE2-GFP
and cultured for 24 h. MCF-7 hFWEKO cells expressing hFWE2-GFP were
subsequently cultured on their own or co-cultured with an equal number of normal
breast primary epithelial cells or fibroblasts. Cells from each combination were
collected at the indicated times for annexin-V staining and the percent of apoptotic

cells was measured in the GFP-positive and GFP-negative populations using flow
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cytometry. Human epithelial cells and fibroblasts were isolated from normal breast
tissue from fresh or cryopreserved, de-identified tissues; samples were obtained from
the Komen Tissue Bank (KTB) at IU School of Medicine, Indianapolis, after informed
consent from the donors. All experiments were carried out in accordance with the
approved guidelines of the Indiana University Institutional Review Board, which
determined the study to be non-human subjects research. International Ethical
Guidelines for Biomedical Research Involving Human Subjects were followed.
Proceedures for isolation of primary cells from biopsies and propagation have been

described®:.

2.3.14 DETERMINATION OF CELLULAR CALCIUM LEVELS.

MCF-7 hFWEKO cells and MCF-7 hFWEKO cells infected with lentiviral particles
expressing hFWE1—4 isoforms individually were plated in glass-bottom dishes
(Matek). After 24 h, cells were incubated with the fluorescent dye Fluo-4AM (Thermo
Fisher Scientific) as per the manufacturer’s protocol for 40 min, washed with PBS,
and then incubated for an additional 15 min to complete the de-esterification of the

dye. Live-cell imaging was immediately performed at the indicated times to determine

cellular Ca2* levels using TCS SP8 (Leica) confocal imaging. An excitation

wavelength of 494 nm and an emission wavelength of 506 nm were used. Results

were quantified by measuring the Ca2* indicator mean fluorescence intensity (MFI)
in all cell combinations using Fiji. All experiments were performed in triplicate and

repeated three times.

2.3.15 BAPTA-AM.

MCF-7 hFWEKO cells were infected with lentiviral particles express- ing hFWE1—
RFP or hFWE2-GFP and cultured for 24 h. Then, MCF-7 hFWEKO cells expressing
hFWE1-RFP and MCF-7 hFWEKO cells expressing hFWE2—-GFP were co-plated in

equal numbers and co-cultured for 24 h in the presence or absence of BAPTA-AM
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(10 uM, Thermo Fisher Scientific). Cells were collected for annexin-V staining and

flow cytometry analysis.
2.3.16 LASER-CAPTURE MICRODISSECTION.

FFPE tissue sections (5-um thick) were subjected to laser capture microdissection
using the Leica Microsystems at UNMC; Zeiss Palm MicroBeam IV Laser Capture
Microdissection system at Thornwood facility and Michigan University. Matched
H&E-stained sections were used to demarcate cancer versus stroma. Adjacent
normal tissues were microdissected in precise increments of 200 ym in distance
perpendicular from the boundary of tumour mass. Captured tissue was collected into

the adhesive cap (Zeiss).
2.3.17 IMMUNOHISTOCHEMISTRY.

Matched normal and tumour patient samples of breast and colon origin were formalin-
fixed and paraffin-embedded. FFPE tissues were cut into sections of 5 um and were
stained with H&E or hFWE antibodies. Samples were deparaffinized in xylene and
rehydrated in a graded series of ethanol. Antigen retrieval was performed in 10 mM
EDTA buffer pH 9 for 20 min at 96-98 °C. Samples were allowed to cool at room
temperature for 20 min, and blocked in 1% peroxide solution for 10 min, followed by
washing with TBS + 0.5% Triton X-100. Slides were blocked in 3% bovine serum
albumin (BSA, Sigma-Aldrich), then incubated with anti-hFWE-N-term (Ab1; 1:500)

and anti-hFWEWin (Ab4; 1:500) primary antibodies (Genscript) in blocking solution
overnight at 4 °C. The sections were incubated in goat anti-mouse 1gG HRP-
conjugated secondary anti- body (1:2,000, Thermo Fisher Scientific) for 1 h at 25 °C
and then developed with 3,3'-diaminobenzidine (DAB, Vector Labs) for 10 min to

visualize the colour of the reaction.

2.3.18 IMMUNOFLUORESCENCE.
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For immunofluorescent and immunocytological staining for hFWE in human tissue

and cells, anti-hFWE-N-term (Ab1) and anti- hRFWEWIN (Ab4) antibodies were used
at 1:500 final dilution, and goat anti-mouse IgG AlexaFluor 488 (1:1,000, Thermo
Fisher Scientific) was used as the secondary antibody. SCC, colon, and normal skin
FFPE samples were cut into 5-uym sections and stained with H&E or hFWE
antibodies. Immunofluorescence experiments were performed as described

previously** and refined for the hFWE antibodies. Serial sections were incubated with

anti-hFWE-N-term and anti-hFWEWiN anti- bodies overnight at 4 °C. Sections were

incubated with secondary antibody for 2 h and nuclei were counterstained with 4',6-

diamidino-2-phenylindole (DAPI, Sigma-Aldrich, 1 ug ml—1).
2.3.19 IMMUNOCYTOCHEMISTRY.

MCF-7 hFWEKO cells and MCF-7 hFWEKO cells express- ing one of hFWE1—
hFWE4 were collected by trypsinization and the cell pellet was resuspended in pre-
heated 1.5% agarose + 2% sucrose solution, homogenized, and allowed to solidify.
The agarose block was placed in 30% sucrose overnight. Eight-micrometre-thick
sections were prepared using a Cryostat 3050S (Leica) and slides were stained using

the Bond Polymer Refine Detection Kit (Leica) per the manufacturer’s instructions.

Slides were then incubated with anti-hFWE-N-term and anti-hFWEWIN antibodies for
15 min and subsequently processed using Leica Detection Polymer and developed

with DAB according to the kit instructions.

To analyse the membrane topology of hFWE isoforms, MCF-7 hFWEKO cells were
plated in Nunc LabTek-lIl 4-chambered coverglass (Thermo Fisher Scientific)
overnight and then transfected with cDNA for hFWE1-hFWE4 using Lipofectamine
3000. After 24 h, the cells were fixed with 3.7% paraformaldehyde in PBS for 15 min,
and then permeabilized with 0.1% Triton X-100 in TBS for 7 min or non-

permeabilized. Subsequently, the cells were blocked with 3% BSA and incubated

74



with anti-hFWE-N-term or anti-hFWEWin primary antibody in 3% BSA for 4 h, washed
three times with 1x PBS and stained with secondary antibody for 2 h. Nuclei were
counterstained with Hoechst 33258 (Thermo Fisher Scientific). Images were
acquired with a Zeiss LSM880 inverted by using a Plan- ApoChromat 20%/0.8 dry
lens. An argon laser with 25 mW of head power and a 405 Diode laser with 30 mW
head power were used to excite AlexaFluor488 and Hoechst, respectively. The signal
detected was limited to the portions of the visible spectrum between 495 and 545nm
and 420 and 480nm by using BP filters in front of a ZEISS Airy Scan detector. The
images were acquired in super-resolution mode with an XY sampling factor (pixel
size) of 55 nm. A volume of approximately 12 ym was acquired around the central
plane of each cell with a z-step of 342 nm. After the acquisition, the images were
processed in order to reassign the information collected by the 32 Airy detectors to
their source point and obtain a theoretical resolution of 233 nm for the A488 channel

and 204 nm for the Hoechst channel.
2.3.20 FLUORESCENT IN SITU HYBRIDIZATION.

FFPE breast cancer sections (5-um thick) were stained with H&E to verify that the
slides included both cancer and normal tissue. Next, 5-um-thick serial sections were
prepared for processing with the in situ + ISH Tissue Assay kit (Affymetrix) according
to the manufacturer’s instructions. Probe sets were designed by Affymetrix to detect
exon 3 and exon 4 of CACFD1 mRNA. After deparaffinization, slides were subjected
to heat pretreatment (90 °C, 30 min) and protease digestion, (40 °C, 20 min). Then
sections were hybridized with probe following the signal-amplification step. Sections
were developed using kit-supplied Fast Red substrate and counterstained with DAPI.
All sections were mounted with DAKO UltraMount Permanent Mounting Medium
(Agilent). Fluorescent images were acquired using a BZ-X700 microscope

(Keyence).

2.3.21 RNA ISOLATION AND QUANTITATIVE RT-PCR ANALYSIS.
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Total RNA was isolated from cancer cell lines, patient tumour samples, and mouse
tumour xenografts using the PureLink RNA Mini kit (Qiagen). Total RNA was isolated
from laser-captured FFPE tissue samples using the RNeasy FFPE kit (Qiagen). Ten
nanograms of total RNA was reverse-transcribed to complementary DNA using
Superscript Vilo cDNA synthesis kit (Thermo Fisher) per the manufacturer’'s
instructions. Quantitative PCR (qPCR) was performed with PowerUp SYBR Green
master mix (Thermo Fisher) using the Rotor Gene Q (Qiagen), BioRad CFX96,
QuantStudio 6 (ABI) or Light cycler 96 instrument (Roche). The reaction conditions
included an initial denaturation step at 95 °C for 2 min, followed by 40 cycles of 95
°C for 15 s and 60 °C for 60 s. Data were analysed using the comparative Ct
method®. The Ct values of samples and controls were normalized to the expression
level of the GAPDH housekeeping gene. All gPCR reactions were set up in triplicate
and the experiments were performed with at least three different samples. The
following primers were used (F: forward; R: reverse): GAPDH: 5-GGATGCAGGGAT
GATGTTC-3' (F) and 5-TGCACCACCAACTGCTTAG-3' (R); hFWE1: Ex2-4 5'-
GCGTGTGGATGATGATGG' (F) and Ex5 5-CCTGTCTTGTCCCCTC TGA-3' (R);
hFWE2: Ex3 5-CTGCCAGTTCATCGAGTTTG-3' (F) and Ex5 5-
CCTGTCTTGTCCCCTCT GA-3' (R); hFWE3: Ex2-4 5-GCGTGTGG
ATGATGATGG-3' (F) and Ex4-6 5-AGATCGCATCGCCCTTT-3' (R); hFWE4: Ex3
5-CTGCCAGTTCATCGAGTTTG-3' (F) and Ex4-6 5-GATCGCATCGCCCTTTT-3'

(R);, hFWEWIin.  5.GCCTTCATCTTGT TGCTGTG-3' (F) and 5-

CATCCCGCAGTAGAAGACAG-3' (R); NFWELOSe: 5. GCGTGTGGATGATGATGG-
3" (F) and 5-AGCAGAGAGTCCGTACA GCA- 3' (R); mouse Fwel 5'-
TCCACACTTCTCTGGTTCTG-3' (F) and 5-GTGAGTA CTGC TGTC TAGCC-3' (R);
mouse Fwe?2 5-CGATGCCATTTCTTATGCTC-3' (F) and 5'-
TGACACTCAGTCTTCTCCAG-3' (R); mouse Fwe3 5'-CAAA
CACAGTAGCTGAGAAGG-3' (F) and 5- TAGAGGGAAATGGTGTTT CT G-3' (R);
mouse Fwe4 5- GTTTGCTAAATCCTGGGTGTC-3' (F) and 5-GCGTTCAT
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GATCATCCACAC-3' (R); mouse Gapdh 5-GTATGT CGTGGAGTCTACTG-3' (F)
and 5-TCATCATACTTGGCAGGTTT-3' (R) as described previously®®.

2.3.22 THE HUMAN APOPTOSIS PCR ARRAY.

The Human Apoptosis RT2 Profiler PCR array kit (PAHS-3012; SA-Bio Sciences)
was used to profile the expression of 354 genes involved in apoptosis and gPCR was

performed per the manufacturer’s instructions.

2.3.23 EPITHELIAL CELL ISOLATION.

hFWEWIin expression was observed in the total normal tissue and the epithelial
fraction isolated from breast, colon, and lung tissue samples. All samples were
purchased from Tissue For Research, UK (https://biobankonline. com/) and all tissue
samples were procured with donor consent. For extraction of the epithelial cells,
approximately 120—-150 g of the normal tissue samples were used as starting material
for tissue digestion. Samples were handled in sterile conditions. Fatty tissue was
manually separated, using sterile scalpels and forceps. Subsequently, the epithelial-
enriched tissue was manually minced into small pieces. The tissue was sequentially
digested using a slow digestion process (overnight at low enzymatic concentration)
followed by sequential filtering to support the growth of the epithelial cell fractions as

described previously®®.
2.3.24 PATIENT SAMPLES.

For FISH, breast tumour specimens were provided by the Department of Breast
Surgery, Hokkaido University Hospital. For gPCR experiments, samples of benign
(10 breast and 10 colon) and malignant tumour (25 breast and 21 colon) were
provided by the Department of Pathology, UAMS, USA; samples of malignant lung
(4) and normal tissue (2 lung and 1 skin) were procured from the Department of

Pathology, Locarno Hospital, Switzerland; and samples of SCC (3) and normal skin
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(2) were obtained from the Department of Pathology, Creighton University School of
Medicine, USA. The same set of nor- mal and malignant SCC samples were also
used for immunofluorescent staining. FFPE breast and colon cancer samples used
for immunohistochemistry (IHC) and fresh normal breast samples were provided by

the Pathology Department, Champalimaud Foundation.

All samples used in the study were de-identified, FFPE archived samples with no
attached patient information, and were collected with informed consent from donors.
All samples were reviewed by the IRB boards at UAMS, Hokkaido University
Hospital, Locarno Hospital, Creighton University School of Medicine, Champalimaud

Foundation and determined to qualify as non-human subjects research.
2.3.25 CANCER XENOGRAFTS.

C57BL/6 mice were obtained from the Geisel School of Medicine, Dartmouth College.
Male and female Swiss nude mice were purchased from Charles River. All animal
protocols were approved by the Institutional Animal Care and Use Committee of
Dartmouth, and the Institutional Animal Ethics Committee at Champalimaud
Foundation. All mice were housed in laminar flow cabinets under specific pathogen-
free conditions. Food and water were available
ad libitum for the duration of the studies. Fwe*° mice were generated using female
C57BL/6 mice as described earlier'. For the generation of tumours in C57BL/6 mice,
cyclosporin A (30 mg kg'; Sigma-Aldrich) was injected intraperitoneally as
described®. Cell line xenografts were established as described previously®2°4°_ |n
brief, MCF-7, HCT-116, DU-145, CCL-218, and OVCAR-8 cells at 70-90%
confluency were trypsinized and cell viability, required to be at least >95%, was
determined by Trypan blue exclusion assay. Cells were re-suspended in 80 pl serum-
free medium with 1:1 Matrigel at a final concentration of 1 x 1046 cells mI™" and stored
on ice. For all tumour cell injections, animals were first anaesthetized with 1.5 - 3%

isoflurane with 30% oxygen.
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For overexpression of individual hFWE isoforms in mouse mammary tissue, 50 pl
lentiviral particles (104|1 TU ml—1) expressing individual GFP-tagged hFWE1-—
hFWE4 isoforms were injected into the mammary tissue of immunosuppressed

c57BL/6 FweKO mice as described*'. For injection of MCF-7 hFWEKO cells
expressing GFP-tagged hFWE1-hFWE4, a pellet of 17-B-oestradiol (0.18 mg per
pellet, 60-day release; Innovative Research of America) was subcutaneously
implanted into FweKO mice 3 days before cell injection. One week after lentiviral

treatment, MCF-7 hFWEKO cells expressing GFP-tagged hFWE1-hFWE4 were
injected into the mammary tissue. After 4 weeks, mice were monitored for

bioluminescent signal using an VIS 200 system (Xenogen).

For cell line xenograft tumour studies established in male and female Swiss athymic
nude mice (age 4—6 weeks), an 80-pl cell suspension containing 1 x 106 cells was
subcutaneously injected into the hind legs of athymic mice. The vehicle control used

for these studies was DMSO. To rescue hFWE2 expression in HCT-116 hFWEWT
tumours, 14 days after cell line injection, tumour-bearing mice were randomly
selected and lentiviral particles expressing hFWE2 were injected directly into the
established tumour as described previously*?*3. Chemotherapy treatments were
initiated when tumours reached an approximate size of 0.03 cm3; tumour-bearing
mice were randomized to receive 30 mg kg—1 5-FU as described® or 4 mg kg—1
cisplatin + docetaxel as described®. Tumour volumes were carefully monitored after
treatment using Vernier caliper measurements of length, width, and height, and
volumes were calculated using the formula for a semi-ellipsoid (4/31Tr3/2), as
described previously®®**. Tumour size did not exceed the maximum size of 1.28 cm3
as specified by institutional policies. The investigators were blinded during
experiments or outcome assessment. No statistical methods were used to

predetermine sample size.

2.3.26 STATISTICAL ANALYSIS.
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All values are expressed as means = s.d. of independent experiments. Differences
between groups were evaluated by Student’s t-test (two-sided) or Tukey—Kramer

test, and considered to be significant at P < 0.05.

2.4 REPORTING SUMMARY.

Further information on research design is available in the Nature Research Reporting

Summary linked to this paper.

2.5 DATA AVAILABILITY.

All data generated or analyzed during this study are included in the paper, its
Extended Data and its Supplementary Information. The source data for Figs. 2—4 and
Extended Data Figs. 1-10 are available online. (https://doi.org/10.1038/s41586-019-
1429-3)
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Extended Data Fig. 1 | Knockout of the hFWE gene in MCF-7 cells
does not affect their cellular functions. a, ENCODE data mining for chromatin
immunoprecipitation (ChIP) with H3K2Ac antibody shows active euchromatin status
of the hFWE promoter. b, ENCODE data mining for DNAase-l hypersensitivity
analysis shows footprints of DNA unwinding at the locations of hFWE exons. c,
Phylogenetic analysis. Exon sequences are highly conserved amongst vertebrates

except exon 5, which is more specific to mammals. d, Pictorial representation of the

protocol for the functional analysis of hFWE isoforms in cell culture. MCF-7 hFWEKO

cells were infected with lentiviruses encoding each hFWE isoform alongside an

independent GFP or RFP tag. Transduced cells were sorted for RFPT and GFP*
populations, plated together and co-cultured for 24 h. Co-cultured cells were then
studied for a further 24 h using live-cell imaging and flow cytometry. e, To obtain

human cells expressing single hFWE isoforms, MCF-7 cells (breast cancer origin)
were selected and MCF-7 hFWEKO cells were generated. qPCR analysis of relative

transcript synthesis of hFWE exon 1 from MCF-7 hFWEWT and MCF-7 hFWEKO
cells shows lack of gene product in the knockout cells (n = 3 biologically independent
experiments). f, MTT assay shows that knockout of the hFWE gene does not affect
cell viability and mitochondrial activity in MCF-7 cells (n = 3 biologically independent
experiments). g, BrdU assay shows that knockout of the hFWE gene does not affect
cellular proliferation rates of MCF-7 cells (n = 7 biologically independent experiments). h,
Cell-cycle distribution was examined by analysing DNA content. Propidium iodide
staining and subsequent flow cytometric analysis show that knockout of the hFWE gene
does not affect the cell- cycle progression of the MCF-7 cells (n = 3 biologically
independent experiments). i, Flow cytometric analysis of ROS via measurement of DCF
fluorescence shows that knockout of the hFWE gene does not alter cellular ROS in MCF-
7 cells (n = 4 biologically independent experiments). j, Annexin-V staining shows that
knockout of the hFWE gene does not affect cellular apoptosis in MCF-7 cells (n = 4
biologically independent experiments). k, The clonogenic assay shows that knockout of

the hFWE gene does not affect the ability of MCF-7 cells to form colonies (n = 3). I,
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Diagrammatic representation of the hFWEX-IRES—GFP/RFP lentiviral constructs. Eight
lentiviral constructs were prepared by cloning hFWE1/2/3/4-IRES—GFP/RFP into
pD2109-CMV lentiviral vectors. m, Eight additional constructs were prepared by cloning
hFWE1/2/3/4 into dual promoter pCDH-CMV-MCS-EF1a-copGFP and pCDH-CMV-
MCS-EF1a-copRFP (System Biosciences), respectively. e—j, P values shown, two-tailed

t-test, mean * s.d.
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Extended Data Fig. 2 | Overexpression of single hFWE isoforms in MCF-7

hFWEKO cells does not alter viability. a, MCF-7 hFWEKO cells were infected with
each hFWE1/2/3/4—-GFP/RFP construct independently and the cells were monitored

via live-cell imaging. Images at 24 h show that MCF-7 hFWEKO cells homogenously
expressing single hFWE isoforms do not undergo cell death (n = 3 biologically
independent experiments, P values shown, two-tailed t-test). b, Analysis of live-cell
imaging is shown as heat maps to represent the total number of cells, number of cells
dying every 1.5 h, average cellular volume and average cellular sphericity; each block
represents a gradient scale of low (blue), medium (yellow) and high (red) number or
shape or size of the cells (n = 3, analysis performed using manual tool from Fiji and

automated tools from Imaris, Genie tool used for representing data as heat maps). c,

gPCR analysis of MCF-7 hFWEKO cells expressing each of four hFWE isoforms
showed comparable lentiviral-mediated expression of hFWE1, hFWE2, hFWES3 or
hFWE4 (n = 3 biologically independent experiments, mean + s.d., ANOVA showed
no significant differences). d, Flow cytometry-based annexin-V staining shows that

overexpression of individual hFWE1/2/3/4-GFP/ RFP isoforms does not induce
apoptosis in MCF-7 hFWEKO cells (n = 3 biologically independent experiments,

mean * s.d., ANOVA showed no significant differences). e, Annexin-V staining and
flow cytometry-based cell imaging (image stream) also show that overexpression of
individual hFWE isoforms does not induce apoptosis (n = 3). f, Long-term effect of
overexpression of single hFWE isoforms with GFP or RFP reporters over 21 days

using clonogenic assay. The overexpression of hFWE isoforms does not affect the

colony formation ability of MCF-7 hFWEKO cells (n=3).
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Extended Data Fig. 3 | Live-cell imaging of co-culture assay using MCF-7
hFWEKO cells transduced with hFWE isoforms. a, Results from 24-h live-cell
imaging experiments of co-cultures of MCF-7 hFWEKO

cells expressing the four hFWE isoforms. In [1], MCF-7 hFWEKO cells expressing
hFWE1-IRES-GFP were co-cultured with cells expressing hFWE1-IRES-RFP.

GFP* and RFP* cells were monitored at 0 and
24 h to follow the effects of hFWE isoforms on cell proliferation. The ratio of GFP* to
RFP* cells did not vary significantly between 0 and 24 h. In co-culture experiments
[2], MCF-7 hFWEKO cells expressing hFWE1- IRES—GFP were co-cultured with

cells expressing hFWE2—-IRES—RFP. The population of RFP* cells was significantly
higher at 24 h than at 0 h, indicating competition between hFWE1-IRES-GFP and
hFWE2-IRES- RFP cells. Each co-culture combination is presented amongst the
four hFWE isoforms along with IRES—-GFP or IRES-RFP co-expression. Cells

expressing hFWE2 or hFWE4 emerged as winners when co-cultured with cells
expressing hFWE1 or hFWE3 regardless of GFP or RFP reporter. The ratio of GFP*

to RFP* cells at 0 and 24 h for each co-culture experiment is presented quantitatively
below. The ratios at 0 and 24 h for each combination were compared statistically
using a two-tailed t-test assuming unequal variances; n = 4 biologically independent
experiments, P values shown, mean % s.d. b, Analysis of live-cell imaging is shown
as heat maps to represent the total number of cells, the number of cells that died
every 1.5 h, average cellular volume, and average cellular sphericity. The co- culture
combinations are indicated on the left. For example, the co-culture combination of
cells expressing hFWE1-IRES-GFP with cells expressing hFWE2-IRES-RFP
results in the death of h(FWE1-IRES-GFP cells at the expense of an increase in the
number of hFWE2-IRES-RFP cells. Analysis of all co-culture combinations is
presented. The data support the idea that cells expressing hFWE1 or hFWE3, when
co-cultured with cells expressing hFWE2 or hFWE4, undergo cell death

accompanied by loss of differentiated cellular architecture, indicated by decreased
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cellular volume (blue) and increased cellular sphericity (red). Each block represents
a gradient scale of low (blue), medium (yellow) and high (red) for the number, size or
shape of the cells (n = 4, analysis performed using the manual tool from Fiji and

automated tools from Imaris, Genie tool used for representing data as heat maps).
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Extended Data Fig. 4 | High-resolution imaging of competition- induced Loser

cell death. a, High-resolution live-cell imaging experiment (28 h) showing cell

competition in MCF-7 hFWEKO cells expressing hFWE1-IRES-RFP and hFWE2—-
IRES—GFP isoforms. The co-culture results show elimination of cells carrying the
Lose isoform (hFWE1- IRES-GFP); n = 3 biologically independent experiments with

similar results. b, The results of live-cell imaging were confirmed using annexin-V

staining and flow-cytometry-based imaging of GFP* and RFP* cells for each co-
culture combination. Cells were sorted following 24 h of co- culture, and the

percentage of apoptotic cells is displayed. The flow-based imaging of these cells is
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also presented and shows no GFP* signal in RFP- sorted cells or RFP* signal in

GFP-sorted cells. The annexin-V* signal is shown in purple. For example, co-culture
of cells expressing hFWE1—- IRES-GFP with cells expressing hFWE2-IRES-RFP
results in apoptosis of hFWE1-IRES-GFP cells, as indicated by the annexin-V*
signal. Together, results from live-cell imaging and flow cytometry demonstrate that
cells expressing hFWELOS€ jsoforms (hWFWE1 or hFWE3) undergo apoptosis when
in competition with cells expressing hFWEWIN isoforms (hFWE2 or hFWE4) (n =3
biologically independent experiments, P values shown, two-tailed t-test, was

performed for P-value calculations, mean % s.d.).
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Extended Data Fig. 5 | Cells expressing hFWELOS€ jsoforms undergo caspase-

dependent apoptosis during co-culture with cells expressing hFWEWIn

isoforms. a, The effect of incubation with the pan-caspase inhibitor Z-VAD-FMK (20
uM) on co-culture of cells expressing hFWEWIN or hFWELOSE jsoforms. Caspase
inhibition by Z-VAD-FMK rescued hFWELOS€ cells expressing hFWE1 or hFWE3
from undergoing cell death induced by co-culture with hFWEWIN cells expressing

hFWE2 or hFWE4. The ratio of GFP* to RFP* cells at 0 and 24 h for each co-culture
experiment is presented quantitatively below. The ratios at 0 and 24 h for each
combination were compared statistically using a two-tailed t-test assuming unequal
variances (n = 4 biologically independent experiments, P values shown, mean + s.d.).
b, Annexin-V staining and flow cytometry- based imaging of GFP* and RFP* cells
for each co-culture combination confirms that incubation with Z-VAD-FMK prevents
apoptosis in co-culture of cells expressing hFWEWIN or hFWELOSE jsoforms (n = 3

biologically independent experiments, P values shown, two-tailed t-test, mean + s.d.).
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Extended Data Fig. 6 | Characterization of competition in co-culture assay of

cells expressing hFWEWIN or hFWELOSe isoforms. a, Analysis of live-cell
imaging is shown as heat maps to represent the total number of cells, number of cells
that died every 1.5 h, average cellular volume, and average cellular sphericity. Each
block represents a gradient scale of low (blue), medium (yellow) and high (red)
number, shape or size of cells. Treatment with Z-VAD-FMK blocked hFWEWIN cell-

induced death of co-cultured hFWELOS€ cells, resulting in equal ratios of GFP* and
RFP* populations (n = 4, analysis performed using the manual tool from Fiji and
automated tools from Imaris, Genie tool used for representing data as heat maps).
b, Imaging results show that MCF-7 hFWEKO cells expressing each hFWE isoform
independently do not outcompete co- cultured hFWEKO cells, consistent with a
mechanism of hFWE-mediated cell death supported by the presence of both
hFWEWIN and hFWELOS€ isoforms (n = 3). ¢, Culling of cells expressing hFWELOS€
isoforms appeared to be contact dependent. Live-cell imaging was performed on low-
density-plated MCF-7 hFWEKO cells expressing hFWE1-IRES-GFP and hFWE2—-
IRES—-RFP. Results show cell proliferation and absence of cell death in either cell
population under conditions of low-density plating (n = 3 biologically independent

experiments). d, The potential effect of secreted factors from cells expressing

hFWEWIN isoforms was investigated. Conditioned medium from MCF-7 hFWEKO
cells expressing hFWE2-IRES-GFP did not affect viability when transferred to a

culture of MCF-7 hFWEKO cells expressing hFWE1-IRES—-GFP and imaged over 24
h (n=3).
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Extended Data Fig. 7 | Calcium-independent mechanism of hFWE- mediated
cell competition. a, The potential effect of individual hFWE isoforms on intracellular

calcium levels was investigated. Live-cell imaging was performed to detect levels of

Fluo-4AM in MCF-7 hFWEKO cells and MCF-7 hFWEKO cells overexpressing single
hFWE isoforms (n = 3 biologically independent experiments, ANOVA showed no

significant differences, mean = s.d.). b, Live-cell imaging at 5-s intervals over 1 min

showed constant levels of Fluo-4AM in MCF-7 hFWEKO cells and MCF-7 hFWEKO
cells overexpressing single hFWE isoforms (n = 3 biologically independent
experiments, ANOVA showed no significant differences, mean * s.d.). ¢, hFWE-
mediated cell competition assay carried out in the presence or absence of the calcium
chelator BAPTA-AM. Treatment with BAPTA-AM did not affect the ability of MCF-7

hFWEKO cells expressing hFWE2 to kill co-cultured MCF-7 hFWEKO  cells
expressing hFWE1 (n = 3 biologically independent experiments, P values shown,
two-tailed t-test found no significant differences, mean + s.d.). d, Laser- capture
microdissection was performed in increments of 200 um in distance perpendicular to

the defined boundary of breast tissue tumour mass. Representative images are

shown for breast cancer tissue section before and after laser capture. hFWELOSe

isoforms were upregulated in tumour-adjacent host tissue nearest to breast cancer

(0—400 pm) or colon cancer (0—200 um). hFWEWIN isoforms were highly enriched
within breast or colon tumour tissue but not adjacent tissue (n = 3 biologically

independent experiments, mean + s.d., fold change calculated relative to the external

reference of the expression of hFWEWIn isoforms in normal breast tissue, P values
shown, two-tailed t-test). e, qPCR array was used to examine the expression of 354
genes involved in apoptotic pathways in samples of laser-captured tumour-adjacent
host tissue. Gene expression heat map shows that host tissue in the immediate
vicinity of cancer (0—400 ym) displayed upregulation of genes involved in apoptotic
pathways. Host tissue farther away (400—1,000 um) from the tumour edge displayed
basal levels of apoptosis-related genes. The heat map shows apoptotic genes that

were induced (red), suppressed (blue) or unchanged (yellow) in expression. Black
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represents unsuccessful runs (n = 3). f, FISH shows the expression of hFWEWin
isoforms in FFPE samples of breast cancer tissue (top) and normal breast tissue

(bottom). First column, H&E staining; second column, control DAPI staining; third
column, expression of hFWEWIN jsoforms within tumour tissue; fourth column,
overlay of DAPI and hFWEWIN isoforms. Magnified images below each panel show

expression of hFWEWIN jsoforms specifically in tumour tissue, as these isoforms are
poorly expressed in the stromal tissue surrounding the tumour and normal breast
tissue (n = 3 for all staining). g, Schematic depicting the process of epithelial cell
isolation from normal breast, colon, and lung tissue. Expression of the four hFWE
isoforms was compared in epithelia versus total tissue by gPCR analysis (n = 3
biologically independent experiments, all statistically significant P values shown, two-
tailed t-test, mean + s.d.). h, IHC staining of FFPE samples of breast cancer with

newly developed antibodies against hFWE. Breast cancer and stromal regions are

shown in the H&E images (left). The anti-hnFWEWin antibody is specific to Win
isoforms hFWE2 and hFWE4 whereas the anti- hFWE-N-term antibody targets the

common N terminus and recognizes all four isoforms. Immunohistochemistry staining
shows the abundance of hFWEWIN isoforms within the breast cancer samples in

human tumours. From this, we conclude that hFWEWIN proteins are expressed in
the tumour but not in the stroma. To demonstrate the expression of Lose isoforms in

the stroma, we compared the staining of all hFWE isoforms using our N-terminal-

specific antibody with the poor expression of hFWEWIN in the stroma. The anti-

hFWE-N-term antibody shows strong immunoreactivity and equal distribution of
staining in the tumour and stromal tissue. We find no positive signal for hFWEWin
isoforms in the stroma, but we find strong expression of total hFWE (hFWEWin and

hFWELOSe combined) in the stroma near the tumour. From this, we can conclude
that Lose isoforms are expressed in the stroma. This experiment was repeated

independently three times with similar results.
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Extended Data Fig. 8 | Dynamics of hFWE-mediated cell competition between
cancer and normal cells. a, Protocol for observing hFWE- mediated cell competition
between hFWEWin-expressing cancer cells and primary cultures of human epithelial

cells and fibroblasts. MCF-7 hFWEKO cells overexpressing hFWEWIN isoforms
outcompeted and induced apoptosis of co-cultured primary breast normal epithelial
cells or fibroblasts over 6 days (n = 3 biologically independent experiments, all
statistically significant P values are shown, ANOVA, mean + s.d.). b, hFWEWin
isoforms (RFWE2 and hFWE4) and hFWELOS€ isoforms (hRFWE1 and hFWES3) are
characterized by intra-exonic inclusions. The in silico model shows predicted
transmembrane structures of the four hFWE proteins. An antibody was raised against
the common N terminus (exon 1), which is included in all four isoforms. Another
antibody was raised to specifically recognize the hFWEWIN jsoforms (which share
exon 3). Owing to the similarity in sequences to hFWEWIN isoforms and low

antigenicity of the peptide sequence at the junction of exons 2 and 4, generation of

an antibody specific to NFWELOS€ isoforms was not possible.
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Extended Data Fig. 9 | Generation of antibodies against hFWEWIN jsoforms
(hRFWE2 and hFWE4) or the common hFWE N terminus and expression in
human cancers. a, Immunocytochemistry of hFWE isoforms in paraffin-embedded

and sectioned human MCF-7 cells using novel anti-hFWE antibodies. The specificity

was validated by immunocytochemistry of MCF-7 hFWEKO cells with or without

overexpression of individual hFWE isoforms. Cells were stained with anti-hFWE-N-
term antibody or anti-hFWEWin antibody. Immunocytochemistry results confirm
antibody specificity in paraffin sections with MCF-7 hFWEKO cells with or without
overexpression of individual hFWE isoforms. The anti-hFWEWIn antibody does not
stain sections with hFWEKO cells, and recognizes specifically hFWE2 and hFWE4,
but not the hFWEL0S€ isoforms hFWE1 and hFWE3 (row 1). The anti-hFWE-N-term

antibody is also negative for staining in control hFWEKO cells but detected positive
membrane staining for each of the four hFWE isoforms (row 2; n = 3). b,
Immunohistochemistry of hFWE proteins in sections from clinical breast cancer

samples (n = 3). Arrows indicate membrane staining. ¢, Immunofluorescence staining

of hFWE proteins in human SCC tissue shows an abundance of hFWEWIN isoforms
within defined cancer lesions, whereas the anti-hFWE-N- term antibody stained both
stroma and cancer tissue (top; n = 3) when compared with normal skin (bottom; n =

3). d, Tumour volumes were measured and analysed for each of the 16 combinations
of hFWEX- IRES—-GFP expression in MCF-7 hFWEKO xenografted cells and hFWE

isoform expression within FweKO mouse mammary tissue (n = 3). In vivo

bioluminescence imaging (using the IVIS system) was used to detect and measure

the fluorescence of GFP* cancer cells in tumours resulting from all genetic

combinations at 28 days post-implantation. Substantially reduced tumour growth was
observed when mammary tissue expressed hFWEWIN isoforms and cancer cells
expressed hFWEL©OS€ isoforms. By contrast, tumour growth is strongly promoted

when mammary tissue expresses hFWELOS€ isoforms and cancer cells express
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hFWEWIN isoforms (n = 3). e, Tumorigenic potential of HCT-116 (colon origin) or
MCF-7 (breast origin) hFWEKO cells overexpressing hFWEZ2 in recipient FweWT and
FweKO mice. Tumour growth of both FweKO breast and colon cancer cell lines

overexpressing the Win isoform hFWE2 was greater in FweWT mice than in FweKO

mice. Photos of resected tumours are shown. f, Tumour volumes were measured
every week over 42 days for groups shown in a. hFWEKO colon- or breast-derived
tumours overexpressing hFWE2 showed significantly higher growth in FweWT mice

than in FweKO mice (n =5, P values shown, one-tailed t-test, mean + s.d.). g, At the
conclusion of tumour growth experiments, mice were examined for the presence or
absence of metastases in inguinal lymph nodes (ILN), axillary lymph nodes (ALN),
colon, pancreas, prostate, lung, and liver. Heat map scale indicates the probability of
metastasis. Results show a marked reduction in the metastatic potential of both

breast and colon cancer hFWEKO cells overexpressing hFWE2 when xenografted

into FweKO mice as compared to FweWT mice (n =5 each group).
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Extended Data Fig. 10 | Endogenous hFWE in human cancer cell lines and

tumorigenic potential. a, Culture experiments were conducted to examine the

dynamics of h(FWEWIN and hFWELOS€ jsoform expression. MCF-7 hFWEKO cells
expressing hFWE2—-RFP were co-cultured with wild-type MCF-7 cells expressing

GFP for 24 h and sorted for analysis of hFWE isoform expression. n = 3 biologically

independent experiments with similar results. b, Co-culture of MCF-7 hFWEKO cells

expressing hFWE2-RFP with wild-type MCF-7 cells expressing GFP caused
upregulation of hFWELOS€ isoforms in wild-type MCF-7 cells. gPCR analysis of the
expression of hFWEWIN and hFWELOS€ isoforms in GFP* wild-type MCF-7 cells

sorted from co-culture shows a significant increase in hFWELOS® isoforms (bar 4)
when compared with monocultured wild- type MCF-7 cells (bar 2). n = 3 biologically

independent experiments with similar results; fold change calculated relative to the

expression of hFWEWIN isoforms in monocultured GFP?* wild-type MCF-7 cells, all

statistically significant P values shown, two-tailed t-test, mean + s.d. ¢, MCF-7 cells

expressing hFWE2 were xenografted into FweWT mice to assess their tumorigenic
potential and the host expression of endogenous hFWE isoforms compared to

control. The mouse tissue adjacent to the tumour showed a significant increase in

expression of hFWELOSe isoforms at 21 days post-xenograft. n = 3 biologically
independent experiments with similar results; all statistically significant P values
shown, one-tailed t-test, mean  s.d. d, The effect of anti-hFWE shRNA cocktail on

the tumorigenic potential of HCT-116 cells. Row 1, growth potential of HCT- 116
hFWEWT cells. Row 2, knockout of AFWE in these cells significantly reduced tumour
growth. Row 3, treatment of HCT-116 hFWEWT cells with anti-hFWE shRNA

reduced tumour volume. Row 4, Rescue experiment in which similar hFWE shRNA-
treated tumours to row 3 were infected with lentivirus overexpressing hFWE2 14 days
after implantation. These tumours are significantly larger than those in row 3. e,
Tumour volumes for experiments shown in Fig. 4a were measured weekly, and

growth patterns were analysed over 42 days for groups shown in a. Growth curves
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show the reduced growth of tumours from HCT-116 hFWEKO cells (blue) and hFWE
shRNA-treated HCT-116 hFWEWT cells (red). Green line shows rescue experiment
and growth pattern changes in hFWE shRNA-treated HCT-116 hFWEWT tumours

expressing with hFWE2 (n = 5, P values shown, one-tailed t-test, mean + s.d.). f, All
mice used in the study were examined for the presence or absence of metastases in
ILN, ALN, colon, pancreas, prostate, lung and liver. Heat map scale indicates the
probability of metastasis. Metastatic potential was reduced by knockout or
knockdown of hFWE in HCT-116 cells (compare column 1 with columns 2 and 3).
The rescue of tumour growth by re-introduction of hFWE2 cDNA was accompanied
by an increase in metastasis of these cells (compare column 3 with column 4; n =5
each group). g, A cocktail of shRNAs were designed to knock down all four isoforms

of hFWE. All shRNAs were checked for off-target effects. h, Gene expression

analysis confirmed deletion of total hFWE in HCT-116 hFWEKO cells. Exogenous
expression of hFWE2 cDNA was detectable as the total hFWE expression in wild-
type HCT-116 cells co-treated with anti-hFWE shRNA (observed in resected

tumours). n = 3 biologically independent experiments, fold change calculated relative

to expression of hFWEWIN isoforms in MCF-10A cells, P values shown, two- tailed t-
test, mean % s.d. i, Tumorigenic potential of wild-type CCL-218 cells and CCL-218
cells overexpressing hFWE2. Xenografts overexpressing hFWE2 cDNA showed
increased tumour volume at 28 days. Photos of resected tumours are shown. n =3
biologically independent experiments with similar results, all statistically significant P
values shown, ANOVA, mean % s.d. Control gPCR experiment demonstrates the
overexpression of hFWE2 in CCL-218 tumours at day 28. n = 3 biologically
independent experiments, fold change calculated relative to expression of hFWEWin
isoforms in MCF-10A cells, P values shown, two-tailed f-test, mean + s.d. j,
Endogenous expression of the four hFWE isoforms in 19 cancer cell lines of multiple

origins (n = 3 biologically independent experiments, fold change is calculated relative

to expression of hFWEWIN isoforms in MCF-10A cells, P values shown, ANOVA,

mean = s.d.). k, Gene expression analysis shows efficient shRNA-mediated
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knockdown of total hFWE in HCT-116, DU-145, CCL-218 and OVCAR-8 tumours

(observed in resected tumours). n = 3 biologically independent experiments, fold
change calculated relative to expression of hFWEWIN jsoforms in MCF-10A cells, P

values shown, ANOVA, mean * s.d.
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CHAPTER 3

PTMA interacts with Flower “Win”
isoform promoting cancer growth and
invasion
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3.1 ABSTRACT: Through the process of cell competition, human cells compete due
to their relative fitness levels by displaying the "Win” and “Lose” isoforms of the
human Flower (hFWE) protein. We proposed that in the early stages of cancer,
tumoral cells express high levels of hFWE"™ and can outcompete normal cells,
thereby monopolizing tissue space. Therefore, uncovering novel human Flower
interactors is crucial to understand the mechanism of cell competition and blocking it
to impair cancer progression. To identify hFWE interactors, we overexpressed in the
colon cell line (HCT 116) the Win and Lose isoforms of hFWE and performed
Immunoprecipitation (IP) followed by Mass Spec. We found several proteins that
interact with both hFWE isoforms. The most promising candidate was the cancer
biomarker PTMA, which we found to be highly expressed in winner cells and poorly
expressed in hFWEX® cells. Furthermore, we discovered that PTMA downregulation
in the Winner cells blocked cell competition, preventing loser cell elimination. We also
observed that PTMA subcellular localization shifts from the nucleus in AFFWEX® to the
cytoplasm in the winner cells. Finally, we analyzed PTMA expression in patient
samples. Interestingly we found that PTMA expression was higher in tumor invasive
front in contact with the stroma, where cell competition occurs. These results suggest
an interaction between Flower and PTMA to promote cancer growth and progression.
Our findings might open the way to the development of new drug strategies to treat

cancer by targeting this interaction.

Keywords: Cell Competition, PTMA, Flower, Protein-protein interaction
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3.2 INTRODUCTION

Damaged but viable cells can accumulate in tissues during development and
aging, possibly leading to organ dysfunction and diseases'™®. It was first
demonstrated in Drosophila that cells could directly exchange cell fitness information,
enabling the identification and elimination of a wide range of those viable but
suboptimal cells’. In neighbour cells with a competitive advantage, cell competition
(CC), an active cell selection mechanism, promotes eliminating the unfit cells in a

tissue®’.

“Fitness fingerprints” that reveal optimal (or suboptimal) fitness status to
neighboring cells are encoded by different isoforms of the transmembrane protein
Flower. The isoforms that indicate reduced fithess are called Lose isoforms because
they are expressed in viable cells marked to be eliminated, provided that fitter cells
expressing Win isoforms are available'®. Therefore, a direct comparison of cell
fitness is used in Drosophila to detect and eliminate many viable but impaired cells
with important physiological outcomes at the organism level, such as delaying aging,
eliminating defective structures during development, or replacing old tissues during
regeneration. The exact mechanism in human epithelia gives premalignant cells a
competitive advantage to grow at the expense of neighboring cells'?°.

C90RF7 (CACFD1) encodes four protein-coding splice variants of the human
Flower (hFWE) protein: hFWE1, hFWE2, hFWE3, and hFWE4. The isoforms hFWE1
and hFWE3 with extracellular N-terminus function as Lose isoforms. When cells that
express Lose isoforms get in contact with cells that express hFWE"" isoforms
(hRFWE2 and hFWE4, N-terminus internalized), hFWE"-expressing cells are
eliminated. Thus, hFWE gene isoforms form an extracellular code for comparing

relative cellular fitness amongst human cells®.

Cell competition can also play a role in cancer development and progression.

In healthy tissue, less fit cells due to harmful mutations or other damage are typically
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outcompeted by healthier cells. However, in the context of cancer, cells can
outcompete neighboring healthy cells, leading to the development of a tumor.® This
can occur, for example, when a cell with a mutation in a cancer-promoting gene, such
as the proto-oncogene Myc, gains a selective advantage over its neighboring cells,
allowing it to divide and proliferate more rapidly'. Understanding the mechanisms of
cell competition is essential for developing new drugs that could suppress tumor cell

proliferation and block cancer progression™®.

Colorectal cancer (CRC) is the third most common cancer worldwide and the
second most common cause of cancer-related death, beaten lung cancer. It is the
second most prevalent cancer among women (9.4%) and third in men (10.6%)"". The
percentage of CRC patients already with metastasis at the time of the diagnosis is

around 20% which can compromise the disease response'?.

Prothymosin-a (PTMA) is a small and highly acidic protein found in many cell
types and locations, but its exact function is not fully understood. Studies suggest it
regulates transcription, cell cycle, apoptosis'®, proliferation, cell growth, and
carcinogenesis'>'*. PTMA has been implicated in a range of diseases, including
cancer. Plays a critical role in the survival and proliferation of lung cancer''®, breast
squamous cell carcinoma'’, and colorectal cancer'®2°,

In this study, we aim to identify and elucidate the physiologic role of the
hFWE-binding proteins during cell competition. We performed IP followed by Mass
Spec to identify hFWE interactors. After analyzing the expression levels of the
candidates by qPCR in HCT 116, HCT 116 hFWEX®, HCT 116 hFWEKC * hFWET-GFP,
and HCT 116 hFWEKC * "FWE2GFP " \we observed that PTMA was more expressed in
FWE""-expressing cells and poorly expressed in hFWE*© cells. Suggesting that the
upregulation of PTMA in cancer cells seems to be FWE-dependent. We then
analyzed the sub-cellular location of PTMA using the Immunofluorescence (IF)
technic. We observed a shift from the nucleus to the cytoplasm in HCT 116 hFWEX®
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to HCT 116 hFWEK® * MWEZGFP (winner), respectively. Moreover, in human patient
samples, PTMA is more expressed in cancer tissue when compared to normal tissue.
Previous studies showed that hFWE2 is also overexpressed in cancer tissue

compared to normal stroma tissue™.

We propose that hNFWE"" a transmembrane protein expressed in cancer
cells, sequesters PTMA and keeps it in the cytoplasm promoting cancer growth and
progression. Our findings might open a new drug strategy to treat cancer targeting
PTMA and hFWE"" interaction.

3.3 MATERIALS AND METHODS

3.3.1 CELL CULTURE CONDITION.

HCT 116, HCT 116 hFWE KO, and HEK 293T cell lines were cultured in
Dulbecco's Modified Eagle Medium (DMEM, Biowest, L0104-500) supplemented with
10% fetal bovine serum (FBS, Gibco, 10270106) and 1% penicillin-streptomycin
(HyClone). Cells were maintained in the incubator at 37°C, 5% CO2, and in a
humidified atmosphere of 95%. Subsequent cell lines resulting from the lentiviral
transfection of the parental lines were grown under the same conditions. Mycoplasma

test was performed frequently to identify eventual contaminations.
3.3.2 CELL LINE TRANSFECTIONS AND TRANSDUCTION.

Lentiviral particles were generated according to the Lipofectamine 3000
protocol (ViraPower Lentiviral Expression System, Invitrogen). HEK 293T cells were
seeded in a 10cm dish in complete DMEM HG without pen-strep. The lentiviral
construct hFWE1::GFP; hFWE2::GFP; PTMA shRNA; scramble shRNA (Addgene
#1864); hFWE1-RFP; hFWE2-GFP and lentiviral packaging mix (pLP1, pLP2, and
pLP/VSVG) were cotransfected into HEK 293T cells using Lipofectamine 3000

reagent. The lentiviral packaging mix concentration used was: 3,34 ug of pLP1; 2,21
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ug of pLP2; 3,34 ug VSV-G, and 3 ug of each lentiviral construct. Supernatants
containing lentivirus were collected 48h after transfection and centrifuged at 2000
rem for 10 min to remove cell debris. After the centrifugation, supernatants were
filtered using a 45um pore filter to remove any remaining cellular debris. The virus
was then stored at -80-C aliquoted. The titer of lentiviral particles was determined
using One-Wash Lentivirus Titer Kit (Cat: TR30038, Origene). For infection of target
cells in a T-25 flask, lentiviral particles and 8 pg/mL of Polybrene Transfection
Reagent (TR-1003-G, Sigma) were added in culture medium and after overnight
incubation, the medium with the viral particles was removed and replaced by a fresh
complete medium. Cells were then maintained in culture for two passages. GFP-
positive cells were sorted through fluorescence-activated cell sorting (FACS) to
select only the positive cells. For cells transduced with PTMA shRNA and scramble
shRNA (Addgene #1864), a selection with neomycin antibiotics was performed for
approximately three weeks. Downregulation of the gene was confirmed by gPCR and

Western Blot. All the procedures were handled in a BSL2 lab facility.
3.3.3 IMMUNOPRECIPITATION - GFP TRAP MA KIT.

HCT116, HCT116 hFWEX®, HCT116 hFWEKX-®P HCT116""WET:CFF  and
HCT116"™E2:CFP cells, were washed three times in ice-cold PBS followed by the
addition of RIPA buffer containing protease and phosphatase inhibitors (Cat: A32961,
Thermo Scientific). After 10 min incubation on ice, cells were scraped from the t-flask
and transferred to a low-binding Eppendorf. Tubes were centrifuged at 14,000 rpm
for 20 min at 4°C. Lysate-supernatants were transferred to a pre-cooled low-binding
Eppendorf, and the pellet was discarded. GFP Trap MA beads were equilibrated in
500ul of ice-cold dilution buffer and separated magnetically until the supernatant is
clear. In total, 40 ug of lysate-supernatant was added to equilibrate GFP Trap MA
beads and incubated overnight at 4 °C, with end-over-end rotation. Beads were
separated with a DynaMag™- Spin Magnet (Cat: 12320D, Invitrogen) and washed
three times with a 500 yL wash buffer. Eighty microliters of 2x SDS sample buffer
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was added to the GFP Trap beads and boiled for 5min at 95°C to dissociate
immunocomplexes from the beads. The beads were separated magnetically and
SDS-PAGE was performed with the supernatant in NUPAGE 4-12% Bis-Tris precast
polyacrylamide gel - followed by Western Blot.

3.3.4 WESTERN BLOT.

Cells lysates were obtained using RIPA lysis buffer, composed of 50 mM Tris-
HCI pH 8.0, 150 mM NaCl, 1% Triton X-100, 0.1% SDS, 0.5% Sodium deoxycholate
supplemented with protease and phosphatase inhibitor (Thermo Scientific, A32961),
after 10 min incubation. The total protein concentration was quantified by Pierce BCA
protein assay kit (Thermo Scientific, 23225) and then separated by sodium dodecyl
sulfate—polyacrylamide gel electrophoresis - NuPage 4-12% Bis-Tris precast
polyacrylamide gel (Invitrogen NPO336BOX). Subsequently, proteins were
transferred to a nitrocellulose membrane (iBlot 2 Dry Blotting System; program 1; 7
minutes - Invitrogen) and then blocked with 5% BSA in TBS -T (10 mM Tris, pH 7.4,
150 mM NaCl, 0.1% Tween 20) for 1 hour at room temperature. Next, the membranes
were incubated with rabbit anti-PTMA abx128206 (2 pg/ml), rabbit anti-GFP (cat:
ab290, Abcam) antibodies in TBS-T 5% BSA at 4°C overnight, respectively.
Membranes were washed three times for 10min in TBS-T and incubated with HRP-
conjugated secondary antibodies (anti-rabbit HRP, Invitrogen #31460) in TBS-T
(dilution 1:10,000) at room temperature, for one hour. After three times washing
steps, the membrane was revealed by Enhanced Chemiluminescence detection
(Thermo Scientific, 32106) and imaged with Amersham Imager 600 (GE Life

Sciences).
3.3.5 IMMUNOFLUORESCENCE.

HCT 116"T, HCT 116 hFWEX®, HCT 116 hFWEKC * "FWEZCFP calls were
seeded onto glass coverslips at 70% confluence. After 24h, cells were washed with
PBS and then fixed in 4% PFA in PBS for 15 min at RT. Coverslips were washed
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three times in PBS and were permeabilized in 0.1% (vol/vol) Triton X-100 in PBS for
15 min on ice and blocked in 10% BSA (Sigma-Aldrich) in PBS for one hour at RT.
The primary antibodies rabbit anti-PTMA abx128206 (15ug/ml) antibody were diluted
in blocking buffer (BB) and incubated overnight at 4°C in the dark. Coverslips were
washed three times with TBS and incubated with the following secondary antibodies
in a blocking solution for 1h at room temperature: anti-rabbit Alexa 488 (cat. A-21206,
Invitrogen), anti-rabbit Alexa 647 (cat. A-31573, Invitrogen). Coverslips were washed
three times in TBS, and cells were stained with 2 ug/mL DAPI (Sigma, D9542) for 5
minutes in TBS. After five washes, cells were mounted on Vectashield (H-1000,
Vector Laboratories), and fluorescence images were acquired with the Zeiss LSM
880 confocal microscope, with immersion objective 40x. Brightness and contrast

adjustments were applied using Image J software (NIH).
3.3.6 CELL COMPETITION ASSAY AND LIVE CELL IMAGING.

HCT 116 hFWEXC cells were infected with lentiviral particles expressing
hFWE1-RFP and hFWE2-GFP isoforms. HCT 116 hFWEXC * "WWEIRFP gnd HCT 116
hFWEKOC * hFWE2-GFP ca||s were transfected with scramble shRNA and PTMA shRNA,
respectively. RFP+ and GFP+ positive cells were sorted by flow cytometer using the
BD FACS Aria Fusion (BD Biosciences). Cells transfected with scramble shRNA and
PTMA shRNA were selected using neomycin antibiotic for approximately three
weeks. Equal amounts of HCT 116 hFWEX® cells expressing hFWE1 and hFWE2
tagged with RFP and GFP respectively, were co-cultured in a glass-bottom dish. HCT
116 cells expressing hFWE1-RFP + scramble shRNA (Addgene #1864) and hFWE2-
GFP + PTMA shRNA were also co-cultured in parallel for 48h. The cells were
subsequently processed for apoptosis detection using annexin-V staining and
undergoing live-cell imaging for the given periods. Live-cell imaging was performed
using Zeiss LSM-880 Confocal Microscope and analyses using Fiji software and

Imaris 9.9.1 software.

120



3.3.7 APOPTOSIS ANALYSIS.

Cells were stained with annexin-V (Thermo Fisher Scientific) as per the
manufacturer's instructions at the end of monoculture and co-culture assays. Flow
cytometry detected apoptotic cells by spotting Annexin-V (Pacific Blue conjugated,
Invitrogen and 7AAD Viability Staining Solution, BioLegend) staining using BD

LSRFortessa X-20. Apoptosis percentages were achieved using FlowJo software.

3.3.8 RNA ISOLATION AND QPCR ANALYSIS.

The RNA was isolated from cell lines using the RNeasy Mini Kit (Cat: 74106,
Qiagen) and from FFPE tissue samples using the RNeasy FFPE Kit (Cat: 73504,
Qiagen). cDNA QuantiTect Reverse Transcription Kit (Cat: 205313, Qiagen) was
used to reverse-transcribe 1ug of the total RNA from cells and FFPE samples,
respectively to complementary DNA (cDNA) as per the manufacturer’s instructions.
Quantitative PCR (qPCR) was performed using PowerUp SYBR Green Master Mix
(Cat: 100029284, Applied Biosystems) in QuantStudio 5 Real-time PCR System
(Applied Biosystems) at standard reaction conditions. All gPCR reactions were done
in triplicate, and the experiments were repeated three times. Data were analyzed
using the comparative Ct method and normalized to the expression level of the
GAPDH housekeeping gene. The table represents the primers (Fw: forward; Rv:

reverse) used in the experiment.

GENES PRIMERS

NONO Fw: CCCAACGAAGCCGTCTTTTTG Rv: GCTAGGGTTCGGGTTTCCAAG
PTMA Fw: TGAGTCAGCTACGGGCAAG Rv: GCTGTCTAGTCATCCTCGTCG
MDK Fw: CGCGGTCGCCAAAAAGAAAG Rv: CAGTCGGCTCCAAACTCCT
BPTF Fw: TGTGCAGTTAAACCAGTTGTGA RV: TTTTACCCATGTCGCTTGCTG
TRIM32 Fw: GGCGGTCAGGAATTTGAC Rv: CTCTTCCTTTGAAGGGTATTGC
SMEK2 Fw: CAGTGGAAAAACCTAAGCCAGA Rv: CACCAGGAGATGTCCTTTTGG
ATP2B4 Fw: TTCGCCATAGAGGAGGAGTTG Rv: CTGTAGAGAGCTGTCCGACTG
CALM3 Fw: AGAGGCGTTCCGTGTCTTTG Rv: CCCCAGGTTCGTCATTACGTG
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EFCAB11 Fw: GGTACAAGCCCTCCAAGATAGA Rv: AAGATGTGTCTTACTTCGTTCCG

VPS28 Fw: CAAGCCGGAGCTGTATGAGG Rv: CCATGTTGTCGTACTTCTCCC
SFPQ Fw: GGTTATGAAGCTAATCCTGGCG Rv: GCCTTCGTACTCTTCTCTCCC
LYPLA1 Fw: GTGTCACTGCACTCAGTTGCT Rv: CACCACCGATAGGACCCTG
CAST Fw: TGAAGATGCTAAACTTGCTGCT Rv: GTCACTCTGCGAGGTATCACG
PROSC Fw: AGTTGGCAGACAAAGTGAACA Rv: CTTGGCGTTTATGTGCTCCAC
ARRDCA1 Fw: GGGTGACCTGCATAGGTTCC Rv: GATCTTCCCGAAAGGACCCT
GAPDH Fw: TGTTCGTCATGGGTGTGAAC Rv: ATGGCATGGACTGTGGTCAT

3.3.9 PATIENT STUDY SAMPLES.

FFPE tissue blocks of normal and cancer colon tissue were provided by Dr.
Anténio Beltran and Dr. Antonio Galzerano from the Pathology Department of
Champalimaud Foundation. Dr. Joaquim Gago also provided clinical data. The

samples were used to perform IHC and qPCR.

3.3.10 IMMUNOHISTOCHEMISTRY.

Formalin-fixed and paraffin-embedded human colorectal cancer (CRC)
samples were selected for PTMA immunohistochemistry (n=40). Samples were
sectioned at 4um, deparaffinized and antigen retrieval was performed (citrate buffer,
pH 6, 95 °C, 30 min). After blocking with 3% H20- in MeOH for 30 min, sections were
incubated with anti-PTMA antibody (Abbexa, 128206, 1:250) for 1h at room
temperature, followed by an HRP conjugated secondary antibody (Dako envision
anti-rabbit ready to use) for 30 min at room temperature. Sections were then
incubated with 3,3'-diaminobenzidine (DAB, Dako) and counterstained with Harris
Haematoxylin. Slides were examined for PTMA expression in an Axioscope 5
microscope (Zeiss) coupled to an Axiocam 208 color camera (Zeiss). Scoring of
PTMA expression in each CRC sample was performed for the following parameters:

(1) presence/absence; (2) cellular distribution: nuclear, cytoplasmic, both; (3) staining
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intensity in hotspots (areas with higher expression) using a 4-tier system (minimal,
mild, moderate, marked); and (4) discrepancy in expression levels in tumor core and
invasive front (Figure 5). The invasive front was defined as the area corresponding
to the tumor border, immediately adjacent to the peri-tumoral stroma, and the tumor
core, as the central part of the tumor, most distant from the border. PTMA expression
was also examined in tumor-distant normal colorectal mucosa from these CRC

patients.

3.3.11 MASS SPECTROMETRY TECHNIC AND ANALYSIS.

Proteins were eluted with 100 mM Tris pH 8.5, 1% sodium deoxycholate, 10
mM tris(2-carboxyethyl) phosphine (TCEP), 40 mM chloroacetamide for 10 minutes
at 95°C at 1000 rpm (Thermomixer, Eppendorf). Next, proteins, including the IP
beads, were processed for proteomics analysis following the solid-phase-enhanced
sample-preparation (SP3) protocol as described in PMID30464214. Enzymatic
digestion was performed with Trypsin/LysC (2 micrograms) overnight at 37°C at 1000
rpm. The resulting peptides were cleaned-up and desalted with C18 micro columns
and further quantified. Protein identification was performed by nanoLC-MS/MS at I3S
- Proteomics Scientific Platform. This equipment is composed by an Ultimate 3000
liquid chromatography system coupled to a Q-Exactive Hybrid Quadrupole-Orbitrap
mass spectrometer (Thermo Scientific, Bremen, Germany). 500 ng of peptides were
loaded onto a trapping cartridge (Acclaim PepMap C18 100A, 5 mm x 300 ym i.d.,
160454, Thermo Scientific) in a mobile phase of 2% ACN, 0.1% FA at 10 pyL/min.
After 3 min loading, the trap column was switched in-line to a 50 cm by 75um inner
diameter EASY-Spray column (ES803, PepMap RSLC, C18, 2 pym, Thermo
Scientific, Bremen, Germany) at 300 nL/min. Separation was generated by mixing A:
0.1% FA, and B: 80% ACN, with the following gradient: 5 min (2.5% B to 10% B), 120
min (10% B to 30% B), 20 min (30% B to 50% B), 5 min (50% B to 99% B) and 10
min (hold 99% B). Subsequently, the column was equilibrated with 2.5% B for 17 min.

Data acquisition was controlled by Xcalibur 4.0 and Tune 2.9 software (Thermo
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Scientific, Bremen, Germany). The mass spectrometer was operated in data-
dependent (dd) positive acquisition mode alternating between a full scan (m/z 380-
1580) and subsequent HCD MS/MS of the 10 most intense peaks from full scan
(normalized collision energy of 27%). ESI spray voltage was 1.9 kV. Global settings:
use lock masses best (m/z 445.12003), lock mass injection Full MS, chrom. peak
width (FWHM) 15s. Full scan settings: 70k resolution (m/z 200), AGC target 3e6,
maximum injection time 120 ms. dd settings: minimum AGC target 8e3, intensity
threshold 7.3e4, charge exclusion: unassigned, 1, 8, &gt;8, peptide match preferred,
exclude isotopes on, dynamic exclusion 45s. MS2 settings: microscans 1, resolution
35k (m/z 200), AGC target 2e5, maximum injection time 110 ms, isolation window
2.0 m/z, isolation offset 0.0 m/z, spectrum data type profile. The raw data was
processed using the Proteome Discoverer software v2.4.0.305 (Thermo Scientific)
and searched against the UniProt database for Homo sapiens taxonomic selection.
The Sequest HT search engine was used to identify tryptic peptides. The ion mass
tolerance was 10 ppm for precursor ions and 0.02 Da for fragment ions. Maximum
allowed missing cleavage sites was set to 2. Cysteine carbamidomethylation was
defined as constant modification. Methionine oxidation and protein N-terminus
acetylation were defined as variable modifications. Peptide confidence was set to
high. The processing node Percolator was enabled with the following settings:
maximum delta Cn 0.05; decoy database search target FDR 1%, validation based on
g-value. Protein label free quantitation was performed with the Minora feature
detector node at the processing step. Precursor ions quantification was performing
at the processing step with the following parameters: Peptides to use unique plus
razor, precursor abundance was based on intensity, normalization mode was based
on total peptide amount, pairwise protein ratio calculation, hypothesis test was based

on t-test (background based).
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3.3.12 STATISTICAL ANALYSIS.

All values are expressed as means t s.d. of independent experiments.
Differences between groups were evaluated by Student’s t-test (two-sided) and

considered to be significant at P < 0.05.

3.4 RESULTS

3.4.1 IMMUNOPRECIPITATION OF THE HFWE ISOFORMS FROM CELL
LINES

To discover human FWE protein partners, we performed a proteomic study
using immunoprecipitation (IP) of the human FWE isoforms 1 and 2 fused with GFP.
Total cell lysates from HCT 116"™WE™“6FP (L ose), HCT 116"FE26FP (Win), HCT116
hFWEKO-CFP and HCT 116 hFWE*® were immunoprecipitated following GFP-Trap
Magnetic Agarose kit protocol. Western Blot analysis of IP fractions confirmed that
both hFWE isoforms were successfully immunoprecipitated from cell extracts. We
also performed Immunoprecipitation detected by Flow Cytometry (IP-FCM) to confirm
the previous result with a different technique. The results showed GFP positive signal
in HCT 116"™WE™6FP (Lose), HCT 116"™E2:6FP (Win), and HCT116 hFWE*®-°"*. No
positive signal was detected for HCT116 hFWE"®, corroborating what was observed
in Western Blot (WB). The eluted fraction from the IP was sent to Mass Spectrometry
(MS) for protein identification. IP experiments were performed in triplicate for each

sample group, and MS-identified proteins were combined for analysis.
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Figure 1 - Immunoprecipitation of the hFWE isoforms from stable
overexpressing cell lines. A) Workflow scheme from cell culture, complex
separation by Immunoprecipitation to Mass Spec procedure, and data analysis. B-C)
hFWE Win and Lose isoforms were immunoprecipitated from the total cell lyse. B)
Western blot assay analyses showed a positive band in the Input and IP fractions of
HCT 116"™E™CFP and HCT 116"""E2:6FP HCT116 hFWEX® cells were used as a
negative control, and HCT116 hFWEX®®*" as a positive control. C)
Immunoprecipitation followed by Flow Cytometry (IP-FCM) showed GFP positive
signal in cells expressing GFP. No signal was detected in HCT 116 hFWE*° cells

after incubation with anti-GFP ab.

3.4.2 IDENTIFICATION OF HFWE |INTERACTORS AND GENE
EXPRESSION ANALYSIS

In total, 3184 proteins were identified for hFWE"**® and 4212 for hFWE""

(Figure 2 - A) using Proteome Discoverer software v2.4.0.305 (Thermo Scientific).
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To find the strongest hFWE ligantes and to discard possible non-FWE protein
partners (false positives), we excluded all the proteins that bind to GFP from the list.
Then, we applied filters described in the literature such as: a) Found in the Sample
Group — has High Confidence; b) Abundance Ratio Adj. P-Value — Is less than or
equal to 0.05; c) Abundance Ratios — is greater than or equal to 3.00; and d) Unique

Peptides - is greater than or equal to 2, to achieve statistic significant and strongest
candidates.
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Figure 2 - Venn diagram and enrichment analysis of identified Mass Spec
proteins. A) Venn diagram represents all the binding proteins from each sample
tested and the relation between the groups. To identify proteins immunoprecipitated
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with hFWE, IP products were analyzed by Mass Spec. Identification of the binding
proteins was performed using Thermo Proteome Discoverer software. B)
Representation of the number of proteins that specifically binds to hFWE"%® (pink)
and hFWEY" (blue) isoforms. The common protein between both was also
represented in the Veen diagram. C) & D) Classification of identified proteins based
on their biological process, cellular component, and molecular function. Analysis

performed by WebGestalt software.

The final list of the most promising candidates was the following: for HCT
116"FWETGFP (| ose) expressing cells, we identified 41 candidates (Figure 2 — B) and
28 candidates for HCT 116"™£2:6FP (Win) cells (Figure 2 — B). We also observed that
these two hFWE isoforms shared 12 common proteins (Figure 2 — B; Table 3). There
are 23 proteins specifically found in HCT 116"WE"“CFP (Lose) (Table 1) and 16

proteins that specifically bind to HCT 116"™E2:6FP (win) (Table 2).

The biological significance of these proteins, including the biological process,
cellular component, and molecular function, was analyzed using WebGestalt
software. Most hFWE1 and hFWEZ2 binding proteins, in terms of biological process,
belong to metabolic process, response to stimulus and localization, biological
regulation, and multicellular organismal process. Related to the cellular component,
for hNFWE1, most are nuclear, membrane-enclosed lumen, and membranal protein.
While for hFWE2 is mainly membrane protein, followed by nucleus protein and then
membrane-enclosed lumen. The molecular function of both hFWE isoforms, belongs

to protein binding and ion binding (Figure 2 — C; D).
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Table 1 - List of proteins that were uniquely identified in hFWE"** cells

Gene Symbol Description
RLTPR; CARMIL2 Capping protein, Arp2/3 and myosin-I linker protein 2
HINT2 Histidine triad nucleotide-binding protein 2
ATP2B4 Plasma membrane calcium-transporting ATPase 4
INTS2 Integrator complex subunit 2
SMEK2; PPP4R3B Serine/threonine-protein phosphatase 4 regulatory subunit 3B
CHAF1A Chromatin assembly factor 1 subunit A
LYPLA2 Acyl-protein thioesterase 2
DPP7 Dipeptidyl peptidase 2
TP53RK EKC/KEOPS complex subunit TP53RK
DYRK1A Dual-specificity tyrosine-phosphorylation-regulated kinase 1A
RNF213 E3 ubiquitin-protein ligase RNF213
STARD7 StAR-related lipid transfer protein 7
ARRDC1 Arrestin domain-containing protein 1
GDF15 Growth/differentiation factor 15
PKP3 Plakophilin-3
ADI1 1,2-dihydroxy-3-keto-5-methylthiopentene dioxygenase
UBE2G1 Ubiquitin-conjugating enzyme E2 G1
SBF1 Myotubularin-related protein 5
SCD Acyl-CoA desaturase
SLC4A1AP Kanadaptin
GSE1 Genetic suppressor element 1
IDI1 Isopentenyl-diphosphate Delta-isomerase 1
ALG5 Dolichyl-phosphate beta-glucosyltransferase
CYCs Cytochrome ¢
PDCD6 HCG1985580, isoform CRA_c
CDH3 Cadherin-3
FIP1L1 Pre-mRNA 3'-end-processing factor FIP1
ABHD10 Mycophenolic acid acyl-glucuronide esterase
TRIM32 E3 ubiquitin-protein ligase TRIM32
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Table 2 - List of proteins that were uniquely identified in hFWE"™ cells

Gene Symbol Description
BPTF Nucleosome-remodeling factor subunit BPTF
WDR33 pre-mRNA 3' end processing protein WDR33
VPS28 Vacuolar protein sorting-associated protein 28 homolog
MDK Midkine
BTAF1 TATA-binding protein-associated factor 172
CHCHD2P9 Putative coiled-coil-helix-coiled-coil-helix domain-containing protein
LYPLA1 Acyl-protein thioesterase 1
MAOB Amine oxidase [flavin-containing] B
GTF3C1 General transcription factor 3C polypeptide 1
UQCRQ Cytochrome b-c1 complex subunit 8
NUDT1 7,8-dihydro-8-oxoguanine triphosphatase
B2M Beta-2-microglobulin
CAST Calpastatin
PROSC; PLPBP Pyridoxal phosphate homeostasis protein
RPS10 40S ribosomal protein S10
PTMA Prothymosin alpha

Table 3 - List of common proteins between hFWE"**® and hFWE™"" cells

Gene Symbol Description
ACSL5 Long-chain-fatty-acid--CoA ligase 5
SREK1IP1 Protein SREK1IP1
ALDOC Fructose-bisphosphate aldolase C
FABP5 Fatty acid-binding protein 5

CKMT1B; CKMT1A  Creatine kinase U-type

RNMT mRNA cap guanine-N7 methyltransferase

RP9 Retinitis pigmentosa 9 protein

SFPQ Splicing factor, proline- and glutamine-rich

PALLD Palladin

ATAD3B ATPase family AAA domain-containing protein 3B
NONO Non-POU domain-containing octamer-binding protein
CAPG Macrophage-capping protein
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3.4.3 PTMA 1S REQUIRED FOR CELL COMPETITION

We decided to focus on the proteins that interact specifically with hFWE™W"
because it is the isoform overexpressed in cancer tissue. By studying the cancer cell
interactors, we intended to understand how cancer cells can use the FWE code to
grow and invade new tissue. To select the most promising candidates, we first
excluded from the list, all the protein that binds to GFP. Knowing that FWE is a
transmembrane protein, we eliminate all the proteins not localized in the cytoplasm

or in the cell membrane.

Under curiosity, we analyzed by gqPCR the expression levels of these
candidates in the HCT 116 cell line and HCT 116 hFWE*® cells (Figure 3 - A). Two
proteins (PTMA and CAST) were less expressed in the absence of hFWE compared
with WT cells and one was overexpressed in the winner's cells (PTMA). After
reviewing the literature on these two candidates (PTMA and CAST), we selected
PTMA since it is known that it is associated with cellular proliferation and
carcinogenesis and is involved in the negative regulation of the apoptotic process'®
21 Furthermore, according with the qPCR analises, the expression levels of PTMA

it's regulated by hFWE.
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Figure 3 - Functional Role of PTMA in Cell Competition. A) Differential expression
levels of the most promising candidates in the presence and absence of the hFWE
protein (HCT 116 and HCT 116 hFWE"® cells, respectively). B) Functional analysis
scheme protocol: HCT 116 hFWEKO * "FWETRFP cells and HCT 116 hFWEK©C * hFWE2-GFP
cells were co-cultured in equal amounts for 48h. In parallel, HCT 116 hFWEKC * hFWET-
RFP (+ scramble shRNA) and HCT 116 hFWEK© * "FWEZ-GFP + PTMA shRNA were also
co-cultured in the same condition as well as the respective monocultures. C) The
downregulation of PTMA expression in the Winner cells blocked cell competition.
Winners’ cells no longer induced the dead of the Losers cells. D) The expression
levels analysis of PTMA by qgPCR showed that PTMA is overexpressed in Winner
cells and less expressed in the absence of hFWE protein (hFWE KO cells).

To understand if PTMA plays a role in cell competition based on the FWE
code, we performed the competition assay described in Madan et al 2019. Co-culture
between HCT 116 hFWEKC * "FWET-RFP (| ose isoform) and HCT 116 hFWEKC * hFWE2-GFP
(Win isoform) were performed. In parallel, we co-culture HCT 116 hFWEK©C * h"FWET-RFP
+ scramble shRNA with HCT 116 hFWEKC * MFWEZGFP . PTMA shRNA, with the
respective monoculture for 48h (Figure 3 - B). We analyze the apoptosis level using
Annexin V protocol 48h after the co-culture. The downregulation of PTMA in the
Winner cells protected the Losers from elimination and blocked cell competition,
suggesting that PTMA is necessary for competition (Figure 3 - C). Interestingly, when
analyzing the expression levels of PTMA by qPCR, we observed that PTMA is
overexpressed in Winner cells compared with KO or WT cells. Suggesting a

correlation between PTMA and hFWE™" expression (Figure 3 - D).
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3.4.4 PTMA SUB-CELLULAR LOCATION SHIFTS ACCORDING TO
HFWE ISOFORMS

It is known that PTMA can localize in the cytoplasm or the nucleus, and this
difference in the subcellular location can be related to its role in a particular tissue.
We analyzed the subcellular location of PTMA by immunofluorescence in HCT 116
cells, HCT 116 hFWE® cells, and HCT 116 hFWEXC * FWE2:GFP ca|ls using an anti-
PTMA antibody. We observed that in the HCT 116 cells, PTMA localizes to the
cytoplasm and the nucleus (Figure 4 - A). Interestingly, PTMA localization in HCT
116 hFWEX© cells shifts to the nucleus from the cytoplasm (Figure 4 - B). When we
analyzed the subcellular localization of PTMA in cells overexpressing hFWE"™ we
observed a strong cytoplasmic localization compared with the KO and WT cells
(Figure 4 - C). These data suggest that PTMA might be kept in the cytoplasm in

cancer cells expressing hFWE"™ to help them grow and expand.

A

HCT 116

oy}
HCT 116 FWE KO + FWE2::GFP

HCT 116FWEKO

Figure 4 - Sub-cellular localization of PTMA in colon cell line by
Immunofluorescent using an anti-PTMA Ab. A) PTMA sub-cellular localization in
HCT 116 cells is distributed in the nucleus and cytoplasm, but mainly in the nucleus.
B) In HCT 116 hFWE® cells, PTMA has a strong localization in the nucleus
compared with the cytoplasm. C) In the HCT 116 hFWEKC * "FWE2:GFP the sub-cellular

localization is mainly in the cytoplasm and poorly in the nucleus.
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3.4.5 PTMA EXPRESSION IN HUMAN CRC BIOPSIES

To investigate the expression of PTMA in patient sample, we performed
immunohistochemistry in CRC and normal tissue using anti-PTMA Ab (Figure 5). In
the normal colon, PTMA was expressed in the nucleus and in the cytoplasm of the
epithelial cells, diffusely distributed along the mucosa (Figure 7) in all samples
analyzed. Staining intensity was minimal for the cytoplasm and mild in the nucleus.

Expression in stromal cells was rare.

invasive ",
front

Figure 5 - Features of PTMA protein expression, analyzed in human CRC
biopsies. Parameters analyzed: presence/absence of PTMA expression in the
tumor; distribution in cellular compartments: nuclear, cytoplasmic and both; staining
intensity; and distribution within the tumor, i.e., tumor core and/or tumor border

(invasive front).

In human CRC, 73% of the tumors in our sample were positive for PTMA, and
67% showed exclusive nuclear PTMA expression (Figure 6). Expression levels were
generally higher than in normal mucosa, with staining intensity varying from mild to
marked (Figure 6). However, the staining pattern was rarely diffuse and
homogeneous throughout the tumor. Instead, the pattern was multifocal or patchy,

with positive and negative areas admixed (Figure 7 - F), with tumors where most cells
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expressed PTMA (Figure 7 - B; F), and others with low expression levels (Figure 7 -
C; G).

PTMA cellular i
expression  distribution ex%%se on

[Onegative [Enuclear (N) @Emild
M positive M cytoplasmic (C) W moderate
ENandC M marked

Figure 6 - PTMA protein expression in human CRC biopsies. PTMA expression
was seen in 29 out of 40 CRC samples analyzed (73%), and staining intensity
(expression levels) varied from mild to marked. Distribution was predominantly
nuclear, occasionally nuclear and cytoplasmic, and rarely restricted to the cytoplasm.
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Figure 7 - Representative microphotographs PTMA immunohistochemistry in
human samples of colorectal carcinoma. A) PTMA expression in the nucleus of
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colonocytes, in normal mucosa in the margin of CRC (black arrow). B) CRC with
PTMA nuclear expression in most tumor cells (black arrow) and with marked staining
intensity. C) CRC with PTMA nuclear expression in a few tumor cells (black arrow),
with moderate staining intensity and with PTMA expression also in the nucleus of
tumor-associated fibroblasts (black arrowhead). E) PTMA expression in the
cytoplasm of colonocytes, in normal mucosa in the margin of CRC (white arrow). F)
CRC with PTMA marked and diffuse PTMA expression in tumor cells (white arrow).
G) CRC with patchy PTMA cytoplasmic expression in fewer tumor cells (white arrow),
with moderate staining intensity. DAB counterstained with Harris Hematoxylin;

original magnification, 40x.

Another finding was that in 59% of CRC samples, there was a discrepancy in
staining intensity and/or percentage of PTMA-positive cells when comparing the
tumor core and tumor border (invasive front). PTMA expression was higher in tumor
invasive front (Figure 8), with an expression of higher levels of PTMA, PTMA

expression in a higher percentage of cells, or both.

INVASIVE
FRONT

Figure 8 - Representative microphotographs of PTMA expression in tumor core
and invasive front in human colorectal carcinoma. A) CRC with cytoplasmic

PTMA expression (white arrow), where tumor cells in the invasive front show
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increased PTMA expression levels with higher staining intensity. Stromal cells were
also seen to express PTMA (black arrowhead). B) CRC with nuclear PTMA
expression (black arrow), with a higher number of PTMA-positive cells in the invasive
front. C) CRC, where PTMA is almost exclusively expressed in the nucleus (black
arrow) and cytoplasm (white arrow) of tumor cells in the invasive front. A, B, and C
correspond to three different tumors; 1 and 2 correspond to the tumor core and
invasive front, respectively). DAB counterstained with Harris Hematoxylin; original

magnification, 40x
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3.5 DISCUSSION

The transmembrane protein Flower plays a role in specific biological
processes. There are four isoforms of hFlower, which differ in their structure and
function. Our group demonstrated that human Flower isoforms 1 and 3 (hFWE1 and
hFWE3) function as Flower-Lose proteins, while hFWE2 and hFWE4 act as Flower-
Win proteins. Cancer cells express high levels of (FWE"" (RFWE2 and hFWE4),
giving them a competitive advantage to grow and kill surrounding stroma cells
expressing hFWE"*¢ isoforms”'°. Understanding the mechanisms of cell competition
based on FWE code and its role in cancer may provide new insights into the

development and progression of tumors.

In this study, we aimed to identify new players in the CC mechanism mediated
by the hFWE protein. We performed Immunoprecipitation followed by Mass
Spectrometry (Mass Spec) to identify proteins interacting with hFWE since protein-
protein interactions (PPIs) can provide insight into specific biological pathways. We
identified that Prothymosin a (PTMA) interacts specifically with hFWE2, and its
expression seems FWE-dependent. PTMA is more expressed in HCT116 colon cell
lines overexpressing hFWE2 - the isoform overexpressed in cancer tissue. On the
other hand, its expression is significantly reduced in hFWE1 and hFWE® cells.
Several studies have shown that PTMA is more abundant in cancer compared with
normal tissue. Interestingly, it is also involved in a range of biological processes such
as cell proliferation as observed in several types of cancer and apoptosis'*?225,
Therefore, the correlative expression profile between hFWEY" — expressed in cancer
cells and PTMA observed by gPCR agrees with the tissue expression and functional

profile database.

Moreover, when using a PTMA shRNA to downregulate its expression in
Winner cells co-cultured with Lose-expressing cells, PTMA was necessary for CC to
occur, and Winners no longer induced the death of the Loser cells. We also observed
that PTMA subcellular localization shifts from the nucleus in HFWE"® to the cytoplasm

in the winner cells. Different cell types may influence how PTMA functions, as its
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expression and localization may change in response to external stimuli and signal
transduction pathways. It is found in the nucleus and the cytoplasm of the cells. In
the cytoplasm, PTMA regulates translation, cell division, and negative regulation of

proapoptotic pathways by inhibiting apoptosome formation'®2":26:27,

Interestingly, PTMA has been identified as a novel cancer biomarker
(oncogene), as its expression is increased in various cancer types, including
colorectal cancer'®?°. PTMA likely helps to predict CRC prognosis by measuring the
expression of both PTMA and mutant TP538. The malignant phenotype of colorectal
cancer is linked to the high PTMA expression in the tumor. Loss- and gain-of-function
assays showed that circ-0004277 (oncogene in CRC) leads to tumor cell proliferation
and inhibition of apoptosis. circ-0004277 promotes colorectal cancer proliferation by
sponging miR-512-5p to upregulate the expression of PTMA in the CRC cells®.
Finally, PTMA has been investigated for its potential therapeutic use in various
diseases, such as cancer. Here, we propose that h\FWE"" is sequestering PTMA,
and keeping it in the cytoplasm, helping cancer grow and invade new tissue. Ongoing
studies are exploring a possible correlation between PTMA expression pattern and
clinicopathological parameters, such us tumor size, tumor stage, disease

progression, recurrence, treatment response, and metastases.
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CHAPTER 4

General Discussion
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Cell competition is a process that takes place when cells with different fithess
levels compete for survival within a tissue. First described in Drosophila, more fit cells
typically have a competitive advantage over less fit cells, which leads to their
propensity to survive and multiply faster. This process is a way for tissues to maintain
health and function. It is a crucial process that promotes tissue health and prevents

the spread of harmful mutations™®.

According to earlier studies in the D. melanogaster, the decision between cell
survivor or death during cell competition is due to different expressions of the FWE
isoforms on the surface of the cells®. The isoforms that codify an unfit marker are
called Lose because cells are marketed to be eliminated when in contact with FWE
Win-expressing cells. Cell competition in Drosophila can have important implications
during development, tissue homeostasis, and disease®*°. Abnormal cell competition
can contribute to developing cancer and other diseases - highlighting the importance

of understanding the mechanisms underlying this process®.

The research described in this thesis is based on these previous observations
and aims to understand whether a comparable FWE system was conserved in
humans. We demonstrate that two human Flower isoforms, hFWE1 and hFWES,
function as Flower-Lose proteins, whereas hFWE2 and hFWE4 act as Flower-Win
proteins (Chapter 2). The human Flower protein code mediates competitive
interactions dependent on cell contact and caspase-dependent apoptosis but
independent of calcium transport. Homogeneous expression levels of any of the four
Flower proteins do not trigger cell elimination nor affect cell fithess. hFWE Win

provides cells an advantage over cells expressing Lose isoforms?®.

Furthermore, in the presence of stroma cells (that express hFWE Lose),
cancer cells express higher levels of Win isoform, giving them a competitive growth
advantage. We also saw that when the expression of Flower proteins is inhibited,

there is a reduction in tumor growth and metastasis and an increase in chemotherapy
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sensitivity. Overall, in Chapter 2, we demonstrated that ancient cell recognition and

selection mechanisms are conserved in humans®.

These finds have an essential impact on the cancer fight since it suggests an
FWE code-based mechanism that helps cancer cells to grow and eliminate
surrounding tissue. To understand this mechanism that triggers the elimination of
neighbors, Loser-cells, we identified proteins interacting with the Winner and Loser
isoforms and studied their role during cell competition (Chapter 3). We listed several
proteins that bind to both isoforms. We saw that PTMA binds specifically to hFWE
Win, and its expression is higher when compared with WT cells and poorly expressed
in hFWEX® cells. The downregulation of this gene in the Winners prevented Loser
cells elimination - blocking FWE-dependent cell competition. We also observed that
PTMA subcellular localization shifts from the nucleus in hFFWEX® to the cytoplasm in
the winner cells. Moreover, in patient-derived samples, PTMA is expressed in cancer
tissue and absent in normal tissue. These results suggest an FWE-PTMA interaction

to promote cancer growth and progression (Chapter 3).

The significant discoveries made in this thesis prompted a comprehensive

analysis and speculation that can be segmented into several distinct categories:

4.1 HUMAN FLOWER ISOFORMS ACT AS FITNESS FINGERPRINTS

According to our findings, in humans, there are four isoforms of FWE: hFWE1,
hFWE2, hFWE3, and hFWE4. To investigate which hFWE isoforms function as a Win
or Lose during cell competition, co-culture between all possible combinations was
performed using a GFP or RFP marker. We found that when human cells expressing
hFWE1 or hFWES are in contact with cells expressing hFWE2 or hFWE4, they are
always eliminated. In contrast, hFWE2 or hFWE4-expressing cells divide and grow,
taking the space previously occupied by the unfit Loser cells. Therefore, cells that

express hFWE1 and hFWE3 are the Lose isoforms, while cells that express hFWE2
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and hFWE4 are the Win isoforms in humans. Direct contact between Winner and

Loser cells is required for Loser cells elimination=.

Interestingly, Fitness Fingerprints were reported to be tissue specific. While
Fwe loseA or Fwe loseB expression is necessary to trigger loser cell elimination in
the epithelia of the Drosophila wing disc, in neuronal cells Fwe loseA isoform does
not correspond a loser marker (more)*®%. FWE is also conserved in mammals. In
mice, FWE encodes four isoforms: mFwe1, mFwe2, mFwe3, and mFwe4, all
transmembrane proteins. The human homologue of Flower (hFWE) has been
researched and described for the first time by our group®. Like mFwe, hFWE encodes
four distinct isoforms that are all predicted to be membrane proteins. Human
orthologs of Flower (Fwe; C9ORF7; calcium channel flower domain containing 1
(CACFD1) isoform also form a “Flower code”, suggesting that hFWE is functionally

conserved in humans™?®.

Many competition mediators are conserved from Drosophila to humans.
Winner cells feature pro-survival and pro-kill signals, including over-activation of Myc
or Ras oncogenes and inactivation of P53. Loser cells, such as those with low-Myc
expression, exhibit Lose markers or a reduced fithess profile. They are only

eliminated when surrounded by more competent neighboring cells®.

Studies in Drosophila have shown that oncogenes such as dmyc or
10-15

hyperactivation of the Wnt/Wingless pathway induce competitive growth
mediated by the Drosophila Flower isoforms*'®. To study the impact of hFWE Win
and hFWE Lose in cancer growth, the expression levels of hFWE isoforms were
analyzed by qPCR in cancer tissue, benign tumors, tumor adjacent to host tissue,

and normal tissue.

All hRFWE isoforms were poorly expressed in normal tissue. The expression
of hFWE Win isoforms in tumor tissue was higher, while hFWE Lose isoforms were

significantly upregulated in stromal tissue. In the same direction, it is known that
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certain mouse Fwe (mFwe) isoforms are upregulated during skin carcinogenesis,
especially in areas surrounding skin papilloma®. Additionally, mFwe-deficient mice
display normal development, phenotype, and growth but have lower susceptibility to

skin papilloma, suggesting a similar role of FWE in Drosophila, mice, and humans®.

Based on the observation that cancer has high Win isoform expression and
tend to grow in regions where Lose isoforms is highly expressed in tissue patient
sample, we hypothesized that when we have high Lose expression in the host tissue
and also high levels of Win in the tumor, it might result in more aggressive tumor

1/2/3/4)-GFP cells

phenotypes. To address this, MCF-7 (breast cancer cell line) hFWE!
were injected in mFwe"° mice for tumor formation. When mouse breast tissue was
enriched with hFWE1 and cancer cells carrying hFWE2 were injected into the breast,
it developed a more aggressive tumor. In contrast, hFWE1 and hFWE3 expressing
cells lost their tumorigenic potential when implanted on hFWE2 or hFWE4 expressing
breast. Suggesting that high hFWE Win expression in the tumor and high expression
of hFWE Lose in the surrounding tissue promotes cancer growth. Furthermore, the
high Win expression in tumors is insufficient to stimulate oncogenic growth because

high Win in the stroma prevents the growth of high Win-expressing tumors?®.

To examine the contribution of mMFWE isoforms to tumorigenesis in the host
tissue, we generated ectopic tumor xenografts using hFWEX® HCT-116 and MCF-7
cells overexpressing hFWE2 isoform in hind leg regions of mFWE"T and mFWEK®
mice. As a result, both cell lines generated larger tumors in mFWE"" mice compared
with mFWEX® mice. Meaning that hFWE win expressing cells gain growth advantage
in mMFWEYT mice since the mouse can express hFWE"* in stromal tissue. Recalling
our previous observation from patient samples showed that the hFWE"*® isoform is

induced in the cells surrounding the tumor tissue®.

We decided to determine whether the upregulation of hFwelLose can be

induced by cells expressing hFweWin isoforms. We subsequently co-cultured
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hFWE2 expressing MCF- 7 hFWEKO cells with MCF-7WT cells and found increased
expression of hFweLose in MCF-7WT cells compared with a monoculture of MCF-
7WT cells. In addition, we analyzed mFwe isoform expression host tissue from
mFweWT mice pre- and post-xenograft with MCF-7 hFWE2 expressing cells. The
mouse tissue adjacent to the tumor showed a significant increase in mFwelLose
isoforms post-xenograft. Additionally, the ability of tumor cells overexpressing
hFWEWin isoforms to generate xenografts was reinforced by the exogenous
expression of hFWELose isoforms in the host tissue mFweKO mice. All these results
suggest that FWEWin expression in tumor cells induces FWELose expression in

neighboring normal cells®.

4.2 UNCOVER THE THERAPEUTIC POTENTIAL OF ANTIBODIES
TARGETING THE HFLOWER PROTEIN.

Using nude mice, we chose cell lines with higher hFWE"™ expression (HCT-
116: colon cancer cell line; and DU-145: prostate cancer cell line) and lower hFWE""™
expression (CCL-218: colon cancer cell line; and OVCAR-8: ovarian cancer cell line)
to examine their tumorigenic potential. Additionally, combined therapy of hFWE
shRNA and chemotherapy was evaluated against the tumorigenic potential of those

cancer cell lines to assess the therapeutic potential of hNFWE gene knockdown®.

Compared to CCL-218 and OVCARS, the findings revealed that DU-145 and
HCT-116 had a considerably stronger tumorigenic potential and produced larger
tumors®. Contrary to hFWE shRNA or chemotherapy (fluorouracil 5-FU for colon'’;
cisplatin and docetaxel for prostate'® and ovarian'®) treated xenografts, control and
scrambled shRNA-treated xenografts produced much larger tumors. Chemotherapy
and hFWE shRNA combination therapy further suppressed carcinogenesis. Again,
treating cell lines with hFWE shRNA and combining treatment with chemotherapy
reduced the presence of metastasis. Thus, we conclude that hFWE proteins can

significantly affect tumorigenicity, and we suggest that drugs that target Flower and/or
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Flower complex may reduce cancer progression and metastasis®®. This
achievement represents a conceptual advance in understanding the role of cell

fithess comparison in human cancer progression.

The Flower fitness comparison approach describes a specific biological
mechanism for controlling oncogenic development and metastasis. Notably, it has
also been demonstrated for the first time that targeting cell competition can be
combined with chemotherapy as a potential treatment to prevent colon, ovarian, and
prostate cancer growth and metastasis. Consequently, it serves to uncover the
therapeutic potential of antibodies directed against flower-win and/or flower-lose or
complex forms and their effects on tumorigenesis. Additionally, it supports a better
understanding of the mechanisms of cell competition and the exchange of relative

fitness between cells.

Expression of all hFWE isoforms is very low in normal body cells, which
makes it a very suitable anti-cancer therapy target’. Two approaches can be
undertaking to study the potential of an anti-hFWE antibody against cancer: the

therapeutic arm and the chemo-prevention arm.

To identify the therapeutic and clinical relevance of this finding, preclinical trial
of hFlower (hFWE) monoclonal and/or polyclonal Abs against cancer can be studied
in mouse (small animal) and swine (large animal) models. Aiming is to check the
efficacy of the novel anti-hFWE Abs in animal models and its potential as successful
examples of cancer therapy, such as trastuzumab?' and pertuzumab?. Therapies
aiming to stop cancer development in its early stages and preventing progression
favor patient outcome. Abs targeted to Flower win and lose isoforms may block the
exchange of cell fitness information between cancer and normal neighboring cells,
and prevent cancer cell proliferation and growth. In addition to a stand-alone therapy,
we would be able to understand the synergistic effects of Flower Abs alongside

standard chemotherapy treatment options.
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Another aspect is studying the role of Flower code and cell competition in
regulating oncogenesis and chemo-prevention. This specific goal will explore the
potential of anti-hFWE Abs as chemo-preventive agents. Regular administration of
these Abs in daily life might have the potential to block oncogenesis. One of the
approaches to study this, would be to label PDX-derived cancer cells with GFP using
a lentiviral expression system and then inject these cells in mice undergoing anti-
Flower Ab treatment. IVIS imaging®, and (18)F- Fluorodeoxyglucose positron
emission tomography imaging (FDG-PET)?*% can be used to observe the efficacy of

various anti-Flower Abs in preventing tumor formation.

Therefore, developing effective, novel, and innovative therapeutic strategies
is fundamental. Our group is one of the first to understand the translational aspect of
"cell competition" in human diseases, and this process is fundamental to oncogenesis

and cancer progression®®.

4.3 THE IMPORTANCE OF STUDYING HFWE BINDING PROTEINS

Proteins that interact often work together to carry out critical cellular
processes such as DNA replication, protein synthesis, and signaling pathways. By
studying these interactions, we gain insights into how these processes work and how
they are regulated. To better understand cell competition in humans and the
mechanism responsible for triggering the elimination of the Losers, we investigated
hFWE binding partners.

When immunoprecipitated hFWEY"™ and hFWE"**® followed by Mass Spec,
we identified a list of proteins interacting with both isoforms. We found that PTMA
interacts with hFWE"“"™ and not with hFWE"*¢ isoform.
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To answer whether PTMA has a functional role in cell competition, we
downregulate its expression in the Winner cells using PTMA shRNA and co-culture
with Lose-expressing cells. Since many proteins' functions requires interaction with
other proteins, we aimed to understand if the interaction between hFWE"™ and PTMA
is necessary for Loser's elimination. As a result, the downregulation of PTMA stopped
cell competition based on the FWE code. Meaning that hNFWE"Y" requires PTMA to
eliminate surrounding tissue and/or promote cancer growth and invade new tissue.
Moreover, when we analyzed the expression levels of PTMA in HCT-116 hFWEX®
hFWEI-GFP "HCT-116 hFWEKC "FWEZGFP "HCT-116 hFWEX® and HCT-116 WT, we saw
that PTMA it is overexpressed in hFWE2 expressing cells compared with the control
HCT-116 WT. Interestingly, the expression of PTMA in the absence of hFWE protein
was significantly less. The data correlate hFWE absence with PTMA low expression

and increased PTMA expression in hRFWE""-expressing cells.

PTMA is known to be involved in transcription regulation, cell cycle, apoptosis,
growth, and proliferation of the cells. PTMA is a protein involved in the negative

26-28  and it is located in the nucleus and/or

regulation of the apoptotic process
cytoplasm of the cells. In breast cancer tissue, PTMA concentration is higher when
compared with normal breast tissue. It is already a prognostic marker for
hepatocarcinoma, lung, breast, prostate, bladder and stomach cancer®®3*. Overall,
high levels of PTMA in cancer may be beneficial for maintaining a high proliferation
rate and protecting these cells from apoptosis. Data shows that PTMA is
overexpressed in cancer tissue including gastric, colorectal and thyroid cancer®*-8,
Therefore, we analyzed the expression of PTMA in colorectal cancer and the normal
tissue from 40 patient samples. Again, the IHC data show more colorectal cancer
expression than normal tissue. PTMA expression was also higher in tumor invasive
front. Finally, PTMA has been investigated for its potential therapeutic use in various
diseases, including cancer.

Different subcellular localization of PTMA lids to different functions. For

instance, in the cytoplasm, PTMA is involved in more aggressive tumors and the
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probability of rescuing and promoting cell growth. Subcellular localization studies also
help to improve the comprehensiveness regarding the function of a protein. Hence,
we performed Immunofluorescence using an Anti-PTMA antibody to study the
subcellular location in HCT-116 WT, HCT-116 hFWE*®, and HCT-116 hFWEKC*+hFWE2-
GFP We saw that in the HCT-116 WT cells, PTMA localizes both in the cytoplasm and
the cell's nucleus. Interestingly, PTMA localization in HCT 116 hFWEX° cells shifts to
the nucleus from the cytoplasm. When we analyzed the subcellular localization of
PTMA in cells overexpressing hFWEKXC* FWEZGFP (win) we observed a strong
cytoplasmic localization compared with the KO and WT cells.

In Chapter 2 of this thesis, we show that hRFWE"™ is overexpressed in cancer
tissue and poorly expressed in the surrounding tissue. Chapter 3 also shows that
PTMA it is overexpressed in hRFWE"™ cells and less in hFWEX® and hFWE"** cells.
PTMA localized in the cytoplasm of the hFWE™" cells and the nucleus of hFWE*®.
Moreover, IHC data show more expression of PTMA in colorectal cancer patient
samples when compared with normal tissue (same expression profile as hFWE™™ in

39-41

cancer). PTMA expression is increased in proliferating cells and in response to

increased levels of c-myc*’. A correlation between PTMA and c-myc mRNA
expression has been found in human colon cancers***4,

Hence, we show that hFWE"™ is sequestering PTMA, and keeping it in the
cytoplasm, helping cancer grow and invade new tissue. Although we do not know
which mechanism or pathway is taking place. Based on the literature, we can
hypostatize how hFWE"™ and PTMA work together to promote cancer growth. circ-
0004277 is an oncogene in CRC that contribute to tumor cell proliferation and
apoptosis inhibition. Studies revealed that upregulated circ0004277 was observed in
CRC tissues, and a high level of circ0004277 correlated with unfavorable prognosis
in CRC patients. Interestingly, this oncogene sponges miR-512-5p (kwon to change
the development and progression of cancer) to upregulate the expression of PTMA
in the CRC cells* leading to the malignant phenotype described in CRC. The same

study shows that both gPCR and subcellular fractionation assays used to analyze
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circ-0004277 location indicated abundant circ-0004277 in the cytoplasm of HCT-116
and Lovo colon cell lines*.

Thus, hFWE"™ might use this system to upregulate circ0004277 in the
cytoplasm, leading to miR-512-5p sponging and finally upregulation of PTMA (Figure
1) promoting cancer growth. To test this hypothesis, we can analyze by qPCR the
expression levels of the circ-0004277 in hFWE“"-expressing cells and see whether
it is upregulated or not. We can also downregulate circ-0004277 expression in
hFWE™" and analyze PTMA expression levels, expecting it to be lower. In the same
line, we can study the subcellular localization of PTMA to see if there are changes in
its location in hFWEWY™ cells when circ0004277 is downregulated. To investigate
whether Win expressing cells with circ0004277 downregulated will induce Lose
elimination, we can co-culture both cells and analyze the apoptosis level in these two
cell populations. On the other hand, hFWEWY" can also directly overexpress PTMA in
the cancer tissue using an unknown mechanism (Working Model A).

Another interesting fact is that c-myc protein activates the transcription of the
PTMA gene in CRC*?*®, Therefore, PTMA transcription may be associated or under
the control of the c-myc gene in human colorectal cancer*?#®. Taking in consideration
that FWE were discovered in a myc super competition scenario, in a microarray
experiment in the drosophila wing imaginal disc for genes differentially expressed
early in loser cells during competition®, another hypothesis is that c-myc increases

the expression of hFWEVN

in the cancer cell, leading to hight levels of PTMA, and
consequently the death of the Losers cells, in a non-autonomous scenario. In an
autonomous scenario, c-myc might interact with PTMA leading to the survivors
and/or proliferation (known to be one of the functions of PTMA in the cells) of the
cancer cells. We know from the results of the competition experiment using PTMA
shRNA (chapter 3) that there is no difference in the apoptosis of the hFWEYN
compared to hFWE"'N PTMA shRNA in monoculture. Meaning that, here, PTMA do
not have a cell survivor role because when downregulated, cell do not die more in
comparation with cells that do not have PTMA downregulated. In terms of

proliferation, experiments need to be done to understand whether the c-myc activates
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PTMA transcription through hFWE"N, leading to proliferation of the cancer cells in
an autonomous scenario. To test this hypothesis, we can downregulate c-myc in the

EYN and PTMA, and, also evaluate

cells and analyse the expression levels of hFW
the proliferation of the cells. Lost and gain function experiments might help us to
comprehend the cascade signalling pathway between c-myc, hFWEY™ and PTMA
leading to loser cells elimination (Working Model B).

Another experiment that can be performed to prove that hFWE"Y" is
sequestering PTMA and keep it in the cytoplasm to help cancer growth, is investigate
the Win expression levels by gPCR in patient cancer samples where IHC shows a
more cytoplasmic expression of PTMA. Ongoing studies are exploring a possible
correlation between PTMA expression pattern and clinicopathological parameters,
like tumor size, histologic subtype, tumor grade, stage, disease progression,

recurrence, treatment response, and metastases.

It will also be interesting to analyse if PTMA per se is sufficient to promote
Win state in the cells. In order to test if PTMA is sufficient, we can perform a
competition assay with WT cells in co culture with WT cells with PTMA downregulated
and see if the WT cells will behave as a winner cell, and/or overexpress PTMA in the

cells and perform the competition assay.

Understanding and controlling protein-protein communication is critical for
advancing our understanding of biological processes and developing new treatments

for various diseases.
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Abstract

Risk stratification of COVID-19 patients is essential for pandemic
management. Changes in the cell fitness marker, hFwe-Lose, can
precede the host immune response to infection, potentially making
such a biomarker an earlier triage tool. Here, we evaluate whether
hFwe-Lose gene expression can outperform conventional methods
in predicting outcomes (e.g., death and hospitalization) in COVID-
19 patients. We performed a post-mortem examination of infected
lung tissue in deceased COVID-19 patients to determine hFwe-
Lose’s biological role in acute lung injury. We then performed an
observational study (n = 283) to evaluate whether hFwe-Lose
expression (in nasopharyngeal samples) could accurately predict
hospitalization or death in COVID-19 patients. In COVID-19
patients with acute lung injury, hFwe-Lose is highly expressed in
the lower respiratory tract and is co-localized to areas of cell
death. In patients presenting in the early phase of COVID-19
iliness, hFwe-Lose expression accurately predicts subsequent hospi-
talization or death with positive predictive values of 87.8-100%
and a negative predictive value of 64.1-93.2%. hFwe-Lose outper-
forms conventional inflammatory biomarkers and patient age and
comorbidities, with an area under the receiver operating charac-
teristic curve (AUROC) 0.93-0.97 in predicting hospitalization/
death. Specifically, this is significantly higher than the prognostic
value of combining biomarkers (serum ferritin, D-dimer, C-reactive
protein, and neutrophil-lymphocyte ratio), patient age and
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comorbidities (AUROC of 0.67-0.92). The cell fitness marker, hFwe-
Lose, accurately predicts outcomes in COVID-19 patients. This
finding demonstrates how tissue fitness pathways dictate the
response to infection and disease and their utility in managing the
current COVID-19 pandemic.

Keywords biomarker; cell fitness; COVID-19; flower; prognosis
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Introduction

To date, SARS-CoV-2 (the causative agent of COVID-19) has caused
> 236 M infections and > 5 M deaths. While vaccines are now
available, there are still approximately 500 K infections a day and
COVID-19 will remain a public health problem for the foreseeable
future. There is also a growing concern that areas with uncontrolled
COVID-19 outbreaks will give rise to variants that evade vaccine-
induced immunity. SARS-CoV-2 causes a broad spectrum of disease,
ranging from asymptomatic to fatal infections (Flerlage et al, 2021).
Essential in pandemic management is the development of prognostic
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biomarkers for COVID-19 patients, to help facilitate patient triage
and resource prioritization. Specific patient demographics (e.g.,
older age) and comorbidities (e.g., diabetes, obesity, and/or cardio-
vascular disease) are associated with increased COVID-19 severity
(Longmore et al, 2021). However, such clinical characteristics typi-
cally have limited prognostic value in COVID-19 patients (as demon-
strated by an area under a curve [AUC] of < 0.75) (Yang et al,
2020a; Grifoni et al, 2021). Other prognostic biomarkers that
measure the immune response to infection (e.g., C-reactive protein
[CRP] and the neutrophil-lymphocyte ratio) have been proposed
(Huang et al, 2020b). However, such biomarkers typically appear
later in the infection and their utility depends on the early collection
of patient blood, which may not be possible in all diagnostic
settings. Rather, it would be ideal to develop a COVID-19 biomarker
in nasopharyngeal samples, as this sample is almost always the first
or the earliest diagnostic sample collected from patients with a
suspected COVID-19 illness. Early evidence suggests nasopharyn-
geal samples can provide important prognostic information in the
context of COVID-19 (Ziegler et al, 2021).

Markers of cellular fitness have yet to be investigated for their
prognostic value in COVID-19. We and others have previously
shown that tissues have an intrinsic surveillance mechanism by
which cells continuously interact and sense the fitness status of their
neighbors (Merino et al, 2016; Liu et al, 2019; Madan et al, 2019;
Flanagan et al, 2021; van Neerven et al, 2021; Yum et al, 2021).
Communication of cellular fitness is an essential mechanism through
which relatively less fit or suboptimal cells are recognized and
removed from tissues (Rhiner et al, 2010; Merino et al, 2013; Madan
et al, 2019; Coelho & Moreno, 2020). We have identified a unique
molecular mechanism of “fitness fingerprints”, which executes this
cell recognition and elimination system, thereby maintaining opti-
mum tissue health over time (Rhiner et al, 2010; Merino et al, 2013).
We recently found that this system functions through the human
flower gene (hFwe) (Madan et al, 2019). In a number of human
cancers, the noncancerous cells surrounding a tumor are forced to
express a specific fitness mark, called flower lose (hFwe-Lose) (Madan
et al, 2019). hFwe-Lose-expressing stromal cells are eliminated by
competitive pressure from the aggressive, superfit, cancer cells
(Moreno, 2008; Madan et al, 2019; Parker et al, 2020). This mecha-
nism is also used by healthy tissues, where suboptimal cells, which
arise due to external or internal influences (e.g., oxidative stress,
inflammation, cytotoxicity, or radiation), express hFwe-Lose and are
marked for elimination (Rhiner et al, 2010; Merino et al, 2016;
Madan et al, 2019). Therefore, hFwe-Lose is a unique marker for
suboptimal or unfit status of cells in many tissues or organ systems.
Low division potential, genotoxic stress, cytotoxic stress, radiation,
aging, and the generation of reactive oxygen species (ROS) negatively
impact cellular fitness and may render a cell suboptimal (Wang et al,
2006; Bondar & Medzhitov, 2010; Rhiner et al, 2010; Merino et al,
2015; Akieda et al, 2019; Liu et al, 2019) (Fig 1A).

SARS-CoV-2 infection of alveolar epithelial cells can lead to cell
death and tissue damage (Huang et al, 2020a; Xu et al, 2020). Specif-
ically, the loss of epithelial cells in the lower respiratory tract disrupts
the pulmonary epithelial-endothelial barrier, resulting in pulmonary
edema and respiratory distress (Ackermann et al, 2020; Barton et al,
2020; Konopka et al, 2020; Li et al, 2020; Ren et al, 2020). SARS-
CoV-2-induced cell death can also result in the release of inflamma-
tory factors, which may further perpetuate the “cytokine storm”
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associated with severe disease (Li et al, 2020). Cells under stress,
which gain suboptimal status (i.e., those that are less fit), may be at
an increased risk of virus-induced cell death. This stress can be asso-
ciated with the chronic inflammation characteristic of different host
comorbidities such as diabetes, obesity, and COPD (Milner & Beck,
2012; Bennett et al, 2018; Furman et al, 2019; Guan et al, 2020;
Richardson et al, 2020; Yang et al, 2020b). We therefore propose that
hFwe-Lose, a cell fitness biomarker, may be associated with a height-
ened risk of SARS-CoV-2-induced cell death and therefore could be
an important prognostic biomarker in COVID-19 patients.

Here, we use samples from both the lower and upper respiratory
tracts of COVID-19 patients to show that hFwe-Lose expression has a
strong prognostic value for COVID-19 patient hospitalization and
death. Indeed, hFwe-Lose expression in the upper respiratory tract
outperformed other prognostic factors such as patient age, comor-
bidities, and clinical markers of inflammation in predicting patient
outcome.

Results

hFwe-Lose expression in lung tissue increases with age and host
comorbidities

To determine whether hFwe-Lose expression was elevated in the
lungs of older adults, hFwe-Lose expression was analyzed by qPCR
in 86 lung tissue biopsies taken from non-COVID-19 patients aged
between 20 and 82 years. Older patients showed increased hFwe-
Lose expression (P < 6 x 10™%) (Fig 1B). Specifically, patients over
70, as well as those aged between 60 and 70 years old, exhibited a
significant upregulation of hFwe-Lose expression compared with
patients younger than 60 years (Appendix Fig S1A). Besides older
age, comorbidities such as hypertension, obesity, COPD, diabetes
mellitus, and cardiovascular disease are known risk factors for
severe COVID-19 (Guan etal, 2020; Richardson et al, 2020;
Williamson et al, 2020; Yang et al, 2020b; Elezkurtaj et al, 2021;
Gao et al, 2021). Consistent with a link between elevated hFwe-Lose
expression and a risk of severe COVID-19, hFwe-Lose expression
was elevated in lung tissue biopsies from non-COVID-19 patients
with comorbidities (Fig 1C). hFwe-Lose expression was elevated in
the lungs of patients with hypertension (HT; n = 129), obesity
(n = 45), COPD (n = 51), diabetes (n = 48), cardiovascular disease
(CVD; n = 63) versus disease-free control lungs (n = 42). hFwe-Lose
expression increased with the total number of patient comorbidities
(Appendix Fig S1B). hFwe-Lose expression is associated with the
presence of “less fit” cells (Madan et al, 2019) which may be more
prevalent in the organs of older adults and those with comorbidities,
both of which are known risk factors for severe COVID-19 (Long-
more et al, 2021). If hFwe-Lose expression in the respiratory tract
has prognostic value in the context of COVID-19, one would hypoth-
esize that patients who died of COVID-19 would display elevated
hFwe-Lose expression. Figure 1D illustrates an increased expression
of hFwe-Lose in lung tissue of patients with fatal COVID-19
(n = 11). Although these individuals had a number of comorbidi-
ties, hFwe-Lose expression was significantly higher in COVID-19
patients compared to non-COVID patients with comorbidities (Fig 1
D). Moreover, among COVID-19 patients, hFwe-Lose expression
inversely correlated with the number of days from first symptoms to
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death (P < 3 x 10™'") (Appendix Fig $1C). This could suggest that
hFwe-Lose expression may be useful in identifying, among at-risk
patients (i.e., those with comorbidities), those individuals with an
elevated risk of fatal COVID-19 outcome.

Collectively, the above findings suggest that hFwe-Lose expres-
sion may play a prognostic role in COVID-19 by identifying individu-
als in whom a large number of “unfit” cells are present and
therefore are at increased risk of virus-induced cell death. To test
this hypothesis, the lungs of 11 deceased COVID-19 patients were
examined (Menter et al, 2020) (Appendix Table S1). Typically, the
lungs of healthy patients are characterized by air-filled alveolar
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spaces, thin alveolar septae/gas-exchange membrane, and the
absence of inflammatory cells and congestion in pulmonary capillar-
ies (Fig 1E1). In fatal COVID-19 patients’ severe congestion, exuda-
tive diffuse alveolar damage (DAD) and thromboses were observed
(Fig 1E2-5). Collapsing alveoli were also observed with epithelial
detachment and micro-perforations as well as several cells with
karyopyknosis and karyorrhectic figures (Fig 1E2-5). This is typi-
cally indicative of apoptosis of alveolar, endothelial, and interstitial
cells in infected patients and includes hyaline membrane formation,
erythrocyte extravasation, prominent, enlarged, often multinucle-
ated, and often apoptotic, type II pneumocytes, interstitial

Figure 1. hFwe-Lose biomarker associated with COVID-19 mortality and host comorbidities.

A A schematic of cell competition process. Our bodies have a natural surveillance system that optimizes tissue fitness. The process of cell competition drives healthy

© 2021 The Authors

tissues to force suboptimal, yet viable, loser cells to undergo cell death. Various stressors and insults cause cells to alter their properties and expression of fitness
biomarkers. Cellular fitness comparisons lead to the elimination of loser cells that express hFwe-Lose, a biomarker of reduced fitness. This mechanism is responsible
for actively restoring tissue homeostasis and has important implications in response to infections and the development of malignancies. ROS: reactive oxygen species.
hFwe-Lose mRNA expression is more abundant in elderly people. hFwe-Lose mRNA expression was analyzed by RT-qPCR in 86 lung tissue biopsies taken from non-
COVID patients with age between 20 and 82 years. Older patients show a significant upregulation of hFwe-Lose expression. A log-linear regression model
demonstrates a positive correlation between age and hFwe-Lose expression (R* = 0.13; slope confidence interval of 95% (Cl) = [2.0-12.2]; P-value of the linear
regression model < 6 x 107%).

hFwe-Lose expression is elevated in lung tissue biopsies from patients with comorbidities. Box plot illustrates an increased expression of hFwe-Lose in lungs of
patients with hypertension (HT; n = 129), obesity (n = 45), chronic obstructive pulmonary disease (COPD; n = 51), diabetes (n = 48), cardiovascular disease (CVD;

n = 63) versus disease-free control lungs (n = 42). Patient’s age is depicted in color. Two-sided Student’s t-test was performed for each comorbidity (compared to
disease-free patients), and P-values are presented on the plot. The central band shows the median, the box indicates the interquartile range, and the whiskers extend
to the most extreme points within the 1.5-fold distance of the interquartile range above and below the box.

hFwe-Lose expression is upregulated in lung tissue of COVID-19 patients. Box plot illustrates an increased expression of hFwe-Lose in lung tissue of patients diagnosed
with COVID-19 (n = 11), individuals affected with host comorbidities (n = 216) versus disease-free control lungs (n = 42). Patient’s age is depicted in color. Two-sided
Student’s t-test was performed (compared to disease-free patients), and P-values are presented on the plot. The central band shows the median, the box indicates
the interquartile range, and the whiskers extend to the most extreme points within the 1.5-fold distance of the interquartile range above and below the box.
SARS-CoV-2 infection manifests histological changes in patients’ lungs as demonstrated by H&E staining. 1) For comparison, the normal lung of an elderly individual
is shown, containing air-filled empty looking alveolar spaces and thin alveolar septae/gas-exchange membranes. Note that there are almost no inflammatory cells
and that capillaries are only merely visible since not congested. 2) Diffuse (proliferative) alveolar damage showing evidence of cell death. An alveolar space filled with
desquamated pneumocytes and macrophages, lymphocytes, and focal erythrocyte extravasation as well as one multinucleated pneumocyte type II. The still
recognizable epithelial lining is detached. Cells and surfactant are lost creating perforations in the alveolar wall, allowing migration of blood cells and fluid to enter
inside the alveolar space. The adjacent interstitial space is significantly widened, showing an increase in mononuclear inflammatory cells and extravasation of
erythrocytes. On the top and the lower right, dilated and congested capillaries can be seen (hematoxylin and eosin (H&E) stain, 200x). a—alveolar structure
destroyed by lymphocytes, desquamated epithelium, and extravasated blood; the alveoli should be empty, but here it is filled with a combination of degenerated cells
and fibrin; b—next alveoli; c—expanded pulmonary interstitium. The interstitium should be as thin as 10 um, but here it is 100 pm; d—extravasation of erythrocytes;
e—lymphocytes; f—congested capillaries and arterioles; g—multinucleated alveolocyte/pneumocyte type Il; h—detached epithelium; i—a histiocyte with a kidney-
shaped nucleus at the bottom of the circle has ingested erythrocytes (left-handed), representing the first step of cellular elimination. Round inlet with encircled
karyopyknotic, karyorrhectic, and “ghost-cell” figures indicative of apoptosis. 3) The presence of type Il pneumocyte syncytial giant cells in a collapsing alveolar space
with detached epithelial lining. The adjacent interstitial space shows analogous changes to the previous example. At the bottom, there is a prominently dilated and
congested capillary (H&E, 200x). a—alveoli with detached epithelium; b—next alveoli; c- Extravasation of erythrocytes; d—expanded interstitium; e—lymphocytes; f
—multinucleated pneumocyte type Il. 4) Diffuse alveolar damage showing massive extravasation of fibrin (homogeneous eosinophilic material in the center of the
alveolar space). The lining pneumocytes are almost all apoptotic/necrotic. The fibrin exudate is intermingled with mononuclear inflammatory cells and cellular debris
(H&E, 200x). a—alveola; b—congested capillaries; c—fibrin; d—remnants of degenerated/dying epithelium; e—expanded interstitium; f—cellular debris consisting of
macrophages, detached epithelial cells and lymphocytes; g—fully degenerated/lacking epithelial coverage within the alveoli. Round inlet with encircled
karyopyknotic, karyorrhectic, and “ghost-cell” figures indicative of apoptosis. 5) Immunohistochemical stain (IHC) for fibrin showing microthrombi caused by
dysfunction of endothelial cells in capillaries of the alveolar membranes/lung interstitium leading to obstruction of the microcirculation (IHC for fibrin, 200x). a—all
small alveolar septal capillaries are filled out with worm-like fibrin thrombi hampering / obstructing circulation; b—normal interstitium.

Healthy lungs show very low cleaved caspase-3-positive cells. IHC staining for cleaved caspase-3 (20x).

Expression of cleaved (active) caspase-3 yielding apoptotic and pre-apoptotic cells: IHC for cleaved (active) caspase-3 showing a brown nuclear staining signal in
respective cells. 31.5% cells were found to be caspase positive, 11.7% with high caspase-3 positivity and another 19.8% with low. These cells are mainly located in the
interstitium, but also in some alveolar epithelial and endothelial compartments. In the lower right, the edge of an alveolar space containing several (pre-)apoptotic
pneumocytes is seen, while in the upper left, a completely denuded/deepithelialized alveolus with two apoptotic remnants is observable (IHC for cleaved caspase-3,
20x). a—apoptotic large mononuclear cells; b—apoptotic alveolocyte / pneumocyte; i—amplification of apoptotic alveolocyte / pneumocyte. As shown in the round
inlets of 1E2 and 1E4, homogeneous dark nuclear condensation up to a size of 2 um (karyopyknosis), homogeneous pinkish-grayish nuclear condensation, large nuclear
inclusion with marginalization of the condensed chromatin, coarse nuclear angulation, nose-like/polar body-like nuclear protrusions, the latter two being karyorrhectic
debris, were all morphologically considered evidence of apoptosis. This has been correlated with and was reflected by the results of the cleaved caspase-3 staining on
step sections. All cells were counted on the 20x fields for n = 42 disease-free and n = 3 COVID-19 autopsy patients. The expression of hFwe-Lose in COVID-19 patients is
significantly higher than in disease-free individuals, regardless of cleaved caspase-3 staining (Cas POS: P < 0.004; Cas NEG: P < 0.006). In COVID-19 patients, we
observed a significantly higher expression of hFwe-Lose in sections with positive cleaved caspase-3 staining (P < 0.004). Two-sided Student’s t-test was performed
(compared to disease-free samples and NEG samples, respectively), and P-values are presented on the plot. The central band shows the median, the box indicates the
interquartile range, and the whiskers extend to the most extreme points within the 1.5-fold distance of the interquartile range above and below the box.
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Figure 1.

expansion/edema with increased lymphocytes, and histiocytes (Fig
1E2-5). To further investigate cell death in these lungs, and the asso-
ciation with hFwe-Lose expression, sections from control and
COVID-19 patients were stained for active/cleaved caspase-3.
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Limited caspase staining was observed in disease-free lungs (Fig 1
F). Interestingly, in COVID-19 patients the caspase staining was
present in “patches”, with the presence of both caspase-positive and
caspase-negative regions (Fig 1G). This is suggestive of clonal

© 2021 The Authors
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expansion of cells with markedly different vulnerability to apoptosis
within distinct niches, as is expected in the case of flower fitness-
based cellular selection and subsequent expansion. To this end, we
laser-captured such regions and examined the expression of hFwe-
Lose. We found that the caspase-positive regions had significantly
higher expression, compared to disease-free lung samples (Fig 1G,
right). These results indicate that high expression of the suboptimal
fitness marker hFwe-Lose correlates with areas of increased cell
death in the lung (P < 0.004).

hFwe-Lose expression in nasopharyngeal swabs is associated with
poor outcomes in COVID-19 patients

While the above data suggest that hFwe-Lose can be clearly detected
in the lower respiratory tract in individuals at risk of severe COVID-
19, as well as deceased COVID-19 patients, the lower respiratory
tract is not well-suited for the detection of prognostic biomarkers,
due to the difficulties associated with obtaining samples. In contrast,
nasopharyngeal swabs are routinely performed in COVID-19
patients and represent a more accessible clinical sample for the
discovery of prognostic biomarkers. Accordingly, nasal swabs were
obtained from COVID-19 patients (n = 283) aged between 1 and
96 years. Swabs were taken at the very beginning of disease onset
(i.e., at earliest contact with a physician, before the disease progres-
sion). The samples were taken at two independent centers from
cohorts with similar baseline characteristics (Table 1). For prognos-
tic testing purposes, we split the entire dataset into a retrospective
cohort (training, n =203) and a prospective cohort (validation,
n = 80) that were used to train and validate the predictive models.
Consistent with our lower respiratory tract data, hFwe-Lose expres-
sion in the upper respiratory tract increased with the age of COVID-
19 patients (Fig 2A). The positive association of hFwe-Lose expres-
sion and age is also seen when analyzing patients without associ-
ated comorbidities or patients with a single comorbidity
(Appendix Fig S2A). At all ages, hFwe-Lose expression was lower in
the patients that were not hospitalized (Fig 2A). hFwe-Lose expres-
sion was also elevated in the nasopharyngeal swabs of patients with
comorbidities associated with severe COVID-19, namely diabetes
mellitus (n = 129), COPD (n = 20), obesity (BMI > 30; n = 152),
cardiomyopathy (CM; n = 19), heart failure (HF; n = 35), hyperten-
sion (HT; n = 121), and chronic kidney disease (CKD; n = 60),
compared to disease-free patients (Fig 2B). Notably, many patients
had multiple comorbidities at the same time (disease-free = 96, one
comorbidity = 76, two comorbidities = 55, three comorbidities =
33, four comorbidities = 18, five comorbidities = 5) (Appendix Fig
S2B). Since hFwe-Lose expression increases with age, and older
adults are more inclined to have comorbidities (Niccoli & Partridge,
2012), we created an age-adjusted statistical model to determine an
unbiased correlation of comorbidity status and hFwe-Lose expres-
sion. The adjusted model suggests that hypertension (P < 9 x 107%)
and diabetes (P < 0.04) have the highest age-independent effect on
hFwe-Lose expression level (Fig 2C). Importantly, among COVID-19
patients who were hospitalized within 14 days of disease progres-
sion (n = 177), nasopharyngeal hFwe-Lose expression was elevated
in patients who: were admitted to ICU (n = 34), underwent intuba-
tion (n = 58), were in respiratory distress (defined as an elevated
respiratory rate greater than 30) (n = 76), had blood oxygenation
level (Sp02) less than 94% (n = 147), and died within 30 days of

© 2021 The Authors
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disease progression (n = 21) (Fig 2D). The expression of hFwe-Lose
was also higher in patients who were hospitalized within 14 days of
disease progression (n =177) and who died within 30 days of
disease progression (n = 21) versus patients who were not hospital-
ized (Fig 2E). We fitted a logistic model to predict the probability of
hospitalization or death based on hFwe-Lose expression in nasal
swab samples (Fig 2F). The logistic model was adjusted for age and
sex. This model predicts a > 50% chance of hospitalization for
(otherwise still healthy, not yet suffering from COVID-19) people
who have a hFwe-Lose expression in their nasal swab samples that
is approximately twice as large as the average hFwe-Lose expression
in the group of non-hospitalized patients (P < 0.001).

hFwe-Lose expression in nasopharyngeal swabs predicts outcome
in COVID-19 patients

As a complementary approach to the logistic model, we used classi-
fication and regression tree (CART) analysis to find which of the
variables (hFwe-Lose expression, age, sex, blood biomarkers, and
presence of comorbidities) are valuable for the prognosis of the
outcome. This method tries to find a series of partitions of the
dataset that provide the most information about the outcome. This
results in a tree-like structure of decisions based on the values of the
variables used for prediction. The tree based on all patients (n = 283)
is shown in Fig 3A. The partition providing the most information
about the outcome is visualized as a split and is based on the hFwe-
Lose expression. This split is done on all patients, whose outcomes
are denoted underneath each split (gray: non-hospitalized, blue:
hospitalized, red: dead). The subgroup of patients with hFwe-Lose
expression < 2.45 are then split by age, and the subgroup with higher
hFwe-Lose expression is once again split by hFwe-Lose expression,
separating those patients with very high expression (> 4.41) from
those with moderate to high expression (2.45-4.41). With each split,
the coefficient of determination increases, and the relative error
decreases (Barlin et al, 2013). The first split (hFwe-Lose > 2.45)
increased the coefficient of determination by ~45% and reduced the
relative error by ~45%. The impact of all following splits on the rela-
tive error was marginal (Fig 3B). The CART suggests the following
classification of patients based on hFwe-Lose expression and age: (i)
hFwe-Lose > 4.41 and age > 75 results in prediction “death”. (ii)
hFwe-Lose > 4.41 and age < 75 results in prediction “hospitalization”.
(iii) hFwe-Lose between 2.45 and 4.41 results in prediction “hospital-
ization”. (iv) hFwe-Lose < 2.45 and age < 15 results in prediction
“hospitalization”. (v) hFwe-Lose between 1.1 and 2.45 and age > 44
results in prediction “hospitalization”. (vi) hFwe-Lose between 1.1
and 2.45 and age < 44 results in prediction “non-hospitalized”. (vii)
hFwe-Lose < 1.1 results in prediction “non-hospitalized”. Together,
these data show that hFwe-Lose expression and patient age were the
most useful predictors of COVID-19 outcome (P < 0.01). Figure 3C
shows the impact of each possible predictor on the accuracy or
misclassification rate that is measured as the mean decrease in the
Gini coefficient obtained for the respective factor in a random forest
analysis. hFwe-Lose expression had the highest score, followed by age
and blood biomarkers. The presence of comorbidities obtained the
lowest scores.

We next analyzed the impact of known COVID-19 blood
biomarkers (ferritin, CRP, D-dimer, and neutrophil-lymphocyte
ratio) and hFwe-Lose expression in nasopharyngeal swabs on the
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Table 1. Patient data: Retrospective (training) and prospective (validation) cohorts.

Retrospective cohort

Michail Yekelchyk et al

Prospective cohort

Characteristics All (N = 283) (N = 203) (N = 80)

Age, Q2 [Q1, Q3], (range), years 55 [41,67] (1-96) 54 [41.5,66] (1-96) 55 [39.5,68] (5-91)
Male, no. (%) 50.4 473 545

Active smoker (%) 9 (3%) 5(2%) 4 (5%)

Former smoker (%) 82 (29%) 59 (29%) 23 (29%)

BMI, Q2 [Q1, Q3], (range)

28.3[24.7,34] (14.7-81.2)

28.4 [24.8,34] (15.2-81.2)

27.9 [24334] (14.7-50.9)

Comorbidities, no. (%)

Cancer 102 (36%) 67 (33%) 35 (44%)
Chronic kidney disease 35 (21%) 35 (17%) 25 (31%)
COPD 20 (7%) 12 (6%) 8 (10%)
Heart failure 35 (12%) 15 (7%) 20 (25%)
Cardiomyopathy 19 (7%) 10 (5%) 9 (11%)
Solid organ transplant 18 (6%) 9 (4%) 9 (11%)
Sickle cell disease 5(2%) 2 (1%) 3 (4%)
Type 2 diabetes mellitus 79 (28%) 48 (24%) 31 (39%)
Hypertension 121 (42%) 95 (47%) 26 (33%)
Medical care, no. (%)

Physicians’ evaluation as severe 68 (24%) 35 (17%) 33 (41%)
Physicians’ evaluation as moderate 79 (28%) 59 (29%) 20 (25%)
Physicians’ evaluation as mild 136 (48%) 109 (54 %) 27 (34%)
Intubation (%) 58 (20%) 33 (16%) 25 (31%)
Sp02 < 94% 147 (52%) 94 (46%) 53 (66%)
Respiration GT30 76 (27%) 41 (20%) 35 (44%)
Remdesivir treatment 62 (22%) 32 (16%) 30 (38%)

Length of stay in hospital Q2 [Q1, Q3], (range), days

7.1 [3.8314.2] (1-99)

6.9 [3.6,11.8] (1-99)

8.3 [4,17.9] (1-40)

Outcome
Hospitalized within 14 days (%) 177 (63%) 116 (57%) 61 (76%)
Death within 30 days 21 (7%) 10 (5%) 11 (14%)

Blood tests

Neutrophils, per ul Q2 [Q1, Q3], (range),
(norm: 200-1000)

4940 [3000,8190] (100-30860)

4675 [2990,6975] (100-19640)

6930 [3810,10360] (1430-30860)

Lymphocytes (range), per uL Q2 [Q1, Q3],
(range), (norm: 100-300)

940 [700,1240] (50-2910)

980 [730,1308] (220-2910)

730 [570,1020] (50-1730)

Neutrophils/Lymphocytes ratio Q2 [Q1, Q3],
(range), (norm < 6.5)

51 [3.1,9.2] (0.2-983)

4.8 [297.6] (0.2-45.7)

8.4 [4.4,165] (1.6-98.3)

Ferritin Q2 [Q1, Q3], (range), ng/ml
(norm: 22-322; high: 322-900; very high:
> 900) D-dimer Q2 [Q1, Q3], (range), ug FEU/ml

608 [222,1599] (20-7518)

494 [197,1457] (20-7518)

836 [319,1878] (89-3614)

D-dimer Q2 [Q1,Q3], (range), pug FEU/mI
(norm: < 0.5; high: 0.5-1; very high: > 1)

13 [0.8,2.7] (0.2-88.8)

1.1 [0.7,2.4] (0.2-88.8)

17 =+ [1,36] (0.5-20.0)

CRP Q2 [Q1, Q3], (range), mg/d| (norm: < 5;
high: 5-50; very high: > 50)

59 [2.1,13.9] (0.1-35.8)

54 [1512.1] (0.1-33.6)

6.8 [2.8.17] (0.4-35.8)

hFwe-Lose Q2 (Q1, Q3), (range), relative expression

27 [1.139] (0.1-5.5)

2.7 [1,4.0] (0.1-5.5)

27 [1.7,36] (0.4-4.8)

Clinical characteristics of the study patients (n = 283 total patients) for Figs 2—4, Appendix Figs S1 and S2. Patient Characteristics, comorbidities, clinical
evaluation, hospitalization status, blood findings and hFwe-Lose measurements have been tabulated in the retrospective (n = 203) and prospective (n = 80) arms

of the study.
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age- and sex-adjusted probability of the possible outcomes (non-
hospitalized, hospitalized, or dead) using mutlinominal logistic
models (Appendix Fig S2C, upper row). A statistically significant
association was detected between COVID-19 outcome and the
concentration of all biomarkers, with an increasing probability of
worse outcomes associated with increasing biomarker concentra-
tions. However, the predictive value of these biomarkers was low,
due to the large variance observed among hospitalized patients.
Only hFwe-Lose expression was able to distinguish non-hospitalized
and hospitalized outcomes. Patients with a relative hFwe-Lose
expression of < 1.5 would be classified as remaining non-
hospitalized, those with a larger relative expression would be classi-
fied as becoming hospitalized, whereas all other biomarkers would
classify all patients as becoming hospitalized. None of the models
were able to classify death as the outcome.

We additionally used binary logistic models to predict the age-
and sex-adjusted probability of death from the same biomarkes
(Appendix Fig S2C, lower row). All models showed a positive

EMBO Molecular Medicine

association of probability of death with increasing concentrations of
the biomarker, but here the association between death and D-dimer
concentration was not statistically significant. These models can be
compared by the Akaike information criterion (AIC) that estimates
the relative amount of information that the biomarker provides
about the outcome classification. Lower values indicate a higher
relative information content. The AIC values of all blood biomarkers
are comparable, whereas the AIC for the hFwe-Lose expression is
considerably lower, indicating that hFwe-Lose expression provides
the most useful information to judge whether a COVID-19 patient
may eventually succumb to the infection.

To further evaluate the prognostic capacity of hiFwe-Lose expres-
sion, prognostic receiver operator characteristic value (ROC) curves
were generated using the retrospective training cohort of 203
patients. Using ROC curve analysis, we identified the prognostic cut-
off value of hFwe-Lose expression > 3.17 (for hospitalization; TPR =

0.77, FPR = 0.03) and hFwe-Lose expression > 4.44 (for death;
TPR = 0.1, FPR = 0.08). The associated AUC values were 0.98 and
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Figure 2. hFwe-Lose biomarker, measured in nasopharyngeal swab samples, associates with patients’ COVID-19 disease outcome.

A hFwe-Lose biomarker expression is more abundant in nasopharyngeal swab probes from older adults. hFwe-Lose expression was analyzed by RT-qPCR in 283

nasopharyngeal swab samples taken from patients with age between 1 and 96 years, taken at the very beginning of the disease (the earliest contact with physician,
before the disease progression). The vertical axis represents relative hFwe-Lose expression normalized to the mean of non-hospitalized patients. Colors depict the
outcome groups: non-hospitalized (gray, n = 85), hospitalized (blue, n = 177), and deceased (red, n = 21). The shape of data points reflects the cohorts: circles for the
training cohort (n = 203) and triangles for the validation cohort (n = 80). The lines show the fitted curves of an asymptotic model with the same asymptotic value
but different rate constants per group (see Materials and Methods). Due to the comparatively low number of deceased patients in the dataset (n = 21), the curve for
this group reflects the asymptotic value. Hospitalized and deceased patients show a positive correlation of hFwe-Lose expression and age with a larger rate constant
for the hospitalized patients (R*> = 0.65). The P-value (< 0.001) indicates that the blue curve (for hospitalized patients) grows faster with age, compared to the gray
curve (for non-hospitalized patients).

hFwe-Lose expression is elevated in nasopharyngeal swab probes from patients with comorbidities. Box plots illustrate an increased relative expression of hFwe-Lose
in nasopharyngeal swabs of patients with diabetes (n = 129), COPD (n = 20), obesity (BMI > 30; n = 152), cardiomyopathy (CM; n = 19), heart failure (HF; n = 35),
hypertension (HT; n = 121), chronic kidney disease (CKD; n = 60) versus disease-free patients (n = 96). Two-sided Student’s t-tests were performed (compared to
disease-free patients), and P-values are presented on the plot. The vertical axis represents relative hFwe-Lose expression normalized to the mean of non-hospitalized
patients. The color refers to the COVID-19 disease outcome: gray for not hospitalized, blue for hospitalized and red for deceased patients. The shape of data points
reflects the cohorts: circles for the training cohort (n = 203) and triangles for the validation cohort (n = 80). The central band shows the median, the box indicates
the interquartile range, and the whiskers extend to the most extreme points within the 1.5-fold distance of the interquartile range above and below the box.

An age- and sex-adjusted statistical model suggests hypertension, diabetes, and chronic kidney disease to have the highest impact on hFwe-Lose expression. A linear
regression model was created to account the patient’s age upon analysis of hFwe-Lose expression in relation to comorbidity status. “Other comorbidity” refers to a
cumulative effect of diseases or conditions, not directly associated with COVID-19 (cancer, Down syndrome, solid organ transplant, sickle cell disease, bone marrow
transplant). The plot illustrates the effect of selected comorbidities (horizontal axis) on relative hFwe-Lose expression (vertical axis). The P-values of the respective
linear models for all significant comorbidities are presented on the plot. The error bars represent the 95% confidence interval.

Elevated hFwe-Lose expression in the nasal swab samples associates with patients’ condition severity and respective medical treatment. Box plots illustrate an
increased expression of hFwe-Lose in nasal swabs of patients, who were hospitalized within 14 days of disease progression (n = 177), admitted to intensive care unit
(ICU) (n = 34), underwent intubation (n = 58), had respiratory rate greater than 30 (GT30; n = 76), had blood oxygenation level (SpO2) less than 94% (n = 147), and
died within 30 days of disease progression (n = 21) versus patients without respective conditions. Pairwise two-sided Student’s t-tests were performed (compared to
patients without respective conditions), and P-values are presented on the plot. The vertical axis represents hFwe-Lose expression normalized to the mean of non-
hospitalized patients. The color refers to the COVID-19 disease outcome: gray for non-hospitalized, blue for hospitalized, and red for deceased patients. The shape of
data points reflects the cohorts: circles for the training cohort (n = 203) and triangles for the validation cohort (n = 80). The central band shows the median, the box
indicates the interquartile range, and the whiskers extend to the most extreme points within the 1.5-fold distance of the interquartile range above and below the
box.

Elevated hFwe-Lose expression in nasal swab associates with patients’ disease outcome. Box plot emphasizes an increased expression of hFwe-Lose in nasal swabs of
patients, who were hospitalized within 14 days of disease progression (n = 177), and who died within 30 days of disease progression (n = 21) versus patients
without respective conditions. Two-sided Student’s t-tests were performed (compared to non-hospitalized patients), and P-values are presented on the plot. The
vertical axis represents hFwe-Lose expression normalized to the mean of non-hospitalized patients. The color refers to the COVID-19 disease outcome: gray for not
hospitalized, blue for hospitalized, and red for deceased patients. The shape of data points reflects the cohorts: circles for the training cohort (n = 203) and triangles
for the validation cohort (n = 80). The central band shows the median, the box indicates the interquartile range, and the whiskers extend to the most extreme points
within the 1.5-fold distance of the interquartile range above and below the box.

The logistic model predicts probability of hospitalization based on hFwe-Lose expression in nasal swab samples. This model predicts a > 50% chance of
hospitalization for people (otherwise still healthy, not yet infected with COVID-19), who have a hFwe-Lose expression in their nasal swab samples >1.82 than the

mean of non-hospitalized patients. P-value of the logistic model < 0.001. The gray area shows the 95% confidence band.

0.89 for hospitalization and death, respectively (Fig 3D). Consistent
with these data, there was increased expression of hFwe-Lose in
nasal swabs of patients, who were hospitalized or died versus
patients who were not hospitalized for both the retrospective (train-
ing; n = 203) and prospective (validation; n = 80) patient cohorts
(Fig 3E). In the retrospective cohort, the outcome forecast was 84 %
correct in predicting non-hospitalization, 63% correct for hospital-
ization, and 100% correct for death. In the prospective cohort, the
outcome prediction was 100% correct for non-hospitalization, 72%
correct for hospitalization, and 55% correct for death (45% of
deceased patients were predicted to be “only” hospitalized; none of
deceased patients had a “not hospitalized” prediction) (Fig 3E).
Confusion matrices and heatmaps were next used to visualize the
sensitivity and specificity of selected cut-offs (hFwe-Lose expression
> 3.17 for hospitalization and hFwe-Lose expression > 4.44 for
death) (Fig 3F). In the retrospective cohort, 72 out of the total 86
not hospitalized patients were correctly predicted. Out of 107 hospi-
talized patients, 67 were correctly predicted while 19 were predicted
to die instead and 21 were not predicted to be hospitalized. All
deceased patients were correctly predicted. In the prospective
cohort, all patients (19) who were not hospitalized, were correctly
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predicted. Out of 50 hospitalized patients, 36 were correctly
predicted while 14 were predicted to be non-hospitalized. Finally,
out of 10 deceased patients in the prospective cohort, 6 were
correctly predicted and 5 patients were predicted to be “only” hospi-
talized (Fig 3F). For hospitalization prediction, positive predictive
value (PPV) for the retrospective cohort was 83.7 and 87.8% for the
prospective cohort. The negative predictive value (NPV) for the
retrospective cohort was 67.2 and 64.1% for the prospective cohort.
For death prediction, the PPV for the retrospective cohort was
34.5% while it was 100% for the prospective cohort. The NPV for
the retrospective cohort was 100 and 93.2% for the prospective
cohort (Fig 3F). These high negative predictive values make hFwe-
Lose expression as a very useful biomarker for assessing mortality
risk (i.e., to exclude the risk of COVID-19-related deaths), thereby
confirming its potential role in triage and risk stratification of
COVID-19 patients.

Finally, we evaluated the additional prognostic value of nasopha-
ryngeal hFwe-Lose expression over and above conventional methods
routinely used in clinical settings, such as laboratory tests alone
(e.g., blood-based biomarkers) or laboratory tests together with clin-
ical information (e.g., age and comorbidities). Specifically, the AUC

© 2021 The Authors
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Figure 3. hFwe-Lose biomarker, measured in nasal swab samples, predicts patients’ COVID-19 outcome.

A
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Classification and regression tree (CART) shows that hFwe-Lose expression in patients’ nasal swab sample and patients’ age is the main predictors of the outcome.
The classification tree was generated using all relevant information about patients (hFwe-Lose expression, age, sex, presence of comorbidities (diabetes, COPD, obesity,
cardiomyopathy, heart failure, hypertension)). All patients were included in the CART analysis (n = 283). The CART algorithm selected hFwe-Lose expression and age as
sole factors to determine the patients’ outcome. The split cut-offs, which produce tree branches, are aimed to maximize the information gain (decrease of entropy)
with each split, and in this way, the coefficient of determination increases, and the relative error decreases with each split (Barlin et al, 2013).

The line plots show saturation of the coefficient of determination, as well as the plateau in X relative error. P-value of the classification and regression tree analysis
(for all splits) < 0.01. The first split (hFwe-Lose > 2.45) increased the coefficient of determination by ~45% and reduced the relative error by ~45%. The impact of all
following splits on the relative error was irrelevant. The error bars (plot on the right) represent + SE.

The random forest analysis shows the highest impact of the hFwe-Lose biomarker in the multivariate analysis of outcome prediction. The plot shows the Mean
Decrease in Gini coefficients for the factors that were incorporated in the statistical model for the multivariate CART analysis. The Gini coefficient is a measure of the
misclassification rate. The importance of a predictor is assessed by how much the predictor reduced this misclassification rate. The hFwe-Lose expression has the
highest score, followed by age and blood biomarkers. Comorbidities show the least impact on reducing the misclassification rate.

hFwe-Lose is a sensitive and specific biomarker that predicts poor COVID-19 outcome. The ROC curves illustrate the high sensitivity and (1 - specificity) of FC > 317
(for hospitalization; TPR = 0.77, FPR = 0.03) and FC > 4.44 (for death; TPR = 0.1, FPR = 0.08) threshold levels (AUC = 0.89 and 0.98, respectively) in prediction
patients’ hospitalization and death. Cl 95% (hospitalization) - [0.84—0.93]; CI (death) - [0.92-1]. Only retrospective (training, n = 203) patients’ cohort was used for the
creation of ROC curves.

Elevated hFwe-Lose expression in nasal swab probes predicts patients’ disease outcome. Box plots show an increased expression of hFwe-Lose in nasal swabs of
patients, who were hospitalized or died, versus patients who were not hospitalized, for retrospective (training; n = 203) and prospective (validation; n = 80) patients’
cohorts. Two-sided Student’s t-test was performed, and P-values are presented on the plot. The vertical axis represents hFwe-Lose expression normalized to the mean
of non-hospitalized patients. The color refers to the COVID-19 disease outcome prediction: gray for not hospitalized, blue for hospitalized, and red for deceased
patients. In the retrospective cohort, the outcome prediction was 84% correct in predicting non-hospitalization, 63% correct in prediction of hospitalization, and
100% correct in death prediction. In the prospective cohort, the outcome prediction was 100% correct in predicting non-hospitalization, 72% correct in prediction of
hospitalization, and 55% correct in death prediction (45% of deceased patients were predicted to be “only” hospitalized; none of deceased patients had “not
hospitalized” prediction). Two-sided Student’s t-tests were performed (compared to non-hospitalized patients), and P-values are presented on the plot. The central
band shows the median, the box indicates the interquartile range, and the whiskers extend to the most extreme points within the 1.5-fold distance of the
interquartile range above and below the box.

The confusion matrices and heatmaps visualize the classification performance of hFwe-Lose expression at the selected cut-offs (FC > 3.17 for hospitalization and

FC > 4.44 for death). In the retrospective (training) cohort, 72 out of the total 86 not hospitalized patients were correctly predicted; out of 107 hospitalized patients,
67 were correctly predicted, 19 were predicted to die instead, and 21 were not predicted to be hospitalized; all deceased patients were correctly predicted. In the
prospective (validation) cohort, all patients (19) who were not hospitalized, were correctly predicted; out of 50 hospitalized patients, 36 were correctly predicted, 14
were predicted to be non-hospitalized; out of 10 deceased patients, 6 were correctly predicted, and 5 patients were predicted to be “only” hospitalized. For
hospitalization prediction, positive predictive value (PPV) for retrospective (training) cohort is 83.7% and for prospective (validation) cohort is 87.8%. The negative
predictive value (NPV) for retrospective (training) cohort is 67.2% and for prospective (validation) cohort is 64.1%. For death prediction, positive predictive value (PPV)
for retrospective (training) cohort is 34.5% and for prospective (validation) cohort is 100%. The negative predictive value (NPV) for retrospective (training) cohort is
100% and for prospective (validation) cohort is 93.2%.
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of nasopharyngeal hFwe-Lose expression was compared with blood-
based biomarkers and/or patient comorbidities and age. The comor-
bidities used to train models included cancer, chronic kidney
disease, COPD, down syndrome, heart failure, cardiomyopathy,
solid organ transplant, sickle cell disease, type 2 diabetes mellitus,
bone marrow transplant, and hypertension. Firstly, hFwe-Lose
expression was compared with four known blood biomarkers
(serum ferritin, CRP, D-dimer, and neutrophil-lymphocyte ratio) in
predicting death of hospitalized COVID-19 patients (Fig 4A). For
each biomarker, only patients who had laboratory testing performed
(on admission to hospitals) were used. With AUC as the criteria,
hFwe-Lose significantly outperformed all four biomarkers in predict-
ing death (Fig 4A). Machine learning analysis further demonstrated
that hFwe-Lose biomarker expression was superior to using patient
age and comorbidities to predict poor COVID-19 outcomes (Fig 4B).
For example, the AUC of age combined with comorbidities in
predicting patient hospitalization was 0.83/0.88 (retrospective
cohort/prospective cohort) while the AUC of hFwe-Lose expression
was 0.89/0.90 (retrospective cohort/prospective cohort) (Fig 4B).
Even more strikingly, the AUC of age combined with comorbidities
in predicting patient death was 0.84/0.86 (retrospective cohort/
prospective cohort) while the AUC of hFwe-Lose expression was
0.98/0.98 (retrospective cohort/prospective cohort) (Fig 4B).
Finally, we assessed the predictive value of a combinatorial
approach in predicting the death of COVID-19 patients. Specifically,
the AUC of all blood biomarkers (serum ferritin, CRP, D-dimer, and
neutrophil-lymphocyte ratio), hFwe-Lose expression, age + comor-
bidities and the combination of blood biomarkers, age, and comor-
bidities was assessed. In both the retrospective and prospective
cohorts, hFwe-Lose expression had the highest AUC (0.92) compared
with blood biomarkers (0.71/0.46), age and comorbidities (0.85/
0.77), or the combination of both (0.92/0.67) (Fig 4B).

Discussion

Despite the recent availability of vaccines, in 2021, SARS-CoV-2 has
continued to spread and cause numerous outbreaks worldwide.
Essential to the management of this pandemic is the ability to iden-
tify and, where necessary, triage COVID-19 patients at high risk of
poor disease outcomes. Unfortunately, stratifying patients based on

Michail Yekelchyk et al

underlying comorbidities and/or advanced age has proved insuffi-
cient for this purpose as it fails to account for older individuals with
mild disease or younger individuals who are admitted to ICU or
succumb to the infection (Liu et al, 2020). Several blood-based
markers of inflammation have been proposed as biomarkers for
severe COVID-19. However, blood samples are typically taken later
in the course of the disease and the prognostic values of these
biomarkers have varied between studies (Cheng et al, 2020; Sahu et
al, 2020). In contrast, biomarkers obtained from nasopharyngeal
samples can be obtained early in disease course (i.e., when the
patient first presents for SARS-CoV-2 testing) and can be obtained
from a diverse array of diagnostic settings (including drive-through
testing clinics).

Here, we provide the first evidence that nasopharyngeal expres-
sion of the cell fitness marker hFwe-Lose has significant prognostic
value in COVID-19 patients. Indeed, AUC of the receiver operator
characteristic curve for hFwe-Lose expression in predicting COVID-19
patient hospitalization and death was markedly greater than the AUC
of blood biomarkers of inflammation, patient age plus comorbidities,
or a combination of both. This represents the first evidence for cell fit-
ness markers in predicting the prognosis of infectious disease.

At present, why hFwe-Lose expression in the respiratory tract is
associated with severe COVID-19 remains unclear. It has been
shown in the past that environmental changes within our body
including nutrient state, inflammation, and notably, immune func-
tion impact relative fitness status of cells and their contribution to
their tissue space. Chronic inflammation, including dietary-
associated inflammation and obesity, antagonizes homeostatic fit-
ness sensing mechanisms and results in higher retention of subopti-
mal cells, thereby worsening tissue fitness over time (Vermeulen
et al, 2013; Sasaki et al, 2018; Bruens et al, 2020; Sato et al, 2020).

We have shown that in the absence of SARS-CoV-2, hFwe-Lose
expression is elevated in the respiratory tract of older individuals
and individuals with one or more underlying comorbidity. Impor-
tantly, hFwe-Lose expression was not elevated in all individuals in
these patient groups and patient-to-patient differences in expression
may reflect disease duration, patient lifestyles, disease management,
and/or other factors. Nevertheless, we propose that on an individual
level, elevated hFwe-Lose expression is indicative of a large number
of unfit cells in the respiratory tract, and thereby typically associated
with advanced age or underlying medical conditions. Specifically,

Figure 4. The linear regression models show superiority of the hFwe-Lose biomarker to predict COVID-19 outcome, compared with conventional biomarkers.

A hFwe-Lose predicts COVID-19 patients’ death more accurately than other biomarkers. hFwe-Lose was compared with four known biomarkers (ferritin, CRP, D-dimer,
and neutrophil-lymphocyte ratio, respectively) in predicting death of hospitalized patients. For each biomarker, only patients who had the information of the
respective blood biomarker were used. 115 patients were used to compare ferritin and hFwe-Lose. 120 patients were used to compare D-dimer and hFwe-Lose. 127
patients were used to compare CRP and hFwe-Lose. 153 patients were used to compare neutrophil-lymphocyte ratio and hFwe-Lose. With AUC as the criteria, hFwe-
Lose significantly outperformed all four biomarkers in predicting death in both retrospective and prospective cohorts. AUC coefficients, as well as Cls, are displayed on

the plots.

B hFwe-Lose biomarker is superior to other markers in COVID-19 poor outcome prediction. All 283 patients were used to compare hFwe-Lose and age combined with
comorbidities in predicting hospitalization (left) and death (middle). The AUC of age combined with comorbidities in predicting the hospitalization of the prospective
cohort is 0.88 (CI - [0.81-0.96]). The AUC of hFwe-Lose in predicting the hospitalization of the prospective cohort is 0.90 (CI - [0.84-0.97]). hFwe-Lose outperformed age
combined with comorbidities in predicting hospitalization. The AUC of age combined with comorbidities in predicting the death of the prospective cohort is 0.86 (CI -
[0.72-1.0]). The AUC of hFwe-Lose in predicting the death of the prospective cohort is 0.98 (CI - [0.92-1.0]). hFwe-Lose significantly outperformed age combined with
comorbidities in predicting death. The 105 patients who registered the information of all four known blood biomarkers (ferritin, CRP, D-dimer, and neutrophil-
lymphocyte ratio) were used to compare hFwe-Lose, age combined with comorbidities, and the four biomarkers in predicting death (right). hFwe-Lose significantly
outperformed age combined with comorbidities and the four biomarkers in predicting death in both retrospective and prospective cohorts derived from the 105

patients.
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Figure 4.

the isoforms of the flower protein form an extracellular code that
communicates fitness status between interacting cells (Rhiner et al,
2010; Madan et al, 2019). We previously found that hFwe-Lose is
strongly induced in tumor-adjacent stromal cells that are marked for
apoptotic elimination (Madan et al, 2019). Individuals with elevated
hFwe-Lose expression may therefore have a larger number of cells
that are susceptible to SARS-CoV-2-induced cell death. SARS-CoV-2-
mediated cell death may exacerbate lung inflammation, which is a

© 2021 The Authors

key pathological process underpinning severe respiratory failure
and death in COVID-19 patients. In this regard, hFwe-Lose expres-
sion may act as a “susceptibility” marker for worst outcome in those
with advanced age and/or multiple comorbidities or as stand-alone
risk stratification marker for those who are young and without
comorbidities. For example, we predict that in young, healthy adults
without underlying respiratory comorbidities, the lung alveoli tissue
would typically be “fit” and would consist of very few suboptimal
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cells expressing hFwe-Lose. Upon SARS-CoV-2 infection, due to a
low number of suboptimal cells, healthy and young individuals do
not suffer widespread epithelial cell death. This may result in only
minor to mild symptoms and enable the patient to recover without
severe complications (Appendix Fig S3). In contrast, in young adults
with pre-existing suboptimal cells (for whatever reason), hFwe-Lose
expression may be an excellent prognostic biomarker to predict
outcome upon COVID-19 infection, thereby allowing clinicians to
identify a subgroup of young adults who may have worst clinical
outcome (as opposed to young adults who have a milder, self-
limiting COVID-19 illness).

The above hypothesis remains to be tested, but it raises the
intriguing possibility that hFwe-Lose expression could be used to
screen individuals for their risk of developing severe COVID-19 prior
to SARS-CoV-2 infection. This is not currently possible with other
widely used COVID-19 biomarkers (which typically detect the host
response to infection) and may serve to be a powerful tool in
informing individual risk-benefit analyses of receiving a COVID-19
vaccine. There is also the possibility that, as a general marker of cell
fitness, hFwe-Lose expression has prognostic potential for other viral
pathogens. Specifically, widespread cell death and pulmonary
edema is a key feature of influenza virus-induced viral pneumonia
(Short et al, 2014). As another virus of pandemic potential, the role
of cell fitness markers in the prognosis of influenza remains an area
of ongoing research.

Importantly, while this study clearly demonstrated a role for
hFwe-Lose expression in COVID-19 prognostics, there are several
study limitations that are important to acknowledge. Firstly, this
study was performed on a US-based population. Therefore, the prog-
nostic use of hFwe-Lose expression in other geographically and
ethnically diverse populations needs to be established. We also did
not assess the prognostic value of hFwe-Lose expression in combina-
tion with other predictors of COVID-19 severity. It is possible that a
combinatorial approach that encompasses hFwe-Lose expression
would further improve the associated positive and negative predic-
tive values.

Nevertheless, the present study established a novel prognostic
biomarker for COVID-19 severity and provides the first evidence for
the role of cell fitness in the pathogenesis of infectious disease.

Materials and Methods
RNA isolation from patient FFPE samples and qPCR

Total RNA was isolated from FFPE tissue samples using the RNeasy
FFPE Kit (Qiagen). Ten nanograms of total RNA was reverse tran-
scribed to complementary DNA (cDNA) using Superscript Vilo cDNA
Synthesis Kit (Thermo Fisher) per the manufacturer’s instructions.
Quantitative PCR (qPCR) was performed with PowerUp SYBR Green
Master Mix (Thermo Fisher) using QuantStudio 5 Real-Time PCR
system. The reaction conditions included an initial denaturation step
at 95°C for 2 min, followed by 40 cycles of 95°C for 15 s and 60°C for
60 s. The Ct values of samples and controls were normalized to the
expression level of the GAPDH housekeeping gene. The expression of
hFwe-Lose is given as a relative change in mRNA expression to the
mean of non-hospitalized samples. All qPCRs were set up in tripli-
cate, and the experiments were performed with at least three different
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samples. The mRNA expression of hFwe-Lose is relative to the mean
of the hFwe-Lose mRNA expression in the disease-free lung samples.
The following primers were used (F: forward; R: reverse): GAPDH:
5-GGATGCAGGGATGATGTTC-3' (F) and 5-TGCACCACCAAC
TGCTTAG-3' (R); hFwe-Lose: 5'-GCGTGTGGATGATGATGG-3' (F)
and 5-AGCAGAGAGTCCGTACA GCA-3' (R).

RNA isolation from patient nasal swabs and qPCR

Total RNA was isolated from clinical nasal swab samples using the
RNeasy Micro Kit Protocol (Qiagen) following the protocol listed
under "Isolation of total RNA from ejectable buccal swabs". Briefly,
patient samples were mixed with Kkit-supplied Buffer RLT and
vortexed for 1 min. The lysate was then transferred to a QIAshred-
der Mini Spin Column and centrifuged for 5 min at 12,000x g to fil-
ter debris and reduce viscosity from the samples. After adding one
volume of 70% ethanol to the lysate, the sample was transferred to
a RNeasy MiniElute Spin Column (Qiagen) and centrifuged for 15 s
at 8,000x g. The lysate was washed with kit-supplied buffer RW1,
DNase I-treated, and washed with 80% ethanol. Finally, the total
RNA was eluted in 10 ul of RNase-free water.

RNA from patient nasal swabs was converted to cDNA and PCR-
detected in one-step RT-qPCRs using the PowerSYBR Green RNA-to-
CT 1-StepKit (Thermo Fisher) according to manufacturer instructions.
One nanogram of RNA template was added per 10 pl reaction. The
thermal cycling conditions included a reverse transcription step for
30 min at 48°C, DNA polymerase activation for 10 min at 95°C,
followed by Denaturation for 15 s at 95°C, and Anneal/Extension for
1 min at 60°C for 40 cycles. All JPCRs were set up in technical tripli-
cate. The mRNA expression of hFwe-Lose is relative to the mean of the
hFwe-Lose mRNA expression in the nasopharyngeal samples from
non-hospitalized patients. The following primers were used (F:
forward; R: reverse): GAPDH: 5-GGATGCAGGGATGATGTTC-3' (F)
and 5-TGCACCACCAACTGCTTAG-3' (R); hFwe-Lose: 5'-GCGTGTGG
ATGATGATGG-3' (F) and 5'-AGCAGAGAGTCCGTACA GCA-3' (R).

Immunohistochemistry and H&E staining

Conventional hematoxylin and eosin (H&E) staining was performed
on deparaffinized sections of the FFPE autopsy asseverates of the
lungs according to the current accredited staining protocol at the
Institute of Medical Genetics and Pathology of the University Hospi-
tal Basel, Switzerland, as per May 2020. Immunohistochemistry was
performed according to the current accredited staining protocols,
applying the polyclonal ready-to-use antibody PP 229 AA from
Biocare (Pacheco, CA, USA) against cleaved caspase-3 on an auto-
mated immunostainer Benchmark Ultra (Roche/Ventana, Tucson,
AZ, USA), and the polyclonal antibody A0080 from Dako (Glostrup,
Denmark) against fibrin(-ogen) at a dilution of 1:100,000 utilizing
detection with a secondary anti-rabbit link antibody.

Patient samples

FFPE tissue blocks of lung tissue were provided by Dr. Antonio
Beltran at the Pathology Department, Champalimaud Foundation.
All samples used in the study were de-identified, and FFPE archived
samples with no attached patient information. Normal lung tissue
and the lung tissue from COVID-19 patients were provided by Dr.
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Alexandar Tzankov and were collected from deceased COVID-19
patients hospitalized at the University Hospital Basel, Switzerland,
as described previously (Menter et al, 2020). The mean post-
mortem interval from death to an autopsy was 33.3 h (11-84.5). All
samples were reviewed by the institutional ethics board and deter-
mined to qualify as non-human subjects’ research.

The patient samples in form of the nasopharyngeal swabs were
procured from the TSB BioBank which is part of the Translational
Science BioCore (TSB) affiliated with the UW Carbone Cancer
Center (UWCCC), University of Wisconsin-Madison School of Medi-
cine and Public Health, Madison, Wisconsin, USA. Informed consent
was obtained from all subjects and the experiments conformed to
the principles set out in the WMA Declaration of Helsinki and the
Department of Health and Human Services Belmont Report.
Nasopharyngeal swabs from patients positive for COVID-19 were
selected based on the report from EPIC Beaker module that included
results of coronavirus disease 2019 (COVID-19), PCR (UWH) test
and patient demographics. Coronavirus disease 2019 (COVID-19),
PCR (UWH) test was performed on nasopharyngeal swabs on
Molecular Genprobe Panther Fusion platform in Molecular Diagnos-
tics Lab. Chart review was performed on admitted patients negative
for COVID-19, and patients who presented to ED with symptoms
consistent with COVID-19 infection, such as fever, cough, and dysp-
nea, were included in the cohort. Chart review was performed on
admitted patients positive for COVID-19, and patients who had only
1 positive COVID test result in their clinical history on the day of
their admission were included in the cohort. The blood samples for
individual patients were pulled daily for the week and then once
every week for the patient duration of the hospital stay (max
1 month).

Data analysis and biostatistics

The RT-qPCR measurements were performed in technical tripli-
cates, while being blinded to the information about the sample. The
technical triplicates (Ct values) were averaged before calculation of
the dCt values. Additionally, the sample order in respective cohorts
was randomized before the RT-qPCR measurements.

Data were analyzed using R 3.6.1 (R-Core-Team, 2020). hFwe-
Lose expression, age, and outcome were analyzed using an asymp-
totic model of the form:

E(age) = A (1 — exp(—exp(r + d - Inon—hosp.) - Gg€))-

where E is the relative expression of hFwe-Lose, age is the patient’s
age, A is the value of the asymptote, r is a rate parameter, d is a
coefficient of the non-hospitalized group on the rate parameter,
and Inon-nosp. 18 an indicator variable which is 1 if the group is
“non-hospitalized” and 0 otherwise. The model was fit to the retro-
spective data. The fit did not converge when the outcome group
“death” was included, so only data from non-hospitalized and
hospitalized patients were used. R? is calculated as the ratio of the
residual and the total variance.

The probability of hospitalization or death and hFwe-Lose expres-
sion was analyzed using logistic models. Predictor variable was the
logarithm of hFwe-Lose expression. The model included age (linear,
continuous) and sex (male/female), the concentrations of blood
markers (log-linear), and the presence of major known
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The paper explained

Problem

Assessing the degree of risk for the development of severe COVID-19 is
an important consideration in the management of the current
pandemic. Such a tool would be useful for the triage of patients that
test positive for COVID-19, thus enabling those likely to develop severe
symptoms closer monitoring and earlier access to hospitalization and
intensive care.

Results

We performed post-mortem analysis of COVID-19-infected lung tissues
and determined that the cell fitness marker, hFwe-Lose can precede
the host immune response to infection. More importantly, the expres-
sion levels of hFwe-Lose outperformed conventional methods in
predicting outcomes in COVID-19 patients (hospitalization or death).

Impact

The cell fitness marker hFwe-Lose accurately predicts outcomes in
COVID-19 patients. This demonstrates how tissue fitness pathways
dictate the response to infection and disease, and their utility in
managing the current COVID-19 pandemic.

comorbidities (yes/no). The observed statistical significance of
hFwe-Lose expression was obtained from likelihood ratio tests of the
respective coefficient within the statistical model.

The classification and regression tree (CART) was created using
the “rpart” R package (Therneau & Atkinson, 2019), using standard
parameters. The analysis incorporated all relevant information
about patients (hFwe-Lose expression, age, sex, presence of comor-
bidities (diabetes, COPD, obesity, cardiomyopathy, heart failure,
hypertension)). All patients were included in the CART analysis
(n = 283). The number of splits was automatically determined
based on the saturation of the coefficient of determination, as well
as on the plateauing of the relative error.

The receiver operating characteristic (ROC) curves were created
using the “ROCit” R package (Khan & Brandenburger, 2020), using
standard parameters. Cut-off values were determined as the thresh-
old value with the lowest residual between true-positive rate (TPR)
and false-positive rate (FPR) curve parameters (Youden index). The
cut-offs from the ROC analysis were used to create confusion matri-
ces by comparing predicted and true outcomes.

R packages

Attached packages are as follows: randomForest_4.6-14, party_1.3-7,
strucchange_1.5-2, sandwich_3.0-1, zoo_1.8-8, modeltools_0.2-23,
mvtnorm_1.1-1,  rpart_4.1-15, beeswarm_0.2.3, lemon_0.4.5,
ROCit_2.1.1, openxlsx_4.2.3, ggrepel 0.9.1, readxl_1.3.1, tidyr_1.1.2,
plyr_1.8.6, readr_1.4.0, ggplot2_3.3.3, dplyr_1.0.4, RColorBrewer_1.1-
2, viridis_0.5.1, viridisLite_0.3.0, and gplots_3.1.0.

References are available at the CRAN website “packages” section
(The Comprehensive R Archive Network).

Logistic regression with scikit-learn

Logistic regression implemented in scikit-learn (Pedregosa et al,
2011) 23.1 in Python 3.7.4 was used as the machine learning model
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to compare hFwe-Lose and other factors. Class weights of all models
were set as “balanced” to assign proper weight to patients. All other
parameters were set with default values. L2 regularization was used
by default. Following loss function was used to fit our models:

min %me +C i wilog(exp(—y;(X{w +¢)) +1)
“ i=1

w; = Msample/MclassMclassi

where w is the coefficient vector, c is the intercept, and y; is the
label of the i-th sample. The value of y; can be 1 and —1. X; is the
input vector of the i-th sample. w; is the weight for the i-th sample.
Superscript T refers to transposition. The default value of w; is 1. In
the “balanced” model, w of the i-th sample is calculated by the
second equation. Mgmpe is the number of all samples. Mg, is the
number of class. In our case, M s iS 2. Myqss ¢ 1S the number of the
samples that are the same class of the i-th sample. C is a constant to
specify the regularization strength. C is set as 1 by default.

All 283 patients were used to compare hFwe-Lose and age
combined with comorbidities in predicting hospitalization and
death. Among the 283 patients, 203 of them are retrospective and 80
of them are prospective. Among the 203 retrospective patients, 10 of
them died and 116 of them were hospitalized. Among the 80
prospective patients, 11 of them died and 61 of them were hospital-
ized. When comparing hFwe-Lose, age combined with comorbidi-
ties, and four known biomarkers in predicting death, 105 patients
who had information of all the four biomarkers were used. Among
the 105 patients, 86 of them are retrospective and 19 of them are
prospective. Among the 86 retrospective patients, 9 of them died.
Among the 19 prospective patients, 6 of them died. When compar-
ing hFwe-Lose and four known biomarkers separately in predicting
death, patients who had information of each biomarker were used.
In the comparison between hFwe-Lose and Ferritin, 91 retrospective
records were used for training. 10 of the 91 patients died. 24
prospective records were used for validation. 8 of the 24 patients
died. In the comparison between hFwe-Lose and D-dimer, 94 retro-
spective records were used for training. 9 of the 94 patients died. 26
prospective records were used for validation. 9 of the 26 patients
died. In the comparison between hFwe-Lose and CRP, 101 retrospec-
tive records were used for training. 10 of the 101 patients died. 26
prospective records were used for validation. 8 of the 26 patients
died. In the comparison between hFwe-Lose and neutrophil-lympho-
cyte ratio, 120 retrospective records were used for training. 10 of the
120 patients died. 33 prospective records were used for validation.
10 of the 33 patients died.

Data availability

This study includes no data deposited in external repositories.
Expanded View for this article is available online.
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Abstract

Cancer is a complex disease with high incidence and mortality rates. The important role
played by the tumor microenvironment in regulating oncogenesis, tumor growth, and
metastasis is by now well accepted in the scientific community. SPARC is known to
participate in tumor—stromal interactions and impact cancer growth in ambiguous
ways, which either enhance or suppress cancer aggressiveness, in a context-dependent
manner. p53 transcription factor, a well-established tumor suppressor, has been
reported to promote tumor growth in certain situations, such as hypoxia, thus
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displaying a duality in its action. Although both proteins are being tested in clinical trials,
the synergistic relation between them is yet to be explored in clinical practice. In this
review, we address the controversial roles of SPARC and p53 as double agents in cancer,
briefly summarizing the interaction found between these two molecules and its
importance in cancer.

1. Introduction

Secreted protein acidic and rich in cysteine (SPARC), also called
Osteonectin or BM-40, is involved in cell-cell interactions, cell-
extracellular matrix (ECM) remodeling and bone mineralization
(Melouane, Yoshioka, Kanzaki, & St-Amand, 2019; Omi, Yamanouchi,
Nakamura, Matsuwaki, & Nishihara, 2019; Ramu et al., 2019; Sangaletti
et al., 2014). SPARC physiological functions include the maintenance of
a wide range of cells and tissues, including bone, pancreatic tissue, nerve
tissue and contractible cells like cardiomyocytes and vascular smooth cells
(Atorrasagasti et al., 2019; Bradshaw & Sage, 2001; Deckx et al., 2019; Li
et al,, 2019; Melouane et al.,, 2019; Okura et al., 2019; Wang et al,,
2019). Due to its wide range of functions, SPARC also plays a key role
in tumor growth, invasion and metastasis by remodeling the extracellular
matrix (ECM) and promoting epithelial-mesenchymal transition (EMT)
(Bradshaw & Sage, 2001; Deckx et al., 2019; Okura et al, 2019;
Podhajcer et al., 2008; Wang et al., 2019). However, SPARC expression
depends on cancer type and its stages, providing different outcomes
(Nagai et al., 2011; Zhu et al., 2016) since it may act as a tumor-suppressor
(Sailaja et al., 2013) or a tumor-promoter (Ledda et al., 1997). The invasive-
ness of a tumor and its ability to form metastasis is one of the most detrimen-
tal characteristics of cancer. Numerous clinical studies have observed a
connection between SPARC, metastasis and Disease-Free Survival
(DFS), observations that support its future use as a biomarker (Guttlein
et al.,, 2017; Nagai et al., 2011; Szynglarewicz et al., 2016; Witkiewicz
etal., 2010; Zhu et al., 2016). Some studies identified SPARC in the serum
of cancer patients, highlighting its possible application in liquid biopsies
(Bloomston et al., 2007, Chung et al., 2006; lkuta et al., 2005;
Papapanagiotou et al., 2018). Due to its clinical relevance in cancer and
its link to EMT and invasion, several SPAR C-based clinical trials are in pro-
gress. A phase-II trial study in metastatic breast cancer patients is assessing
SPARC as an exploratory biomarker in primary tumors and as a predictor
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response to treatment (ClinicalTrials.gov Identifier: NCT00733408).
SPARC is also being examined as a biomarker in biopsies performed before
and after perioperative chemotherapy in patients with oeso-gastric
adenocarcinoma (ClinicalTrials.gov Identifier: NCT02486601).

TP53 expression is normally observed in cells suffering from genotoxic
stress, DNA damage or chronic inflaimmation. p53, via its transcriptional
activity, results in cell cycle arrest, DNA repair pathways or apoptosis in
damaged but viable cells (Kastenhuber & Lowe, 2017). TP53 is one of
the most frequently mutated genes in cancer and its importance as a tumor
suppressor is well understood and studied. Several evidences, however, sug-
gest this protein can act as a double agent, since some isoforms and mutations
may aid oncogenesis and cancer progression (Fujita et al., 2009; Oren &
Rotter, 2010). Nonetheless, this role of p53 has not yet been considered
in clinical practice, where it’s still mainly regarded as a tumor suppressor.
Still, some p53 mutated proteins accumulate in cancer cells (Oren &
Rotter, 2010; Soussi & Wiman, 2015; Terzian et al., 2008), and several clin-
ical trials are testing vaccines against these, for example, in ovarian cancer, in
combination with other drugs (Clinical Trials.gov Identifier: NCT02275039)
(ClinicalTrials.gov Identifier: NCT00844506).

Another relevant matter is their synergistic action in cancer progression.
SPARC has been implicated in the regulation of p53 expression, mainly
downregulating the protein and preventing apoptosis (Fenouille, Puissant,
et al., 2011; Fenouille, Robert, et al., 2011). Since p53 is already a well-
established agent in oncology and SPARC’s influence is beginning to be
understood, this review aims to further explain the functions of these pro-
teins and their novel interaction, thus drawing attention to the importance of
research on this topic and its eventual application in the clinic.

2. Biological functions of SPARC

Several conditions can modulate SPARC expression. It is induced
during morphogenesis, during cancer progression, and also in response to
tissue injury, and tissue remodeling (Bradshaw, 2012). SPAR C plays pivotal
roles in cell-ECM interactions, ECM remodeling and growth factor
signaling. In addition, SPARC activity is reported to influence pathways
associated with proliferation, migration, apoptosis, adhesion, differentiation,
wound healing and epithelial-mesenchymal transition (EMT) (Bradshaw &
Sage, 2001; Deckx et al., 2019; Okura et al., 2019; Podhajcer et al., 2008;
Wang et al., 2019). SPARC activity is responsible for modulating ILK
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activity and regulating collagen deposition and maturation during ECM
remodeling (Melouane et al., 2019; Omi et al., 2019; Ramu et al., 2019;
Sangaletti et al., 2014). SPARC also increases production and activity of
matrix metalloproteinases (McClung et al., 2007) and regulates the activity
of growth factors including NGF-p, VEGF, FGF-2 and PDGF (Brekken &
Sage, 2001; McClung et al., 2007; Okura et al., 2019).

2.1 SPARC in EMT and metastasis

EMT is a phenotypic change that happens throughout development, during
fibrosis and wound healing, and also in cancer. EMT promotes cancer cell
migration and invasion. It is characterized by loss of epithelial markers such
as E-cadherin and induction of mesenchymal markers such as N-cadherin
and vimentin (Bierie & Moses, 2006). TGF-f has a key role in EMT
promotion and is involved in an activation loop with SPARC (Bierie &
Moses, 2006; Drev et al., 2019; Sun et al., 2018; Tumbarello, Andrews, &
Brenton, 2016), responsible for decreasing the levels of E-cadherin,
Integrin B1, Focal Adhesion Kinase (FAK) and phosphorylated FAK, and
for increasing the levels of N-cadherin, vimentin and the transcriptional
activity of snail (Fig. 1) (Drev et al., 2019; Fenouille, Robert, et al., 2011;
Lopez-Moncada, Torres, Castellon, & Contreras, 2019; Robert et al., 2006).

2.2 SPARC: A double agent in cancer

In different contexts, cancer cells and their neighboring stromal cells are
influenced by many cellular factors and extrinsic factors within the

Tj tight junction
FAK Focal adhesion kinase
pFAK Phosphorylated FAK

Epithelial cells w Mesenchymal cells

. SPARC Cell
g (\', migration
% F fod  TGRg 1 ~— A Vimentin W
L B Int ¥ E-cadherin \— A N-cadherin
¥ Integrin B Invasion
w W FAK SNAIL VA
¥ pFAK

Fig. 1 EMT promotes cancer cell migration and invasion. SPARC-TGFp feedback loop
negatively regulates the expression levels of the epithelial markers such as:
E-cadherin, Integrin B1, Focal Adhesion Kinase (FAK) and phosphorylated FAK. It further
increases the expression and activates transcription factor Snail, resulting in the expres-
sion of mesenchymal markers N-cadherin and vimentin, which facilitates cell migration
and invasion.
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microenvironment (Wang et al,, 2017). Taken together, contradicting
results have been reported on the role of SPARC in tumorigenesis and
tumor progression (Ledda, Bravo, et al., 1997; Socha et al., 2009).
Regarding cancer and adjacent tissues, SPARC is normally expressed by
stromal cells (Socha et al., 2009), possessing both tumor suppressor and
pro-oncogenic functions in various types of cancer (Chlenski & Cohn,
2010; Chua, Chan, & Tang, 2014; Nagaraju, Dontula, El-Rayes, &
Lakka, 2014; Prada et al., 2007; Rempel et al., 1998). Its action in cancer
is thought to be context-dependent and to rely on multiple aspects such
as the biological activity of proteins, like matrix metalloproteinases, cathep-
sins and elastases, the type of tumor-initiating cell, the stage of cancer and the
influence of the tumor microenvironment (Arnold & Brekken, 2009; Chua
etal., 2014; Nagaraju et al., 2014). The divergent roles of SPAR C in cancer
are discussed below.

2.3 SPARC as a tumor promoter

It has been reported that SPAR C displays a tumor-promoting role in cancers
such as melanoma, glioblastoma, breast carcinoma, pancreatic ductal adeno-
carcinoma, ovarian cancer, non-small cell lung cancer and hepatocellular
carcinoma (Arnold & Brekken, 2009; Briggs, Chamboredon, Castellazzi,
Kerry, & Bos, 2002; Campo McKnight, Sosnoski, Koblinski, & Gay,
2006; Podhajcer et al., 2008; Socha et al., 2009). In melanoma, SPARC
is highly expressed and correlates with greater proliferation and invasive
phenotypic features associated with EMT (Ledda, Bravo, et al., 1997,
Sosa et al., 2007). Conversely, its downregulation in melanoma cells results
in decreased invasion and adhesion in vitro, and loss of tumorigenicity in vivo
(Ledda et al., 1997). Of note, SPAR C overexpression in neighboring fibro-
blasts has no effect on tumor growth, which suggests that it only affects
tumor cells in melanoma (Prada et al., 2007). SPARC is also shown to be
upregulated in glioblastoma cells and in invasive peripheral cells and it pro-
motes a highly aggressive phenotype (Rempel et al., 1998; Rich et al.,
2003). Mechanistically, SPARC promotes survival of glioma cells by
increasing AKT activity. Activation of PI3K/AKT pro-survival pathway
consequently inhibits caspase 3 activity, leading to an anti-apoptotic effect
(Koukourakis et al., 2003; Shi et al., 2004). Similarly, in oral squamous cell
carcinoma (OSCC), SPARC activates the PI3K/AKT/PDGFB/PDGFRf3
axis, promoting cancer cell proliferation, migration and invasion (Jing
et al., 2019).



176 Denise Camacho et al.

The duct-lobular system of the breast is composed of luminal and
myoepithelial cells (Jones et al., 2004). Most breast carcinomas arise from
luminal cells, but some invasive ductal carcinomas express myoepithelial
markers (Jones et al., 2004). Overexpression of SPARC in epithelial
cells reportedly correlates with higher malignancy (Barth, Moll, &
Ramaswamy, 2005; Jones et al., 2004). It has been reported that
the administration of exogenous SPARC, as well as its endogenous
upregulation, induce breast cancer cell invasion in vitro (Briggs et al.,
2002; Campo McKnight et al., 2006). In pancreatic ductal adenocarci-
noma (PDAC), SPARC is upregulated at primary and metastatic sites in
comparison with normal tissue (Guweidhi et al., 2005; Ryu, Jones,
Hollingsworth, Hruban, & Kern, 2001). This high expression is present
in the stroma but not in cancer cells, which indicates it has a tumor
promoting role in the stroma of PDAC (Infante et al., 2007).
Experiments demonstrate that, in pancreatic cancer cell lines, treatment
with recombinant SPARC inhibits cell growth in vitro (Guweidhi et al.,
2005; Ryu et al., 2001). However, incubation with exogenous SPARC
promotes invasiveness (Guweidhi et al., 2005; Ryu et al., 2001).
SPARC expression in non-small cell lung cancer (NSCLC) shares a similar
pattern to PDAC. SPARC levels are low in tumor cells due to DNA meth-
ylation and high in stromal fibroblasts, which correlates with increased
growth and metastatic capacity (Andriani et al., 2018; Koukourakis
et al., 2003; Suzuki et al., 2005). In hepatocellular carcinoma, the over-
expression of a truncated SPARC may stimulate angiogenesis (Lau,
Poon, Cheung, Yu, & Fan, 2006). In cases where truncated SPARC is
overexpressed, rather than full length SPARC, a much higher density of
microvessels is observed within the tumor tissue (Lau et al., 20006).
A proteomics screen identified SPAR C as the most highly secreted protein
in non-cancer stem cells (CSCs) when compared to CSC-enriched clones
of PC-3 prostate cancer cells (Mateo et al., 2014). When cell line xeno-
grafts of both clones were implanted in immunodeficient mice, treatment
with SPAR C-specific shRINA significantly decreased tumor volume and
metastatic dissemination (Mateo et al., 2014). Results from this model
indicate that paracrine signaling of SPARC has pro-tumor and pro-
metastatic effects (Mateo et al., 2014). Several different studies focused
on SPAR C in wound healing have shown that the administration of exog-
enous SPARC enhances cell motility to improve wound healing (Chua
etal., 2014; Nagaraju et al., 2014). These characteristics could also translate
to the invasive capability of cancer cells.
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2.4 SPARC as a tumor suppressor

SPARC expression has also been associated with tumor suppression and
favorable prognosis in certain types of cancer including neuroblastoma,
ovarian cancer, colorectal cancer, prostate cancer, cervical cancer and even
pancreatic ductal adenocarcinoma (Arnold & Brekken, 2009; Nagaraju
et al,, 2014; Podhajcer et al., 2008). Neuroblastomas are composed
of two different cell populations, neuroblastic cells and Schwann cells
(Chlenski et al., 2002). When the tumor microenvironment is abundant
in the latter, the prognosis is more favorable (Chlenski et al., 2002).
SPARC expression in Schwann cells improves clinical outcome by blocking
angiogenesis and impairing tumor growth (Chlenski et al., 2002). SPARC
overexpression inhibits cell proliferation in neuroblastoma by increasing
PTEN, with consequent suppression of AKT activity (Sailaja et al.,
2013). SPARC also promotes autophagy-mediated apoptosis by inducing
endoplasmic reticulum (ER) stress in neuroblastoma (Sailaja et al., 2013).
A similar mechanism is observed in colorectal cancer (CRC), where
SPARC binds to GRP78, promoting apoptosis by enhancing ER stress
(Chern et al., 2019). In addition, SPARC inhibits cell proliferation in
medulloblastoma cells by suppressing Cyclin-B and STAT?3 signaling lead-
ing to G2/M cell cycle arrest (Chetty, Dontula, Ganji, Gujrati, & Lakka,
2012). Normal ovarian epithelial cells express SPARC whereas, in ovarian
cancer cells, it is downregulated by epigenetic silencing (Socha et al., 2009).
SPARC expression inversely correlates with tumor malignancy, and treat-
ment with exogenous SPAR C induces apoptosis in ovarian cancer cells (Yiu
et al,, 2001). It has also been suggested that SPARC normalizes the
reactive microenvironment of ovarian cancer by interfering with the
VEGF-integrin-MMP axis, thus ameliorating inflammation, decreasing
proliferation and reducing vascular density in tumors (Said et al., 2007).
Epigenetic silencing of SPAR C is also frequent in CRC and it correlates
with cancer progression and resistance to chemotherapy (Tai, Dai, Owen, &
Chen, 2005; Yang et al., 2007). Yet, treating CR C cells with demethylating
agents or overexpressing SPAR C can rescue its expression and enhance sen-
sitivity to therapy (Cheetham et al., 2008; Tang & Tai, 2007). In prostate,
SPARC is highly expressed in normal tissue, moderately expressed in the
tumor microenvironment and downregulated in prostate cancer cells
(Thomas, True, Bassuk, Lange, & Vessella, 2000). It has been shown that
tumor cell proliferation and invasiveness are inversely correlated with
SPARC expression levels (Said et al., 2009). Prostate cancer is known to
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metastasize to the bone, and a study revealed that SPARC contributes to
prostate cancer cell dormancy in the bone microenvironment (Sharma
et al., 2016). SPARC is also downregulated in human cervical carcinomas
through hypermethylation of its promoter (Sova et al., 2006). It is reported
that the levels of methylation are directly correlated with the grade of cer-
vical lesions, meaning that a low expression of SPARC leads to a more
aggressive phenotype (Sova et al., 2006). As described earlier, SPARC
expression is higher in the peritumoral stroma of PDAC than the cancer cells
(Infante et al., 2007). Stromal SPAR C expression correlates positively with
tumorigenicity (Infante et al., 2007). However, within PDAC cancer cells,
the SPARC promoter is aberrantly methylated, downregulating its expres-
sion (Brune et al., 2008; Sato et al., 2003). The depletion of this protein
promotes PDAC cancer cell proliferation and results in a more aggressive
phenotype (Brune et al., 2008; Sato et al., 2003). Further studies are
necessary to increase our knowledge of SPARC’s cell-autonomous and
non-autonomous functions in cancer aiming to develop stromal therapies
and benefit cancer patients.

2.5 SPARC as a biomarker in cancer

Due to its important roles in this field, the potential of SPARC as a
biomarker has been thoroughly examined for several cancers. For these,
SPARC expression and its relation to clinical outcome is promising and
might eventually result in its use as a biomarker for clinical practice.
Below is a compilation of some of the most prevalent cancers in which
SPAR C might prove worthwhile as a novel biomarker. In bladder cancer,
significantly higher expression of SPARC was observed in higher grade
tumors (Yamanaka et al., 2001). However, patients harboring lesions of
the same grade, but with higher levels of SPARC, had a significantly worse
cause-specific survival than those with low SPARC expression (Yamanaka
et al., 2001). The roles of SPARC in breast cancers remain controversial.
Some studies state that high levels of SPARC expression indicate greater
metastatic potential, postoperative invasion and shorter time to recurrence,
all linked to a poorer prognosis (Guttlein et al., 2017; Szynglarewicz et al.,
2016; Witkiewicz et al., 2010). While some authors conclude that patients
with higher protein levels had worse Disease Free Survival (DFS) and
Overall Survival (OS), others observed these same outcomes for lower levels
(Nagai etal., 2011; Zhu et al., 2016). Studies also reported that high SPARC
expression has been associated with a higher chance of achieving complete
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remission after treatment (Lindner et al., 2015). The same contradiction is
present in cases of CRC. Increased levels of SPARC (Chew et al., 2011;
Hauptman, Bostjancic, Zlajpah, Rankovic, & Zidar, 2018; Madoz-
Gurpide et al., 2006) have been associated with a better response to
chemotherapy (Li et al., 2019), but also linked to shorter OS and
Progression Free Survival (PES). Similarly, low expression was found to
be associated with poor prognosis (Liang et al., 2010; Liu et al., 2015), with
patients having a statistically significant shorter OS and PFS (Kurtul,
Tasdemir, Unal, Izmirli, & Eroglu, 2017). In gastric cancer, SPARC levels
have been found to be upregulated (Junnila et al., 2010; Liao et al., 2018;
Sato et al., 2013; Wang et al., 2012; Wang, Lin, Chen, Chan, & Hsueh,
2004), and several studies have noted a lower OS paired with increased
lymph node metastasis (Hao et al., 2019; Liao et al., 2018; Sato et al.,
2013; Wang et al.,, 2004; Zhao, Wang, Chu, Ye, & Tao, 2010).
However, the lack of correlation between SPARC and TNM staging has
also been described (Junnila et al., 2010). Additionally, SPARC promoter
has been found to be methylated in gastric cancers, a characteristic that cor-
related with poorer OS (Chen et al., 2014). The reasons for these discrepant
findings in specific cancers are not clear at this time.

Regarding Lung Small Cell Carcinoma (LSCC), there are higher levels
of SPARC in the tumor tissue than in corresponding non-cancerous tissues
(Xu et al., 2019). The elevated expression was accompanied by poor OS in
patients (Xu et al., 2019). The studies in Non-Small Cell Lung Cancer
(NSCLC) mirror the results of LSCC, with SPAR C’s augmentation corre-
lating with poorer OS and PFS (Koukourakis et al., 2003; Kurtul et al.,
2014). In primary skin melanoma, high levels of SPARC were associated
with lower OS (Pieniazek, Donizy, Halon, Leskiewicz, & Matkowski,
2016). In the serum, concentrations in early-stage melanoma patients were
higher than age-matched controls (Ikuta et al., 2005). Due to the growing
relevance of liquid biopsies in clinical practice, SPARC could provide an
easy, non-invasive way to detect early-stage melanoma. SPARC is over-
expressed in esophageal cancer, and the protein is detected in serum
(Chung et al., 2006). The protein’s levels are increased in Barrett’s esoph-
agus, which is considered a premalignant condition, albeit those levels were
not as high as in adenocarcinoma (Botelho et al., 2010; Brabender et al.,
2003). This might represent a relationship between the presence of
SPARC and disease progression (Botelho et al., 2010; Brabender et al.,
2003). The high SPARC levels were also related to poorer OS (Kim
et al., 2010). In pancreatic cancer, SPARC levels can be diagnostic and
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prognostic. Patients with pancreatic cancer tend to have high serum concen-
trations of SPAR C, which was also found to be overexpressed in the stroma
of ampulla cancers (Bloomston et al., 2007; Papapanagiotou et al., 2018).
High SPARC expression in both stroma and cancer cells is associated with
poorer OS (Bloomston et al., 2007; Gundewar, Sasor, Hilmersson,
Andersson, & Ansari, 2015; Han et al., 2016; Infante et al., 2007;
Mantoni et al., 2008; Yu et al., 2017), DES (Yu et al., 2017), and higher
likelihood of metastasis development (Bloomston et al., 2007). Pancreatic
CTC:s (Circulating Tumor Cells) display high SPARC expression that cor-
relates with EMT markers (Lapin et al., 2017), reinforcing its influence in
metastasis. Studies in prostate cancer show that SPARC expression corre-
lates with poor differentiation and higher Gleason score (Derosa et al.,
2012). High expression of SPAR C, observed at time of prostatectomy, links
with subsequent development of metastasis (Derosa et al., 2012). Another
study confirmed elevated SPARC in metastatic prostate cancer tissue
(Arnold & Brekken, 2009). Additionally, hypermethylation of SPARC in
prostate primary tumors has been shown to associate with the presence of
lymph node metastasis, higher Gleason Score and poorer OS (Liu et al.,
2018). The clinical relation between SPARC expression and patient prog-
nosis is presented in Table 1. Current results suggest cancer-specific effects of
SPARC expression relative to metastasis development and patient
prognosis.

2.6 SPARC in cell competition

During development and ageing, damaged but viable cells accumulate
within tissues. Cell competition eliminates these suboptimal cells from
tissues to mitigate organ dysfunction and disease (Gogna, Shee, &
Moreno, 2015; Greaves & Maley, 2012; Jacobs et al., 2012; Kennedy,
Loeb, & Herr, 2012; Laurie et al., 2012; Lopez-Otin, Blasco, Partridge,
Serrano, & Kroemer, 2013; Neves, Demaria, Campisi, & Jasper, 2015;
Vanneste et al., 2009; Vijg, 2014). In this process, directed by receptor
signaling, mechanical forces, or fitness fingerprints, winner cells mark the
losers to undergo caspase-dependent apoptosis (Merino, Levayer, &
Moreno, 2016). Fitness fingerprints reveal optimal or suboptimal cell fitness
to neighboring cells by expressing membrane proteins, such as Flower pro-
teins (Levayer, Hauert, & Moreno, 2015; Merino et al., 2015; Moreno &
Rhiner, 2014; Rhiner et al., 2010; Yao et al., 2009). Winner cells expressing
Flower-Win isoforms outcompete and eliminate the cells bearing
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Table 1 SPARC expression profile in different cancers, and its relationship with clinical
outcome.

Cancer
type SPARC status Clinical outcome
Bladder Higher, in higher grade tumors Worse cause-specific survival
Breast Higher Metastasis, postoperative invasion
and shorter time to recurrence;
Worse DFS and OS
Higher Better chance of complete remission
after treatment
Lower Worse DES and OS
Colorectal Higher Better response to chemotherapy
Higher Worse PES and OS
Lower Worse PES and OS
Gastric Higher Worse OS and more lymph node
metastasis
Promoter Methylated Worse OS
Lung Higher, in stroma Worse OS and PFS

Esophageal Higher, in serum and in Barret Worse OS, especially when coupled
esophagus (a pre-malignant with high levels of SPP1, another

condition) secreted glycoprotein
Pancreatic Higher, in stroma, in serum Worse OS and DFS; More chance of
metastasis
Prostate Higher Poor differentiation, higher Gleason

score and development of metastasis

Promoter methylated Lymph Node Metastasis, Higher
Gleason Score and worse OS

Flower-Lose isoforms in a mixed population, thus translating in a “code”
for comparison of relative cellular fitness (Madan et al., 2019; Merino
et al., 2015; Merino, Rhiner, Portela, & Moreno, 2013; Moreno,
Fernandez-Marrero, Meyer, & Rhiner, 2015; Rhiner et al., 2010).
Interestingly, upregulation of SPARC on prospective loser cells initiates a
compensatory mechanism that inhibits caspase activation and transiently
protects the cells from death (Gogna et al., 2015; Merino et al., 2016,
2013; Portela et al., 2010). Azot is another protein expressed in loser cells
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Fig. 2 The role of SPARC in cell competition. (A) Cell competition by fitness fingerprints.

Cells compare their relative expression of fitness markers, such as Fwe""™ or Fwe'**¢, pre-

sent on the cell surface. This fitness comparison leads to transcriptional activation of a
novel effector protein named Azot. Increase in the Azot expression consequently
increases expression of hid (a proapoptotic gene), inducing elimination of loser cells.
(B) Overexpression of SPARC in loser cells downregulates Azot activity, protecting these
cells from elimination. Thus, Loser cells in the tumor microenvironment upregulate
SPARC as a defense mechanism, which functions as a natural strategy to prevent cancer
growth.

that acts as a “cell fitness checkpoint” (Merino et al., 2015). This protein
activates Hid pathway and consequent apoptosis of loser cells, although
SPARC blocks this process by inhibiting Azot functions (Fig. 2)
(de Beco, Ziosi, & Johnston, 2012; Merino et al., 2015). Cell competition
gives premalignant cells a competitive advantage to grow and gain space at
the cost of neighboring stromal cells (fibroblasts, immune cells, endothelial
cells, epithelial cells) (Eichenlaub, Cohen, & Herranz, 2016; Levayer et al.,
2015; Sujjkerbuijk, Kolahgar, Kucinski, & Piddini, 2016). Near cancer tis-
sue, these cells can upregulate SPARC as a defense mechanism to stave oft’
elimination, which could provide a natural strategy to resist cancer initiation
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and growth (Merino et al., 2015). It is also plausible that SPARC acts in an
autocrine manner and activates a signaling pathway that hinders apoptosis
(Portela et al., 2010).

3. p53: A double agent in cancer

When it was first discovered, p53 was observed to function as an onco-
gene (Kress, May, Cassingena, & May, 1979; Lane & Crawford, 1979;
Melero, Stitt, Mangel, & Carroll, 1979). Since then, novel functions of
p53 have been revealed, in which the protein regulates various cellular pro-
cesses in order to maintain homeostasis, even supporting cell survival and
migration, activities that can be beneficiary to oncogenesis and cancer
growth and are usually controlled by oncogenes (Aylon & Oren, 2016;
Vousden & Prives, 2009). These findings expand the knowledge of p53
mechanisms, sometimes revealing that they oppose to its anti-apoptotic
function (Aylon & Oren, 2016; Muller, Vousden, & Norman, 2011).
Furthermore, the p53-dependent cell cycle arrest is an effect widely seen
in tumor suppressors but that might keep damaged cells from dying, thus
promoting cancer initiation (Aylon & Oren, 2016). Although research
focuses primarily on the full-length p53, some isoforms have been found
to have a wide range of activities, including support toward cancer growth.
These isoforms are different from the various mutations in p53 that are com-
mon in cancer, for they are found in non-transformed cells, each with their
own function (Bourdon, 2007; Bourdon et al., 2005). For example,
D133p53 and p53-b isoforms have contrary outcomes, where D133p53
hinders senescence, and p53-b promotes it (Fujita et al., 2009). In line with
this observation, an increase of D133p53 expression, coupled with a
decrease in p53-b, has been implicated in colon carcinomas (Fujita et al.,
2009). As such, this difference in expressions may compose a mechanism
in the transformation from adenoma to carcinoma (Fujita et al., 2009).
Moreover, p53C isoform can enhance cell motility and invasion (Senturk
et al., 2014), highlighting how p53 isoforms may have a role in tumor pro-
gression. Concerning p53 mutations in cancer, most result in a stable pro-
tein, surpassing the WT p53 levels usually found in non-cancerous cells
(Rotter, 1983; Soussi & Wiman, 2015). This led to the hypothesis that
mutant p53 (mutp53) has active roles in cancer cells, instead of just being
a product of WT p53 inactivation. These mutp53, with functions of their
own, are found in many cancers, contributing to its development
(Oren & Rotter, 2010). Mutp53 stability seems to rely on its inability to
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activate Mdm2 transcription, a gene transcriptionally controlled by WT p53
and implicated in its degradation by a negative feedback loop (Oren &
Rotter, 2010; Terzian et al., 2008). A study in which mutp53 was encoded
in a vector, described how Abelson murine leukemia-transformed cells
became more tumorigenic when overexpressing said mutp53, although at
the time it was thought to be the WT (Wolf, Harris, & Rotter, 1984).
Furthermore, knock-in mice for numerous forms of mutant p53, developed
a high number of carcinomas that were highly invasive and metastatic, when
comparing to p53 knock-out mice, which in turn developed sarcomas.
These results support the existence of gain of function (GOF) mutp53
isoforms, that have oncogenic properties like invasion, chemoresistance,
and genomic instability (Soussi & Wiman, 2015). Adding to all these pro-
tumoral processes, overexpressed mutp53 also has proliferative functions
(Duan, Gao, Jin, Otterson, & Villalona-Calero, 2008; Haupt et al., 2009;
Oren & Rotter, 2010; Scian et al., 2004). Tumor cells are able to control
p53 transcriptional program, resulting in outcomes that may benefit the
tumor, by controlling the affinity of TF toward its DNA (Aylon & Oren,
2016). This regulation is also observed for mutp53 (Aylon & Oren,
2016). For example, SWI/SNF complex can interact with mutp53 and
overexpress VEGFR2, an angiogenesis regulator (Pfister et al.,, 2015).
Mutp53 also activates MLL1/2 and MOZ, generating difterent chromatin
states (Zhu et al., 2015). Lastly, mutp53 binds to p63 and p73, an interaction
implicated in invasion and metastasis (Muller et al., 2013).

In cancer, genome instability is very frequent, especially in the advanced
stages, displayed by various mutations and anomalies in chromosomes
(Oren & Rotter, 2010). It has been shown that mutp53 plays a role in this
process by disrupting spindle checkpoint control, which results in cells with
an aberrant number of chromosomes (Oren & Rotter, 2010). This instability
caused by mutp53 also translates into higher mutations rates in T-cell recep-
tor of cells exposed to X-irradiation and augmented gene amplification
(Oren & Rotter, 2010). A common characteristic of cancer cells is c-Myc
overexpression, which leads to apoptosis in order to control tumorigenesis
(Lotem & Sachs, 1995). However, when p53 acquires a GOF phenotype, it
may create resistance to this apoptotic signal, allowing the cells to benefit
from pro-proliferative signals without the threat of undergoing apoptosis
(Lotem & Sachs, 1995). GOF p53 has also been implicated in the decrease
of apoptosis when cells are deprived of growth factors, conferring tumor
cells an advantage under factor deficient conditions (Oren & Rotter,
2010; Peled, Zipori, & Rotter, 1996). Some mutp53 overexpressed in
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cancer have been described to hinder cancer cell death during chemother-
apy, highlighting how the anti-apoptotic properties may have play a huge
role in cancer treatment and as well as development (Oren & Rotter,
2010). Mutp53 isoforms usually appear later in oncogenesis, rather than
in the beginning (Oren & Rotter, 2010). It is, therefore, possible for
GOF p53 to influence metastasis potential as well (Oren & Rotter,
2010). Accordingly, gene expression profiling describes how mutp53
isoforms can act together with the Ras gene to express chemokines and other
molecules that will contribute to the tumor’s ability to invade and migrate to
other tissues (Buganim et al., 2010; Oren & Rotter, 2010). More specifi-
cally, p53-R248Q), a mutp53 GOF isoform, controls the transcription of
REGY in endometrial cancer, leading to a higher proliferation, migration,
invasion and EMT of cancer cells (Wang et al., 2015). This mechanism
translates into a specific pathway in which mutp53 may promote cancer pro-
gression and aggressiveness (Wang et al., 2015).

Hypoxia alters the transcription regulation, as cells try to activate genes
that control cell survival, angiogenesis, proliferation and apoptosis (Harris,
2002). This condition recurrently happens in tumors as they grow, so cancer
cells adapted to overcome it (Harris, 2002). Until now, most oncogenic
functions of p53 seem to be exclusive of mutp53. A recent study has discov-
ered that both WT p53 and mutp53 can act as oncogenes, by cooperation
with HIF-1, a transcription factor active during hypoxia (Madan et al.,
2019). Although p53 is mutated in most cancers, WT p53 acquires a
mutant-like conformation in the hypoxic core of tumors (Madan, Parker,
et al., 2019). The study demonstrated that HIF-1 binds to the promoter
of both WT and mutant p53, upregulating it (Madan, Parker, et al.,
2019). This p53 is not transcriptionally functional but binds to HIF-1
through protein—protein interactions, acting as a chaperone to stabilize
HIF-1’s binding to its DNA response elements (Madan, Parker, et al.,
2019). These HIF target genes are vital for the cell’s survival and growth
under hypoxia (Madan, Parker, et al., 2019). Cancers where both proteins
are upregulated show a worse prognosis, which correlates with the cooper-
ation found between HIF-1 and p53 in tumor cells in hypoxic conditions
(Madan, Parker, et al., 2019).

3.1 p53 in cell competition

Several studies have suggested that p53 can have a major role in cell com-
petition. It was described that hematopoietic stem cells and progenitors
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(HSCPs) can sense relative levels of p53 and determine which cells are elim-
inated (Wagstaff et al., 2016). Essentially, cells with more DNA damage,
caused by ionizing radiation (IR), present higher levels of p53 and enter a
senescence-like state that stops them from proliferating and eventually leads
to their replacement by neighbor cells with a lower p53 activity (Wagstaff
et al., 2016). However, this process only happens when these cells are in
the presence of others with lower p53 levels (Wagstaff et al., 2016).
Notably, p53 mutations also give cells a winner phenotype and many target
genes of p53 are upregulated in loser cells (Bierie & Moses, 2006; de la Cova
etal., 2014). Thus, the inability of p53 binding to its targets, either by muta-
tion or insufficiency, may distinguish winner and loser HSPCs (Bierie &
Moses, 2006; de la Cova et al., 2014). This protein may also play a role
in cell competition between winner WT and loser Scribble-deficient cells
(de la Cova et al., 2014; Wagstaft et al., 2016). The compaction of
Scribble-deficient cells by WT cells activates Rho-associated kinase which
raises p53 levels in the loser cells, with consequent elimination by apoptosis
(de la Cova et al., 2014; Wagstaff' et al., 2016). p53-dependent cell
competition has also been discovered in mouse embryogenesis (Zhang
et al., 2017). Using haplo-insufficient mice, with Mdm2+/— Mdm4+/—
double-heterozygous cells, which have a mild p53 activation that are out-
competed by WT during mouse embryogenesis (Zhang et al., 2017).
When a copy of p53 is removed, this effect is no longer observed, suggesting
that competition induced by mild activation of p53 contributes to the
proliferation of only healthy cells during mammalian embryogenesis (Zhang
etal., 2017). Another example of p53’s influence is in dMyc-induced cell com-
petition (de la Cova et al., 2014; Di Gregorio, Bowling, & Rodriguez, 2016).
Cells overexpressing dMyc acquire a “supercompetitor” phenotype when WT
cells are present, which ultimately leads to apoptosis of the latter cells
(D1 Gregorio et al., 2016). In this process, p53 is crucial to the metabolic
changes inherent to the glycolytic flux needed for the proliferation of cells with
high dMyc activity as they compete with WT cells. Moreover, when p53 is
mutated, the winner cells cannot mark the loser for elimination, indicating that
p53 might also regulate the signal for elimination and not only metabolism in
winner cells (de la Cova et al., 2014; Di Gregorio et al., 2016).

4. SPARC-p53 network

SPARC and p53 have been shown to interact in cancer. A study
focusing on melanoma demonstrated that overexpression of SPARC
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promotes cell survival by stimulating MDM?2 phosphorylation, with conse-
quential activation of Akt and loss of p53 stabilization, thus hindering apo-
ptosis (Fenouille, Puissant, et al., 2011). When SPARC is suppressed, p53
levels are regulated, activating caspase-3 and inducing cell death through
the mitochondrial intrinsic pathway (Fenouille, Puissant, et al., 2011).
This shows that overexpression of SPAR C in the cancer acts as an oncogene
pathway, capable of suppressing p53’s functions. In accordance to these find-
ings, other studies in melanoma (Fenouille, Robert, et al., 2011) and cervical
cancer (Chen et al., 2012) reported how SPAR C-depleted cells are forced
into mitotic arrest via p21 (Cipl/Watl/mda-6) due to p53 expression
(Chen, Shi, et al., 2012; Fenouille, Robert, et al.,, 2011; Jiang et al.,
1994, 1995), although results state that this p53-SPARC relationship and
SPARC’s metastatic potential are independent (Fenouille, Robert, et al.,
2011). Similar studies confirm that knockdown of SPARC allows for
increased p53-induced apoptosis and cell cycle arrest across cervical cancer
(Chen, Shi, etal., 2012), ovarian cancer (Chen et al., 2012), glioma (Thomas
et al.,, 2015), and pancreatic cancer (Chen, Shi, et al., 2012; Fenouille,
Robert, et al., 2011). A direct SPARC-p53 interaction is a possible mech-
anism as both proteins were pulled down by immunoprecipitation and
bound to Pax6 protein (Tripathi & Mishra, 2010). Taken together,
SPARC and p53 regulate cancer cell survival by inverse eftects on apoptotic
pathways and related signaling mechanisms.

5. Conclusion and future perspectives

Despite the effort of the research community, cancer continues to
affect millions of people, with a rising incidence every year (Ferlay et al.,
2019). Most studies used to focus solely on the tumor, disregarding the
interactions that cells establish with their neighbors and microenvironment,
although this tendency has started to change. Among the proteins that par-
take in these interactions, SPARC is one of the most controversial, acting
either as a tumor suppressor or as an oncogene, depending on cancer type
(Ledda, Bravo, etal., 1997; Socha et al., 2009). This protein is responsible for
modulating ECM components, facilitating EMT and influencing cancer
invasion and metastasis (Bierie & Moses, 2006; Drev et al., 2019; Sun
et al., 2018; Tumbarello et al., 2016). Additionally, SPARC can also have
a protective function in cell competition, preventing elimination of loser
cells (Portela et al.,, 2010). As such, it is important to further study
SPARC to understand by which mechanisms it acts as a tumor-suppressor
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or promoter, eventually applying them in clinical practice. Moreover,
SPARC is present in the serum of some cancers (Chung et al., 2006;
Ikuta et al., 2005). With the emergence of liquid biopsies, SPAR C might
prove to be an important target. Due to its linkage to tumor recurrence
(Guttlein et al., 2017; Szynglarewicz et al., 2016; Witkiewicz et al.,
2010), it could stratify patients who could benefit from a better follow-up
or further treatment. All in all, when coupled with other proteins,
SPARC has excellent potential as a biomarker, not only for diagnosis and
staging but for prognosis and treatment.

Just like SPARC, p53 also seems to have a context-dependent behavior
regarding its role in oncogenesis (Aylon & Oren, 2016; Vousden & Prives,
2009). Both WT and mutant p53 can enhance tumor growth by promoting
invasion, chemoresistance, genomic instability and cell proliferation
(Soussi & Wiman, 2015). In cell competition, comparing p53 relative levels
of expression and activation may lead to cell death of loser cells (Bondar &
Medzhitov, 2010). It is also known that, in cancer, SPARC indirectly
inhibits p53 activation, inducing cell survival and cell cycle progression
(Fenouille, Puissant, et al., 2011; Fenouille, Robert, et al., 2011). Yet, more
studies are required to understand if SPAR C and p53 can act synergistically,
either to enhance tumor aggressiveness or to protect the tissue surrounding
the tumor. Comprehending precisely how SPARC and p53 interact in
orchestrating cancer progression, response to therapy and patient progno-
sis/survival represents an important endeavor with potential to uncover
new and effective therapies for aggressive cancers.
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In humans, the adaptive immune system uses the exchange of
information between cells to detect and eliminate foreign or
damaged cells; however, the removal of unwanted cells does not
always require an adaptive immune system®2, For example, cell
selection in Drosophila uses a cell selection mechanism based
on “fitness fingerprints), which allow it to delay ageing’, prevent
developmental malformations** and replace old tissues during
regeneration®. At the molecular level, these fitness fingerprints
consist of combinations of Flower membrane proteins>*5, Proteins
that indicate reduced fitness are called Flower-Lose, because they are
expressed in cells marked to be eliminated®. However, the presence
of Flower-Lose isoforms at a cell’s membrane does not always lead
to elimination, because if neighbouring cells have similar levels of
Lose proteins, the cell will not be killed*%’. Humans could benefit
from the capability to recognize unfit cells, because accumulation
of damaged but viable cells during development and ageing causes
organ dysfunction and disease® !”. However, in Drosophila this
mechanism is hijacked by premalignant cells to gain a competitive
growth advantage'®. This would be undesirable for humans because
it might make tumours more aggressive!>-2!, It is unknown whether
a similar mechanism of cell-fitness comparison is present in
humans. Here we show that two human Flower isoforms (hFWE1
and hFWE3) behave as Flower-Lose proteins, whereas the other
two isoforms (WFWE2 and hFWE4) behave as Flower-Win proteins.
The latter give cells a competitive advantage over cells expressing
Lose isoforms, but Lose-expressing cells are not eliminated if their
neighbours express similar levels of Lose isoforms; these proteins
therefore act as fitness fingerprints. Moreover, human cancer cells
show increased Win isoform expression and proliferate in the
presence of Lose-expressing stroma, which confers a competitive
growth advantage on the cancer cells. Inhibition of the expression
of Flower proteins reduces tumour growth and metastasis, and
induces sensitivity to chemotherapy. Our results show that ancient
mechanisms of cell recognition and selection are active in humans
and affect oncogenic growth.

C90RF7 (also known as CACFDI,; referred to here as hkFWE) encodes
human Flower (hRFWE) and generates four protein-coding splice var-
iants (WFWEI-hFWE4) (Fig. 1a). Mining of the Encode database®?
showed high levels of acetylation at the 27th lysine residue of the
histone H3 protein (H3K27Ac) and hypersensitivity to DNAase-I
around the +1 open reading frame (ORF) (Extended Data Fig. 1a, b),
suggesting that the hFWE locus is transcriptionally active?®. The
hFWE exons are conserved (Extended Data Fig. 1¢), and alternative
splicing produces four hFWE isoforms of transmembrane proteins,

with membrane-spanning domains as predicted (Fig. 1b). To identify
potential \FWEW™ or hRFWEL**® isoforms (as observed in Drosophila®),
we generated CRISPR-assisted MCF-7 hFWEXO cells that expressed
individual hFWE isoforms and used them for a co-culture protocol
(Extended Data Fig. 1d). MCF-7 hF WEKO cells lacked expression of
hFWE mRNA (Extended Data Fig. 1e), but did not differ from wild-
type cells in terms of proliferation (BrdU and MTT assays), cell-
cycle, reactive oxygen species (ROS), annexin-V, and clonogenic assays
(Extended Data Fig. 1f-k). Lentivirus-assisted overexpression of the
four hFWE isoforms had no effect on cell proliferation, cell death, cell
volume, cellular sphericity, or annexin-V staining when compared to
MCEF-7 hFWEXO cells (Extended Data Figs. 11, m, 2a—f, Supplementary
Video 1). From these data, we conclude that, as in Drosophila®513-24,
human cells homogenously expressing single hFWE isoforms do not
undergo apoptosis.

To identify potential A(FWEYI" and hFWEL*¢ isoforms, we per-
formed live-cell imaging (Extended Data Fig. 1d), which showed that
cells expressing hFWE1 or hRFWE3 undergo cell death only when
co-cultured with cells expressing either hFWE2 or hFWE4; cell death
was accompanied by increased proliferation of cells expressing hFWE2
or hFWE4 (Fig. 1c, Extended Data Figs. 3a, b, 4a, Supplementary
Videos 2-5). These findings suggest that hFWE2 and hFWE4 func-
tion as hFWEW! isoforms whereas hFWE1 and hFWE3 function as
hFWELs¢ isoforms. Furthermore, elimination of hRFWEL**-expressing
cells occurred through caspase-dependent apoptosis, because the addi-
tion of the caspase inhibitor Z-VAD-FMK inhibited this process and
annexin-V staining (Extended Data Figs. 4b, 5a, b, 6a, Supplementary
Videos 6, 7). Cells expressing individual isoforms (WFWE1-hFWE4)
did not induce loss of co-cultured hRFWEX? cells, indicating that
hFWE-mediated cell elimination requires cells that express both
hFWEWI" and hFWEL**¢ (Extended Data Fig. 6b, Supplementary
Video 8). Elimination of hRFWEL** cells was dependent on contact
with hRFWEW™ cells, because no apoptosis was observed during imag-
ing of low-density-plated hFWE1-GFP" and hFWE2-RFP* cells
(Extended Data Fig. 6¢, Supplementary Video 9). We tested whether
factors secreted by hFWEW-expressing cells were involved in cell elim-
ination by transferring conditioned medium from hFWE2-expressing
cells onto hFWE1-expressing cells and found that it had no signifi-
cant effect on cell death (Extended Data Fig. 6d). Live-cell calcium
imaging using Fluo-4AM dye showed that expression of individual
hFWE isoforms in MCF-7 hFWEXO cells had no effect on cellular
calcium levels (Extended Data Fig. 7a, b), and the calcium chelator
BAPTA-AM did not interfere with the elimination of hRFWELos-
expressing cells (Extended Data Fig. 7c), suggesting that hFWE
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Fig. 1 | Characterization of human Flower isoforms and competition
between Winner and Loser cells. a, A schematic representing the
hFWE gene locus and its six exons, which alternatively splice to
generate four hFWE isoforms (hFWE1-hFWE4). b, Model depicting
the transmembrane structures of the four hFWE proteins. The colour
coding of amino acid chains is complementary to the colour coding of

isoforms do not function as calcium transporters®®>~?” and their func-

tion is calcium-independent. We conclude that human Flower proteins
work as canonical fitness fingerprints.

To study the role of Flower proteins in human cancer, we used quan-
titative PCR (qPCR) to measure the expression of hFWE isoforms in
laser-captured formalin-fixed paraffin-embedded (FFPE) samples of
cancerous and adjacent stromal tissue from individuals with malig-
nant tumours (25 breast, 21 colon), benign tumours (10 breast, 10
colon), and normal tissue (10 breast, 10 colon, from matched patients;
Fig. 2a). All LFWE isoforms showed poor expression in normal tissue.
The tumour tissue showed increased expression of hFWEW™ isoforms,
and stromal tissue showed significant upregulation of ARFWE'** iso-
forms (more in malignant tumours than in benign tumours and their
stroma; Fig. 2a). Sequential laser capture of breast and colon stromal
tissue showed a significant increase in expression of hRFWEL*¢ isoforms
in the first 400 pm from the edge of the tumour tissue (Extended Data
Fig. 7d), where genes involved in the regulation of apoptosis were con-
currently upregulated (Extended Data Fig. 7e). Fluorescence in situ
hybridization (FISH) showed increased expression of AFWEWi" iso-
forms exclusively in breast cancer cells (Extended Data Fig. 7f); further
qPCR showed that, unlike tumour epithelial cells, normal epithelial
cells do not exhibit high hAFWEW™ expression (Extended Data Fig. 7g).
MCEF-7 hFWEX© cells expressing hFWE2 induced apoptosis of co-
cultured primary epithelial cells or fibroblasts (isolated from normal
breast tissue; Extended Data Fig. 8a).

We generated two anti-hFWE antibodies (one against the N
terminus that is common to all four isoforms, and the other spe-
cific to the hRFWEW™ isoforms (encoded by exon 3)). We used

hFWE1-IRES-GFP |
hFWE2—-IRES-RFP

“J "FWE1-IRES-GFP ¥*
hFWE2-IRES-RFP *

be, &
hFWE1-IRES GFP,.&«
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* I hFWE2-IRES-RFP ¥ J
hFWE exons and shows the contributions and locations of the amino acid
sequences coded by each exon. ¢, Live-cell imaging shows competition
between hFWEXC MCF-7 cells expressing hFWE1-IRES-GFP (green)
and hFWE2-IRES-RFP (red) isoforms; cells carrying the hFWE1 isoform
are eliminated. n = 3 biologically independent experiments with similar
results.

immunohistochemistry to validate the antibody specificity in sections
of RFWEKO cells overexpressing hFWE1, hFWE2, hFWE3 or hAFWE4
(Extended Data Figs. 8b, 92). Inmunostaining with anti-hFWE"" and
anti-hFWE-N-term antibodies produced positive membrane staining
in breast cancer cells (Extended Data Fig. 9b). Inmunohistochemistry
with the anti-hFWEW antibody showed that hRFWEWi" was expressed
exclusively in breast, colon, and squamous cell carcinoma (SCC) can-
cers (Fig. 2b, Extended Data Figs. 7h, 9¢c). Inmunohistochemistry of
the same breast, colon, and SCC cancers with anti-hFWE-N-term anti-
bodies—which recognize both hAFWEW™ and hFWE**® isoforms—
showed staining of both cancer and stromal cells (Fig. 2b, Extended
Data Figs. 7h, 9¢). Both antibodies showed poor staining in normal
tissue (Extended Data Fig. 9¢). Our main observations from this anal-
ysis were that both types of hRFWE isoform tend to be low in healthy
tissue, hAFWEW isoforms are upregulated in cancer tissue (more in
malignant than in benign cancers), and levels of hFWEL**¢ isoforms
are unusually high in the cancer-adjacent stroma.

These results suggested that tumour cells exhibit high hFW
expression and tend to grow in areas of stroma with high hRFWELs
expression. To investigate whether overexpression of hRFWEL* in host
tissue and hFWEWi" in the tumour might result in aggressive tumour
growth, we generated FweX© mice?® bearing orthotopic breast tumours
derived from MCF-7 cells. Individual hFWE isoforms were overex-
pressed in the mammary tissue of FweXC mice to study the effects of
host cells, and FFWEX® MCF-7 cells overexpressing GFP-tagged indi-
vidual hFWE isoforms were used to generate the tumours (Fig. 3a).
When we analysed all possible combinations, we found that MCE-7
HRFWEXO cells expressing hFWE2-GFP or hFWE4-GFP generated

EWin
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Fig. 2 | Flower isoforms and human cancer. a, Expression of hFWEWin
and hFWE¢ mRNA is observed in benign and malignant tumours,
their respective stroma (from same samples) and healthy tissue (laser
microdissected, FFPE samples). Poor expression was observed in healthy
tissue; hAEWEWI? jsoforms were upregulated in benign tumour tissue;
and hFWEs¢ isoforms were upregulated in stromal tissue. In malignant
tumours, hFWEY" isoforms were significantly upregulated in cancer
tissue and hFWEL®s® isoforms were significantly upregulated in stromal
tissue. AFWEWI expression ratio for normal:benign tumour:malignant
tumour, 1:2.328:11.369. hFWELose expression ratio for normal:benign
stroma:malignant stroma, 1:6.513:24.694. By binary logistic regression
analysis, h(FWEWi in cancer (with P = 0.006) and hFWE®*¢ in stroma

(with P = 0.015) together have predictive capacity for malignant

tumours of 86.3%. n represents the number of biologically independent
experiments and fold change is calculated against the expression of
hFWEWi isoforms in normal breast tissue. Box plots show median, first
and third quartiles, positive and negative error values (s.d.). All statistically
significant P values are shown (two-tailed t-test). Nor, normal tissue; can,
cancer tissue. b, Left, haematoxylin and eosin (H&E) stained colon cancer
and stromal samples. Right, immunostaining of colon cancer samples
shows the abundance of hRFWEWi" isoforms. Middle, staining with anti-
hFWE-N-term antibody shows staining in both tumour and stroma. This
experiment was repeated independently three times with similar results.
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Fig. 3 | Lose isoform in stroma and Win isoform in tumour cooperate
to induce aggressive cancer growth. a, Schematic of mouse model used
to study competition between injected hFWEWi™- or hFWEL*¢_expressing
cancer cells and hRFWEWin- or AFWEL-expressing host tissue. hAFWEX
represents any one of hAFWE1-hFWE4. LV, lentivirus. b, Tumour volumes
were measured and analysed for each of the 16 combinations of hRFWEX-
IRES-GFP expression in MCF-7 hFWEX© xenografted cells and hFWE

isoform expression within FweX® mouse mammary tissue (28-day study).
Reduced tumour growth was observed when mammary tissue expressed
hFWEWi isoforms and cancer cells expressed hFWEL isoforms.
Increased tumour growth was observed when mammary tissue expressed
hFWELes jsoforms and cancer cells expressed hEWEW" jsoforms. n = 3,
all statistically significant P values shown, two-tailed t-test, mean + s.d.
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Fig. 4 | hFWE knockdown inhibits tumorigenicity and improves
chemotherapy efficiency. a, b, The effect of siRNA-mediated hFWE
knockdown on the tumour growth potential of DU-145 (prostate), HCT-
116 (colon), CCL-218 (colon) and OVCAR-8 (ovarian) cell lines was
tested. Orange, control vehicle-treated tumours; green, negative control
non-specific scrambled (Scr) shRNA-treated tumours; blue, tumours
treated with a cocktail of anti-hFWE shRNA, resulting in a significant
reduction in tumour volume; black, cisplatin + docetaxel for prostate
(DU-145) and ovarian (OVCAR-8) lines and 5-FU for colon cancer lines
(HCT-116 and CCL-218); red, a combination of AFFWE knockdown with

aggressive tumours when implanted into mammary tissue expressing
hFWE1 or hFWES3 (Fig. 3b, Extended Data Fig. 9d). The results suggest
that interactions between expression of hRFWEWi" isoforms in tumours
and hFWE* isoforms in the stroma are important for tumour growth.

We investigated the role of host tissue hFWE isoforms by using
hFWE2-overexpressing hHFWEXC HCT-116 and MCF-7 cells to generate
tumours in Fwe"'T and FweX© mice. Both HCT-116 hAFWE2" and MCF-7
hFWE2" tumours were larger with higher incidences of metastasis in
Fwe"T mice than in FweX® mice (Extended Data Fig. 9e-g). The expres-
sion of hAFWEL®* isoforms was upregulated in wild-type MCF-7 cells
when they were co-cultured with hFWE2-expressing hFWEX® MCE-7
cells (Extended Data Fig. 10a, b). Similarly, expression of hRFWEL** iso-
forms was increased in tumour-adjacent tissue from Fwe" " mice after
implantation of hRFWE2-expressing MCF-7 tumours when compared
with before (Extended Data Fig. 10c). From these experiments, we con-
clude that the expression of Win isoforms in the tumour is sufficient to
induce increased expression of Lose isoforms non-autonomously in the
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chemotherapy abolishes tumour burden in several cases and overall
significantly reduces tumour growth. n = 5 biologically independent
experiments, P values shown, mean = s.d., one-tailed ¢-test. ¢, The

effect of treatment with vehicle, scrambled shRNA, hFWE shRNA,
chemotherapy, and a combination of hFFWE shRNA and chemotherapy on
metastasis. Heat map scale indicates the probability of metastasis, which is
significantly reduced by treatment with hFWE shRNA or a combination of
hFWE shRNA and chemotherapy (compare groups 1 and 2 with groups 3,
4 and 5; n = 5 each group).

surrounding cells. These data show that stromal Lose and tumoral Win
isoforms cooperate to promote aggressive cancer growth.

Next, we tested whether inhibition of Flower could provide anti-
cancer benefits. Amongst ectopic tumours derived from hEWE"T and
hFWEXC HCT-116 cells, those derived from hFWE"T cells were larger
(Extended Data Fig. 10d, e). Knockdown of hFWE expression by short
hairpin RNA (shRNA) in FFWEYT HCT-116 cells before xenografting
(Extended Data Fig. 10g, h) reduced both tumour volume and proba-
bility of metastasis (Extended Data Fig. 10d-f). The growth (Extended
Data Fig. 10d, e) and metastatic potential (Extended Data Fig. 10f)
of HCT-116 tumours treated with shRNA targeting hFWE was res-
cued by ectopic expression of codon-optimized hFFWE2 cDNA (which
is unaffected by anti-hFWE shRNA) (Extended Data Fig. 10h). In a
gain-of-function experiment, we overexpressed hFWE2 in CCL-218
(colon cancer) cells, which express low levels of hRFWEY isoforms; this
resulted in a nearly threefold increase in their tumour growth potential
(Extended Data Fig. 10i, j).
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We screened a panel of 18 metastatic cell lines of multiple origins
(breast, colon, prostate, pancreatic, and ovarian) for AFWEW expres-
sion (Extended Data Fig. 10j). Cells with higher (HCT-116 colon and
DU-145 prostate) or lower (CCL-218 colon and OVCAR-8 ovarian)
expression of hAFWEWI were selected, and their tumorigenic potential
was observed. We tested the therapeutic potential of FFWE gene knock-
down (Extended Data Fig. 10g) in combination with standard-of-care
chemotherapy against the tumorigenic potential of these cancer cell
lines. DU-145 and HCT-116 cells had significantly higher tumorigenic
potential and generated larger tumours than CCL-218 and OVCAR-8
cells (Fig. 4a, b). hFFWE knockdown significantly reduced tumour vol-
umes (Fig. 4a, b). Control xenografts and those treated with scrambled
shRNA generated much larger tumours than xenografts treated with
anti-hFWE shRNA or chemotherapy (fluorouracil (5-FU) for colon

28 or cisplatin and docetaxel for prostate?” and ovarian®® cancer).

cancer
Treatment with a combination of anti-hFWE shRNA and chemother-
apy further reduced, and in some cases completely eliminated, tumor-
igenesis (Fig. 4a, b). Control experiments demonstrated the efficiency
of hFWE shRNA in all tumours (Extended Data Fig. 10k). Metastatic
probability was reduced markedly upon hFWE knockdown and even
further by combined treatment with chemotherapy (Fig. 4¢c). Thus, we
conclude that human hFWE proteins can have a powerful effect on
tumorigenicity and propose that therapies targeting these proteins have
the potential to impair cancer growth and metastasis.

We have shown that the human Flower protein code mediates com-
petitive interactions that depend on cell contact and caspase-dependent
apoptosis but not on calcium transport. Homogeneous expression of
any of the four Flower proteins does not trigger cell elimination or
affect cell fitness in terms of proliferation, survival, or clonogenicity.
Cell elimination requires different levels of Win and Lose isoforms in
neighbouring cells, demonstrating that relative levels of these proteins
are more important than absolute levels for cell selection. In addition,
we find that human tumours use cell fitness markers to gain a compet-
itive advantage over neighbouring cells. This work represents a con-
ceptual advance in understanding the role of cell fitness comparisons
in the progression of human cancer. It describes a concrete molecular
mechanism that regulates oncogenic growth and metastasis via the
Flower fitness comparison system. This appears to be a striking general
feature of solid tumours and an unrecognized prerequisite for tumour
growth. Notably, we also show that inhibition of cell competition can
be combined with standard-of-care chemotherapy to further prevent
tumour growth and metastasis of colon, ovarian and prostate cancers.
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METHODS

Bio-informatics analysis. Encode data for the CACFD1 (hFWE) gene were col-
lected systematically from the UCSC Genome Browser. The trans-membrane
structures for human hFWE isoforms were predicted using Predictprotein 2013
software from the Technical University of Munich.

Established cell lines and culture conditions. A2780-CR, A2780-CS, CCL-218,
DU-145, HCC-1954, HCT-116, MCF-7, MCF 10A, MD-4, MD-7, MDA-MB-231,
MDA-MB-468, PC-3, SK-BR-3, TR-127, TR-182 and ZR-75 cells were procured
with certificates of authentication from the American Type Culture Collection
(ATCC). HEK293 cells were procured from Cell Biolabs. OVCAR-4 and OVCAR-8
cells were kindly provided by S. Karuppaiyah (Ohio State University). In brief, all
cell lines were cultured as suggested by the ATCC in Dulbecco’s modified Eagle’s
medium (DMEM) or RPMI 1640 (Corning) supplemented with 10% (v/v) heat-in-
activated fetal bovine serum (FBS) (Gibco) and 1% (v/v) penicillin/streptomycin
(Thermo Fisher Scientific) and incubated at 37 °C in a humidified atmosphere of
95% air and 5% CO,. Cell lines were tested for mycoplasma contamination.
Transfections and preparation of lentiviral particles. All transfections were per-
formed using Lipofectamine 3000 (Thermo Fisher Scientific). Lentiviral particles
encoding Cas9 + hFWE single guide RNA (sgRNA), hFWE shRNA, and cDNA
for hAFWE1-hFWE4 were generated using HEK293T cells and their respective
packaging. The viral particles were concentrated by centrifuging the supernatant
at 22,000 r.p.m. for 2 h at 20 °C. The pellet was re-suspended in 200 pl 1 x HBSS,
purified by layering the 200 pl of viral preparation on 1.5 ml of 20% sucrose (in
HBSS) and centrifugation at 22,000 r.p.m. for 2 h at 20 °C, and then the pellet
was re-suspended in 100 pl 1x HBSS. The titre of lentiviral particles was deter-
mined using a p24 ELISA kit (Cell Biolabs); 10° TU ml™! was used for cell culture
experiments, and 10! TU ml! was used for in vivo infections. For infection of
target cells, lentiviral particles were diluted in culture medium containing 5 jg ml™!
polybrene (Thermo Fisher Scientific).

Generation of MCF-7 and HCT-116 hFWEX© cells. Stable knockout of hRFWE was
performed using lentiCRISPR V2 vector (Addgene) expressing both Cas9 and sgRNA
targeting the hFWE gene loci. Cloning of sgRNA targeting hFWE gene loci was per-
formed as described previously>*2, Lentiviral particles were generated by transfection
of HEK293T cells with lentiCRISPRs, psPAX2, and pMD2.G plasmids (Addgene) and
the virus was collected 48 h later**2. MCF-7 and HCT-116 cells were infected with
lentiviral particles, and 48 h later the medium was replaced with culture medium con-
taining 2 pg ml™ puromycin (Thermo Fisher Scientific). After 2 weeks of puromycin
selection, single-cell colonies were isolated via ring cloning. DNA from each colony
was extracted using QuickExtract (Epicentre). To confirm that an indel was present at
both alleles, the region, including the target site, was amplified using PCR. The PCR
products were ligated into pBlueScript (Addgene) for cloning and sequencing. Oligos
for creating CRISPRs: CACFD1-cspla: CACCGCATGACGTGGTGGTACCGC,
CACFD1-csplb: AAACGCGGTACCACCACGTCATGC, CACFD1-csp2a: caccT-
TTCAAGCTTGCGCGATCTC, CACFD1-csp2b: aaacGAG ATC GCG CAA GCT
TGA AA, CACFD1-csp3a: CACCGGGCTGTGAGCTGCGCCTGA, CACFD1-
csp3b: AAACTCAGGCGCAGCTCACAGCCC. Primers used for PCR to check
deletion: CACFD1-PCR-csp1F: aagcttTAT GCT CCC TCT CCC ACA AGG C,
CACFD1-PCR-csp1R: ctcgagGAC TGG ATA CTC ACA GAC TGC CC, CACFD1-
PCR-csp2F: aagcttCTT CTG GGT GCT GTG AGA ACT GTG, CACFD1-csp2R:
ctcgagGGA CGG CCA TGC ATT ACT CAC.

shRNAs. Stable knockdown of hFWE was performed using lentiviral con-
structs (Genscript) containing shRNA targeting hFWE. The shRNA sequences
were: 5'-TCTGGCCTCTTCAACTGCATCACCATCCA-3'; 5’-TGAATGCC
TTCATCTTGTTGCTGTGTGAG-3'; 5'-CGCTCCTGGCAGAAGGCT
GTCTTCTACTG-3'; and 5-GGCAGCAGGCGGATGAGGAGAAGCTCGCG-3'.
The lentiviral packaging was performed in 293FT cells using ViraSafe Lentivirus
Packaging System (Pantropic Cell Biolabs), as per the manufacturer’s instructions
and previously stated. Forty-eight hours after transduction, cells were selected
with 2 pg ml™! puromycin in growth medium for 10 days and single colonies were
selected and propagated. Gene knockdown efficiency was assessed by qPCR.
hFWE cDNA overexpression. The pPCDH-CMV-MCS-EF1a-copGFP and pCDH-
CMV-MCS-EF1a-RFP vectors expressing individual hRFWE isoforms 1-4 were
obtained from System BioSciences. GFP-IRES-Isoform-1-4_OptHs vectors were
obtained from ATUM. The lentiviral packaging was performed in 293FT cells
using ViraSafe Lentivirus Packaging System (Pantropic Cell Biolabs) per the man-
ufacturer’s instructions.

MTT assay. We seeded 1 x 10* MCF-7 wild-type of hFFWEKO cells into 96-well
plates overnight. Next, the culture medium was removed and cells were washed
with PBS, and then incubated with 0.5 mg/ml 4,5-dimethylthiazol-2-yl-2,5-diphe-
nyltetrazolium bromide (MTT; Sigma-Aldrich) in fresh culture medium for 3 h at
37 °C. The culture medium was carefully aspirated, and the formazan product was
dissolved in 180 pl DMSO. Cell viability was measured as the difference between
the absorptions at wavelengths of 570 and 650 nm. All experiments were performed
in triplicate and repeated three times.
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Colony formation assay. MCF-7 wild-type and MCF-7 hFWEK© cells were seeded
into 6-well culture plates (1 x 10° cells per well) and then cultured under standard
conditions over 21 days. The medium was replaced every third day. Finally, the cells
were fixed with methanol and then stained with crystal violet (Sigma Aldrich). All
experiments were performed in triplicate and replicated three times.

BrdU assay. Cellular proliferation was measured using the Cell Proliferation ELISA
BrdU Colorimetric Assay Kit (Roche Applied Science). We plated 1 x 10> MCF-7
wild-type or kFWEXO cells per well in 96-well plates. Twenty-four hours after plat-
ing, cells were labelled with BrdU in fresh culture medium overnight at 37 °C. Cells
were then fixed and denatured for 30 min, followed by incubation with peroxidase
substrate solution at 25 °C and the reaction was stopped using 1 M H,SO4. An
absorbance wavelength of 450 nm and reference wavelength of 690 nm were used.
All experiments were performed in triplicate and replicated three times.

ROS measurement. ROS levels were determined by incubating MCF-7 wild-type
and hFWEX© cells in serum-free DMEM containing 10 uM 2/,7’-dichlorodihydro-
fluorescein diacetate (H-DCFDA; Thermo Fisher Scientific) for 30 min at 37 °C.
Cells were trypsinized and were washed twice in PBS, and the final cell pellet was
re-suspended in PBS. DCF intensity was measured by flow cytometry using the
BD-LSRII H274 per manufacturer’s instructions. All experiments were performed
in triplicate and replicated three times.

Apoptosis and cell cycle analysis. At the endpoint of monoculture or co-culture
experiments, cells were stained with annexin-V (Thermo Fisher Scientific) per
the manufacturer’s instructions. Flow cytometry was performed to detect apop-
totic cells by observing FITC-conjugated and pacific blue-conjugated annexin-V
staining. For cell cycle analysis, MCF-7 wild-type and MCF-7 hEWEX© cells were
fixed in 70% ethanol. Fixed cells were washed with cold PBS and stained with 50 pg
ml™! propidium iodide (Thermo Fisher Scientific). Flow cytometry for apoptosis
detection and cell cycle distribution profiles was performed using MACSQuant
Analyzer (Miltenyi Biotec) and analysed using Flow]Jo software (Treestar).
Live-cell imaging of cell competition assay. MCF-7 hFWEKO cells were infected
with lentiviral particles expressing GFP- or RFP-tagged hFWE1-hFWE4 isoforms
and cultured for 24 h. RFP™ and GFP cells were sorted by flow cytometry using
the BD FACS ARIA III (BD Biosciences). Overexpression of AFWE in sorted cell
populations was measured by qPCR and only sorted batches with high expression
of hFWE1-hFWE4 (characterized by hFFWE Ct value of ~14, with GAPDH Ct value
of ~21) were used. Equal numbers of MCF-7 cells expressing GFP- or RFP-tagged
hFWE1-hFWE4 were co-plated in a glass-bottom dish (Matek) in the specified
combinations and co-cultured under normal conditions for 24 h. Cells were then
subjected to live-cell imaging for the indicated times and processed for apopto-
sis detection by annexin-V staining. To study caspase-dependency for cell death,
MCE-7 hFWEXO cells expressing hRFWE"!™ were co-cultured with MCF-7 hFWEXC
cells expressing hRFWE"*¢ in the presence of the caspase inhibitor Z-VAD-FMK
(20 pM, Sigma-Aldrich) for 24 h. We next performed live-cell imaging at the indi-
cated times, and, at the study endpoint, cells were processed for apoptosis detection
by annexin-V staining when indicated. To observe the contact-dependency of cell
competition, an equal number of MCF-7 hFWEX© cells expressing hFWE1-GFP
and MCF-7 hFWEK© cells expressing hFWE2-RFP were co-plated at low density,
followed by live-cell imaging. For conditioned medium experiments, medium was
collected from MCF-7 hFWEK© cells expressing hFWE2 cDNA, centrifuged at
1,000 r.p.m. for 5 min, and then added to target MCF-7 hFWEX© cells expressing
hFWE1-GEP. Cells were subsequently cultured for 24 h, then we performed live-
cell imaging at the indicated times. Live-cell imaging was performed using Leica
TCS SP8 confocal laser microscopy (Leica Microsystems), a Nikon A1 HD25 confo-
cal microscope (Nikon), and a Zeiss LSM-800 with Airy Scan Confocal Microscope
(Zeiss). Analysis of cell motility, cell count and cell death was performed manually
using Fiji software (http://fiji.sc/) and the analysis of average cell volume and aver-
age cell sphericity were performed using Imaris7.6.5 software (Bitplane).

Cell competition assay with normal breast cells. MCF-7 hFWEKO cells were
infected with lentiviral particles expressing hFWE2-GFP and cultured for 24 h.
MCE-7 hFWEX© cells expressing hAFWE2-GFP were subsequently cultured on their
own or co-cultured with an equal number of normal breast primary epithelial
cells or fibroblasts. Cells from each combination were collected at the indicated
times for annexin-V staining and the percent of apoptotic cells was measured in
the GFP-positive and GFP-negative populations using flow cytometry. Human
epithelial cells and fibroblasts were isolated from normal breast tissue from fresh
or cryopreserved, de-identified tissues; samples were obtained from the Komen
Tissue Bank (KTB) at IU School of Medicine, Indianapolis, after informed consent
from the donors. All experiments were carried out in accordance with the approved
guidelines of the Indiana University Institutional Review Board, which determined
the study to be non-human subjects research. International Ethical Guidelines for
Biomedical Research Involving Human Subjects were followed. Proceedures for
isolation of primary cells from biopsies and propagation have been described*.
Determination of cellular calcium levels. MCF-7 hEWEX© cells and MCF-7
hRFWEXO cells infected with lentiviral particles expressing hAFWE1-4 isoforms
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individually were plated in glass-bottom dishes (Matek). After 24 h, cells were
incubated with the fluorescent dye Fluo-4AM (Thermo Fisher Scientific) as per
the manufacturer’s protocol for 40 min, washed with PBS, and then incubated for
an additional 15 min to complete the de-esterification of the dye. Live-cell imaging
was immediately performed at the indicated times to determine cellular Ca?* levels
using TCS SP8 (Leica) confocal imaging. An excitation wavelength of 494 nm and
an emission wavelength of 506 nm were used. Results were quantified by measur-
ing the Ca" indicator mean fluorescence intensity (MFI) in all cell combinations
using Fiji. All experiments were performed in triplicate and repeated three times.
BAPTA-AM. MCF-7 hFWEKO cells were infected with lentiviral particles express-
ing hFWE1-RFP or hFWE2-GFP and cultured for 24 h. Then, MCF-7 hFWEX?
cells expressing hAFWE1-RFP and MCF-7 hFWEX© cells expressing hRFWE2-GFP
were co-plated in equal numbers and co-cultured for 24 h in the presence or
absence of BAPTA-AM (10 pM, Thermo Fisher Scientific). Cells were collected
for annexin-V staining and flow cytometry analysis.
Laser-capture microdissection. FFPE tissue sections (5-pum thick) were subjected
to laser capture microdissection using the Leica Microsystems at UNMC; Zeiss
Palm MicroBeam IV Laser Capture Microdissection system at Thornwood facility
and Michigan University. Matched H&E-stained sections were used to demarcate
cancer versus stroma. Adjacent normal tissues were microdissected in precise
increments of 200 pm in distance perpendicular from the boundary of tumour
mass. Captured tissue was collected into the adhesive cap (Zeiss).
Immunohistochemistry. Matched normal and tumour patient samples of breast
and colon origin were formalin-fixed and paraffin-embedded. FFPE tissues were
cut into sections of 5 um and were stained with H&E or hRFWE antibodies. Samples
were deparaffinized in xylene and rehydrated in a graded series of ethanol. Antigen
retrieval was performed in 10 mM EDTA buffer pH 9 for 20 min at 96-98 °C.
Samples were allowed to cool at room temperature for 20 min, and blocked in
1% peroxide solution for 10 min, followed by washing with TBS + 0.5% Triton
X-100. Slides were blocked in 3% bovine serum albumin (BSA, Sigma-Aldrich),
then incubated with anti-hFWE-N-term (Ab1; 1:500) and anti-hFWE"™ (Ab4;
1:500) primary antibodies (Genscript) in blocking solution overnight at 4 °C. The
sections were incubated in goat anti-mouse IgG HRP-conjugated secondary anti-
body (1:2,000, Thermo Fisher Scientific) for 1 h at 25 °C and then developed with
3,3’-diaminobenzidine (DAB, Vector Labs) for 10 min to visualize the colour of
the reaction.
Immunofluorescence. For immunofluorescent and immunocytological stain-
ing for hFWE in human tissue and cells, anti-hFWE-N-term (Abl) and anti-
hFWEWIn (Ab4) antibodies were used at 1:500 final dilution, and goat anti-mouse
IgG AlexaFluor 488 (1:1,000, Thermo Fisher Scientific) was used as the secondary
antibody. SCC, colon, and normal skin FFPE samples were cut into 5-jum sections
and stained with H&E or hFWE antibodies. Imnmunofluorescence experiments
were performed as described previously®* and refined for the hAFWE antibodies.
Serial sections were incubated with anti-hFWE-N-term and anti-hFWEW" anti-
bodies overnight at 4 °C. Sections were incubated with secondary antibody for
2 h and nuclei were counterstained with 4’,6-diamidino-2-phenylindole (DAPI,
Sigma-Aldrich, 1 pg ml™!).
Immunocytochemistry. MCF-7 hFWEXC cells and MCF-7 hEWEX© cells express-
ing one of hAFWE1-hFWE4 were collected by trypsinization and the cell pellet was
resuspended in pre-heated 1.5% agarose + 2% sucrose solution, homogenized,
and allowed to solidify. The agarose block was placed in 30% sucrose overnight.
Eight-micrometre-thick sections were prepared using a Cryostat 3050S (Leica) and
slides were stained using the Bond Polymer Refine Detection Kit (Leica) per the
manufacturer’s instructions. Slides were then incubated with anti-hFWE-N-term
and anti-hFWE“I" antibodies for 15 min and subsequently processed using Leica
Detection Polymer and developed with DAB according to the kit instructions.
To analyse the membrane topology of hAFWE isoforms, MCF-7 hFWEKO
cells were plated in Nunc LabTek-II 4-chambered coverglass (Thermo Fisher
Scientific) overnight and then transfected with cDNA for hRFWE1-hFWE4 using
Lipofectamine 3000. After 24 h, the cells were fixed with 3.7% paraformaldehyde
in PBS for 15 min, and then permeabilized with 0.1% Triton X-100 in TBS for
7 min or non-permeabilized. Subsequently, the cells were blocked with 3% BSA
and incubated with anti-hFWE-N-term or anti-hFWE"™ primary antibody in
3% BSA for 4 h, washed three times with 1x PBS and stained with secondary
antibody for 2 h. Nuclei were counterstained with Hoechst 33258 (Thermo Fisher
Scientific). Images were acquired with a Zeiss LSM880 inverted by using a Plan-
ApoChromat 20x/0.8 dry lens. An argon laser with 25 mW of head power and a
405 Diode laser with 30 mW head power were used to excite AlexaFluor488 and
Hoechst, respectively. The signal detected was limited to the portions of the visible
spectrum between 495 and 545nm and 420 and 480nm by using BP filters in front
of a ZEISS Airy Scan detector. The images were acquired in super-resolution mode
with an XY sampling factor (pixel size) of 55 nm. A volume of approximately 12 pm
was acquired around the central plane of each cell with a z-step of 342 nm. After
the acquisition, the images were processed in order to reassign the information

collected by the 32 Airy detectors to their source point and obtain a theoretical
resolution of 233 nm for the A488 channel and 204 nm for the Hoechst channel.
Fluorescent in situ hybridization. FFPE breast cancer sections (5-pum thick) were
stained with H&E to verify that the slides included both cancer and normal tissue.
Next, 5-pm-thick serial sections were prepared for processing with the in situ +
ISH Tissue Assay kit (Affymetrix) according to the manufacturer’s instructions.
Probe sets were designed by Affymetrix to detect exon 3 and exon 4 of CACFDI
mRNA. After deparaffinization, slides were subjected to heat pretreatment (90 °C,
30 min) and protease digestion, (40 °C, 20 min). Then sections were hybridized
with probe following the signal-amplification step. Sections were developed using
kit-supplied Fast Red substrate and counterstained with DAPI. All sections were
mounted with DAKO UltraMount Permanent Mounting Medium (Agilent).
Fluorescent images were acquired using a BZ-X700 microscope (Keyence).
RNA isolation and quantitative RT-PCR analysis. Total RNA was isolated from
cancer cell lines, patient tumour samples, and mouse tumour xenografts using
the PureLink RNA Mini kit (Qiagen). Total RNA was isolated from laser-cap-
tured FFPE tissue samples using the RNeasy FFPE kit (Qiagen). Ten nanograms
of total RNA was reverse-transcribed to complementary DNA using Superscript
Vilo cDNA synthesis kit (Thermo Fisher) per the manufacturer’s instructions.
Quantitative PCR (QPCR) was performed with PowerUp SYBR Green master mix
(Thermo Fisher) using the Rotor Gene Q (Qiagen), BioRad CFX96, QuantStudio
6 (ABI) or Light cycler 96 instrument (Roche). The reaction conditions included
an initial denaturation step at 95 °C for 2 min, followed by 40 cycles of 95°C for
155 and 60 °C for 605s. Data were analysed using the comparative C; method>”.
The C; values of samples and controls were normalized to the expression level of
the GAPDH housekeeping gene. All qPCR reactions were set up in triplicate and
the experiments were performed with at least three different samples. The follow-
ing primers were used (F: forward; R: reverse): GAPDH: 5'-GGATGCAGGGAT
GATGTTC-3' (F) and 5-TGCACCACCAACTGCTTAG-3' (R); hFWEI: Ex2-4
5'-GCGTGTGGATGATGATGG' (F) and Ex5 5'-CCTGTCTTGTCCCCTC
TGA-3' (R); hFWEZ2: Ex3 5'-CTGCCAGTTCATCGAGTTTG-3’ (F) and Ex5
5/-CCTGTCTTGTCCCCTCT GA-3’ (R); hFWE3: Ex2-4 5'-GCGTGTGG
ATGATGATGG-3’ (F) and Ex4-6 5'-AGATCGCATCGCCCTTT-3'
(R); hFWE4: Ex3 5'-CTGCCAGTTCATCGAGTTTG-3’ (F) and Ex4-6
5'-GATCGCATCGCCCTTTT-3' (R); hkFWEWi: 5/.GCCTTCATCTTGT
TGCTGTG-3' (F) and 5-CATCCCGCAGTAGAAGACAG-3' (R); hFWEL*;
5'-GCGTGTGGATGATGATGG-3' (F) and 5'-AGCAGAGAGTCCGTACA GCA-
3’ (R); mouse Fwel 5-TCCACACTTCTCTGGTTCTG-3' (F) and 5-GTGAGTA
CTGC TGTC TAGCC-3 (R); mouse Fwe2 5'-CGATGCCATTTCTTATGCTC-3’
(F) and 5'-TGACACTCAGTCTTCTCCAG-3’ (R); mouse Fwe3 5'-CAAA
CACAGTAGCTGAGAAGG-3' (F) and 5'- TAGAGGGAAATGGTGTTT CT G-3’
(R); mouse Fwe4 5'- GTTTGCTAAATCCTGGGTGTC-3' (F) and 5-GCGTTCAT
GATCATCCACAC-3' (R); mouse Gapdh 5'-GTATGT CGTGGAGTCTACTG-3'
(F) and 5-TCATCATACTTGGCAGGTTT-3' (R) as described previously?.
The human apoptosis PCR array. The Human Apoptosis RT2 Profiler PCR array
kit (PAHS-3012; SA-Bio Sciences) was used to profile the expression of 354 genes
involved in apoptosis and qPCR was performed per the manufacturer’s instruc-
tions.
Epithelial cell isolation. hFWEW™ expression was observed in the total normal tis-
sue and the epithelial fraction isolated from breast, colon, and lung tissue samples.
All samples were purchased from Tissue For Research, UK (https://biobankonline.
com/) and all tissue samples were procured with donor consent. For extraction of
the epithelial cells, approximately 120-150 g of the normal tissue samples were
used as starting material for tissue digestion. Samples were handled in sterile con-
ditions. Fatty tissue was manually separated, using sterile scalpels and forceps.
Subsequently, the epithelial-enriched tissue was manually minced into small pieces.
The tissue was sequentially digested using a slow digestion process (overnight
at low enzymatic concentration) followed by sequential filtering to support the
growth of the epithelial cell fractions as described previously>.
Patient samples. For FISH, breast tumour specimens were provided by the
Department of Breast Surgery, Hokkaido University Hospital. For qPCR exper-
iments, samples of benign (10 breast and 10 colon) and malignant tumour
(25 breast and 21 colon) were provided by the Department of Pathology, UAMS,
USA; samples of malignant lung (4) and normal tissue (2 lung and 1 skin) were
procured from the Department of Pathology, Locarno Hospital, Switzerland; and
samples of SCC (3) and normal skin (2) were obtained from the Department of
Pathology, Creighton University School of Medicine, USA. The same set of nor-
mal and malignant SCC samples were also used for immunofluorescent staining.
FFPE breast and colon cancer samples used for immunohistochemistry (IHC)
and fresh normal breast samples were provided by the Pathology Department,
Champalimaud Foundation.

All samples used in the study were de-identified, FFPE archived samples
with no attached patient information, and were collected with informed consent
from donors. All samples were reviewed by the IRB boards at UAMS, Hokkaido
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University Hospital, Locarno Hospital, Creighton University School of Medicine,
Champalimaud Foundation and determined to qualify as non-human subjects
research.

Cancer xenografts. C57BL/6 mice were obtained from the Geisel School of
Medicine, Dartmouth College. Male and female Swiss nude mice were purchased
from Charles River. All animal protocols were approved by the Institutional Animal
Care and Use Committee of Dartmouth, and the Institutional Animal Ethics
Committee at Champalimaud Foundation. All mice were housed in laminar flow
cabinets under specific pathogen-free conditions. Food and water were available
ad libitum for the duration of the studies. FweX© mice were generated using female
C57BL/6 mice as described earlier’. For the generation of tumours in C57BL/6
mice, cyclosporin A (30 mg kg™}; Sigma-Aldrich) was injected intraperitoneally
as described”. Cell line xenografts were established as described previously*.
In brief, MCF-7, HCT-116, DU-145, CCL-218, and OVCAR-8 cells at 70-90%
confluency were trypsinized and cell viability, required to be at least >95%, was
determined by Trypan blue exclusion assay. Cells were re-suspended in 80 pl
serum-free medium with 1:1 Matrigel at a final concentration of 1 x 10° cells ml™!
and stored on ice. For all tumour cell injections, animals were first anaesthetized
with 1.5-3% isoflurane with 30% oxygen.

For overexpression of individual hAFWE isoforms in mouse mammary tissue, 50
pl lentiviral particles (10" TU ml™') expressing individual GFP-tagged hFWE1-
hFWE4 isoforms were injected into the mammary tissue of immunosuppressed
C57BL/6 FweX© mice as described*!. For injection of MCE-7 hFWEKO cells express-
ing GFP-tagged hFWE1-hFWE4, a pellet of 17-3-oestradiol (0.18 mg per pellet,
60-day release; Innovative Research of America) was subcutaneously implanted
into FweXC mice 3 days before cell injection. One week after lentiviral treatment,
MCEF-7 hFWEXO cells expressing GFP-tagged hFWE1-hFWE4 were injected into
the mammary tissue. After 4 weeks, mice were monitored for bioluminescent signal
using an IVIS 200 system (Xenogen).

For cell line xenograft tumour studies established in male and female Swiss
athymic nude mice (age 4-6 weeks), an 80-jul cell suspension containing 1 x 10°
cells was subcutaneously injected into the hind legs of athymic mice. The vehi-
cle control used for these studies was DMSO. To rescue hFWE2 expression in
HCT-116 hFWE"T tumours, 14 days after cell line injection, tumour-bearing mice
were randomly selected and lentiviral particles expressing hFWE2 were injected
directly into the established tumour as described previously*>*’. Chemotherapy
treatments were initiated when tumours reached an approximate size of 0.03 cm?;
tumour-bearing mice were randomized to receive 30 mg kg™ 5-FU as described®®
or 4 mg kg! cisplatin + docetaxel as described®’. Tumour volumes were carefully
monitored after treatment using Vernier caliper measurements of length, width,
and height, and volumes were calculated using the formula for a semi-ellipsoid
(4/377%/2), as described previously*®*4. Tumour size did not exceed the maximum
size of 1.28 cm? as specified by institutional policies. The investigators were blinded
during experiments or outcome assessment. No statistical methods were used to
predetermine sample size.

Statistical analysis. All values are expressed as means = s.d. of independent exper-
iments. Differences between groups were evaluated by Student’s ¢-test (two-sided)
or Tukey-Kramer test, and considered to be significant at P < 0.05.

Reporting summary. Further information on research design is available in
the Nature Research Reporting Summary linked to this paper.

Data availability

All data generated or analysed during this study are included in the paper, its
Extended Data and its Supplementary Information. The source data for Figs. 2-4
and Extended Data Figs. 1-10 are available online.
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Extended Data Fig. 1 | Knockout of the hFWE gene in MCF-7 cells
does not affect their cellular functions. a, ENCODE data mining for
chromatin immunoprecipitation (ChIP) with H;K,Ac antibody shows
active euchromatin status of the tFWE promoter. b, ENCODE data
mining for DNAase-I hypersensitivity analysis shows footprints of DNA
unwinding at the locations of hFWE exons. ¢, Phylogenetic analysis.
Exon sequences are highly conserved amongst vertebrates except exon

5, which is more specific to mammals. d, Pictorial representation of the
protocol for the functional analysis of hRFWE isoforms in cell culture.
MCE-7 hFWEXO cells were infected with lentiviruses encoding each hFWE
isoform alongside an independent GFP or RFP tag. Transduced cells were
sorted for RFP* and GFP* populations, plated together and co-cultured
for 24 h. Co-cultured cells were then studied for a further 24 h using
live-cell imaging and flow cytometry. e, To obtain human cells expressing
single hFWE isoforms, MCF-7 cells (breast cancer origin) were selected
and MCF-7 hFWEXO cells were generated. qPCR analysis of relative
transcript synthesis of FFWE exon 1 from MCF-7 hFWE"" and MCE-7
hEWEKO cells shows lack of gene product in the knockout cells (1 = 3
biologically independent experiments). f, MTT assay shows that knockout
of the hFWE gene does not affect cell viability and mitochondrial activity
in MCEF-7 cells (n = 3 biologically independent experiments). g, BrdU
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assay shows that knockout of the hRFWE gene does not affect cellular
proliferation rates of MCF-7 cells (n = 7 biologically independent
experiments). h, Cell-cycle distribution was examined by analysing DNA
content. Propidium iodide staining and subsequent flow cytometric
analysis show that knockout of the hFFWE gene does not affect the cell-
cycle progression of the MCF-7 cells (n = 3 biologically independent
experiments). i, Flow cytometric analysis of ROS via measurement of
DCF fluorescence shows that knockout of the AFWE gene does not alter
cellular ROS in MCEF-7 cells (n = 4 biologically independent experiments).
j» Annexin-V staining shows that knockout of the tFWE gene does not
affect cellular apoptosis in MCF-7 cells (n = 4 biologically independent
experiments). k, The clonogenic assay shows that knockout of the

hFWE gene does not affect the ability of MCF-7 cells to form colonies

(n = 3).1, Diagrammatic representation of the hAFWEX-IRES-GFP/RFP
lentiviral constructs. Eight lentiviral constructs were prepared by cloning
hFWE1/2/3/4-IRES-GFP/RFP into pD2109-CMYV lentiviral vectors.

m, Eight additional constructs were prepared by cloning hFWE1/2/3/4
into dual promoter pPCDH-CMV-MCS-EF1a-copGFP and pCDH-CMV-
MCS-EF1a-copRFP (System Biosciences), respectively. e-j, P values
shown, two-tailed t-test, mean =+ s.d.
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Extended Data Fig. 2 | Overexpression of single hFWE isoforms in
MCE-7 hFWEXO cells does not alter viability. a, MCF-7 hFWEX© cells
were infected with each hFWE1/2/3/4-GFP/RFP construct independently
and the cells were monitored via live-cell imaging. Images at 24 h show
that MCF-7 hFWEKO cells homogenously expressing single hAFWE isoforms
do not undergo cell death (n = 3 biologically independent experiments,

P values shown, two-tailed t-test). b, Analysis of live-cell imaging is shown
as heat maps to represent the total number of cells, number of cells dying
every 1.5 h, average cellular volume and average cellular sphericity; each
block represents a gradient scale of low (blue), medium (yellow) and

high (red) number or shape or size of the cells (n = 3, analysis performed
using manual tool from Fiji and automated tools from Imaris, Genie tool
used for representing data as heat maps). ¢, qPCR analysis of MCF-7
RFWEXO cells expressing each of four hFWE isoforms showed comparable
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lentiviral-mediated expression of hAFWE1, hFWE2, hFWE3 or hFWE4

(n = 3 biologically independent experiments, mean =+ s.d., ANOVA
showed no significant differences). d, Flow cytometry-based annexin-V
staining shows that overexpression of individual \AFWE1/2/3/4-GFP/

RFP isoforms does not induce apoptosis in MCF-7 hFWEX© cells (n = 3
biologically independent experiments, mean =+ s.d., ANOVA showed no
significant differences). e, Annexin-V staining and flow cytometry-based
cell imaging (image stream) also show that overexpression of individual
hFWE isoforms does not induce apoptosis (n = 3). f, Long-term effect of
overexpression of single hFWE isoforms with GFP or RFP reporters over
21 days using clonogenic assay. The overexpression of hRFWE isoforms
does not affect the colony formation ability of MCE-7 hFWEX© cells
(n=3).
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Extended Data Fig. 3 | See next page for caption.



Extended Data Fig. 3 | Live-cell imaging of co-culture assay using
MCE-7 hFWEX© cells transduced with hRFWE isoforms. a, Results from
24-h live-cell imaging experiments of co-cultures of MCF-7 hFWEXC

cells expressing the four hFWE isoforms. In [1], MCF-7 hEWEX© cells
expressing hFWE1-IRES-GFP were co-cultured with cells expressing
hFWE1-IRES-RFP. GFP* and RFP™ cells were monitored at 0 and

24 h to follow the effects of hAFWE isoforms on cell proliferation. The ratio
of GFP™ to RFP™ cells did not vary significantly between 0 and 24 h. In
co-culture experiments [2], MCF-7 hFWEX© cells expressing hRFWE1-
IRES-GFP were co-cultured with cells expressing hFWE2-IRES-RFP.
The population of RFP* cells was significantly higher at 24 h than at 0 h,
indicating competition between hFWE1-IRES-GFP and hFWE2-IRES-
RFP cells. Each co-culture combination is presented amongst the four
hFWE isoforms along with IRES-GFP or IRES-RFP co-expression. Cells
expressing hFWE2 or hRFWE4 emerged as winners when co-cultured with
cells expressing hFWE1 or hFWE3 regardless of GFP or RFP reporter. The
ratio of GFP™ to RFP* cells at 0 and 24 h for each co-culture experiment
is presented quantitatively below. The ratios at 0 and 24 h for each
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combination were compared statistically using a two-tailed ¢-test assuming
unequal variances; n = 4 biologically independent experiments, P values
shown, mean =+ s.d. b, Analysis of live-cell imaging is shown as heat maps
to represent the total number of cells, the number of cells that died every
1.5 h, average cellular volume, and average cellular sphericity. The co-
culture combinations are indicated on the left. For example, the co-culture
combination of cells expressing hFWE1-IRES-GFP with cells expressing
hFWE2-IRES-RFP results in the death of hRFWE1-IRES-GFP cells at

the expense of an increase in the number of hRFWE2-IRES-RFP cells.
Analysis of all co-culture combinations is presented. The data support the
idea that cells expressing hFWE1 or hRFWE3, when co-cultured with cells
expressing hFWE2 or hFWE4, undergo cell death accompanied by loss of
differentiated cellular architecture, indicated by decreased cellular volume
(blue) and increased cellular sphericity (red). Each block represents a
gradient scale of low (blue), medium (yellow) and high (red) for the
number, size or shape of the cells (n = 4, analysis performed using the
manual tool from Fiji and automated tools from Imaris, Genie tool used
for representing data as heat maps).
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Extended Data Fig. 4 | High-resolution imaging of competition-
induced Loser cell death. a, High-resolution live-cell imaging experiment
(28 h) showing cell competition in MCF-7 hFWEXO cells expressing
hFWEI1-IRES-RFP and hFWE2-IRES-GFP isoforms. The co-culture
results show elimination of cells carrying the Lose isoform (hRFWE1-
IRES-GFP); n = 3 biologically independent experiments with similar
results. b, The results of live-cell imaging were confirmed using annexin-V
staining and flow-cytometry-based imaging of GFP* and RFP™ cells

for each co-culture combination. Cells were sorted following 24 h of co-
culture, and the percentage of apoptotic cells is displayed. The flow-based
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imaging of these cells is also presented and shows no GFP™ signal in RFP-
sorted cells or RFP* signal in GFP-sorted cells. The annexin-V* signal

is shown in purple. For example, co-culture of cells expressing hFWE1-
IRES-GFP with cells expressing hFWE2-IRES-RFP results in apoptosis of
hFWE1-IRES-GFP cells, as indicated by the annexin-V™* signal. Together,
results from live-cell imaging and flow cytometry demonstrate that cells
expressing hFWE*¢ isoforms (hWFWEL or hFWE3) undergo apoptosis
when in competition with cells expressing hFWEW™ isoforms (hRFWE2 or
hFWE4) (n = 3 biologically independent experiments, P values shown,
two-tailed t-test, was performed for P-value calculations, mean =+ s.d.).
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Extended Data Fig. 5 | Cells expressing hRFWEL** isoforms undergo each combination were compared statistically using a two-tailed t-test
caspase-dependent apoptosis during co-culture with cells expressing assuming unequal variances (n = 4 biologically independent experiments,
hFWEWYI" jsoforms. a, The effect of incubation with the pan-caspase P values shown, mean =+ s.d.). b, Annexin-V staining and flow cytometry-
inhibitor Z-VAD-FMK (20 pM) on co-culture of cells expressing hRFWEW"  based imaging of GFP* and RFP™ cells for each co-culture combination
or hFWEL*¢ isoforms. Caspase inhibition by Z-VAD-FMK rescued confirms that incubation with Z-VAD-FMK prevents apoptosis in
hFWEL®s® cells expressing hFWE1 or hFWE3 from undergoing cell co-culture of cells expressing hAFWEWi" or hRFWE* isoforms (1 = 3
death induced by co-culture with hRFWEWI" cells expressing hFWE2 or biologically independent experiments, P values shown, two-tailed t-test,

hFWE4. The ratio of GFP™ to RFP™ cells at 0 and 24 h for each co-culture mean =+ s.d.).
experiment is presented quantitatively below. The ratios at 0 and 24 h for
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Extended Data Fig. 6 | Characterization of competition in co-culture
assay of cells expressing hFWEW" or hFWE!**¢ isoforms. a, Analysis of
live-cell imaging is shown as heat maps to represent the total number of
cells, number of cells that died every 1.5 h, average cellular volume, and
average cellular sphericity. Each block represents a gradient scale of low
(blue), medium (yellow) and high (red) number, shape or size of cells.
Treatment with Z-VAD-FMK blocked hFWEW cell-induced death of
co-cultured hFWEL®® cells, resulting in equal ratios of GFP* and RFP*
populations (n = 4, analysis performed using the manual tool from

Fiji and automated tools from Imaris, Genie tool used for representing
data as heat maps). b, Imaging results show that MCF-7 hFWEK© cells
expressing each hFWE isoform independently do not outcompete co-
cultured hFFWEK cells, consistent with a mechanism of FFWE-mediated

LETTER

cell death supported by the presence of both hRFWEWi" and hFWELos
isoforms (n = 3). ¢, Culling of cells expressing hRFWE** isoforms
appeared to be contact dependent. Live-cell imaging was performed on
low-density-plated MCEF-7 hEWEKO cells expressing hFWE1-IRES-GFP
and hFWE2-IRES-RFP. Results show cell proliferation and absence

of cell death in either cell population under conditions of low-density
plating (n = 3 biologically independent experiments). d, The potential
effect of secreted factors from cells expressing hRFWEWi isoforms was
investigated. Conditioned medium from MCF-7 hFWEKX© cells expressing
hFWE2-IRES-GFP did not affect viability when transferred to a culture
of MCF-7 hFWEXO cells expressing hRFWE2-IRES-GFP and imaged over
24h (n=3).
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Extended Data Fig. 7 | Calcium-independent mechanism of hFWE-
mediated cell competition. a, The potential effect of individual hRFWE
isoforms on intracellular calcium levels was investigated. Live-cell imaging
was performed to detect levels of Fluo-4AM in MCF-7 hFWEKO cells

and MCF-7 hFWEXO cells overexpressing single hFWE isoforms (1 = 3
biologically independent experiments, ANOVA showed no significant
differences, mean + s.d.). b, Live-cell imaging at 5-s intervals over 1 min
showed constant levels of Fluo-4AM in MCF-7 hFWEX© cells and MCF-7
hFWEKO cells overexpressing single hFWE isoforms (n = 3 biologically
independent experiments, ANOVA showed no significant differences,
mean =+ s.d.). ¢, hAFWE-mediated cell competition assay carried out in
the presence or absence of the calcium chelator BAPTA-AM. Treatment
with BAPTA-AM did not affect the ability of MCF-7 hEWEXO cells
expressing hFWE2 to kill co-cultured MCF-7 hFWEKO cells expressing
hFWEI (n = 3 biologically independent experiments, P values shown,
two-tailed -test found no significant differences, mean =+ s.d.). d, Laser-
capture microdissection was performed in increments of 200 pm in
distance perpendicular to the defined boundary of breast tissue tumour
mass. Representative images are shown for breast cancer tissue section
before and after laser capture. h\FWE"*¢ igoforms were upregulated in
tumour-adjacent host tissue nearest to breast cancer (0-400 pum) or colon
cancer (0-200 pm). hAFWEY isoforms were highly enriched within
breast or colon tumour tissue but not adjacent tissue (1 = 3 biologically
independent experiments, mean =+ s.d., fold change calculated relative to
the external reference of the expression of hRFWEWi isoforms in normal
breast tissue, P values shown, two-tailed ¢-test). e, QPCR array was used
to examine the expression of 354 genes involved in apoptotic pathways in
samples of laser-captured tumour-adjacent host tissue. Gene expression
heat map shows that host tissue in the immediate vicinity of cancer
(0-400 pm) displayed upregulation of genes involved in apoptotic
pathways. Host tissue farther away (400-1,000 pm) from the tumour edge
displayed basal levels of apoptosis-related genes. The heat map shows
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apoptotic genes that were induced (red), suppressed (blue) or unchanged
(yellow) in expression. Black represents unsuccessful runs (n = 3). f, FISH
shows the expression of hAFWEWi isoforms in FFPE samples of breast
cancer tissue (top) and normal breast tissue (bottom). First column,

H&E staining; second column, control DAPI staining; third column,
expression of hAFWEWi" isoforms within tumour tissue; fourth column,
overlay of DAPI and hFWEY" isoforms. Magnified images below each
panel show expression of hRFWEWIn isoforms specifically in tumour tissue,
as these isoforms are poorly expressed in the stromal tissue surrounding
the tumour and normal breast tissue (1 = 3 for all staining). g, Schematic
depicting the process of epithelial cell isolation from normal breast, colon,
and lung tissue. Expression of the four hAFWE isoforms was compared

in epithelia versus total tissue by qPCR analysis (n = 3 biologically
independent experiments, all statistically significant P values shown,
two-tailed -test, mean = s.d.). h, IHC staining of FFPE samples of breast
cancer with newly developed antibodies against hRFWE. Breast cancer and
stromal regions are shown in the H&E images (left). The anti-hFWEWin
antibody is specific to Win isoforms hFWE2 and hFWE4 whereas the anti-
hFWE-N-term antibody targets the common N terminus and recognizes
all four isoforms. Immunohistochemistry staining shows the abundance
of hAFWEWim isoforms within the breast cancer samples in human tumours.
From this, we conclude that hFWEW™ proteins are expressed in the
tumour but not in the stroma. To demonstrate the expression of Lose
isoforms in the stroma, we compared the staining of all \FWE isoforms
using our N-terminal-specific antibody with the poor expression of
hFWEWI in the stroma. The anti-hFWE-N-term antibody shows strong
immunoreactivity and equal distribution of staining in the tumour and
stromal tissue. We find no positive signal for hFWEWI" isoforms in the
stroma, but we find strong expression of total AFWE (hFWEWm and
hFWEL®* combined) in the stroma near the tumour. From this, we can
conclude that Lose isoforms are expressed in the stroma. This experiment
was repeated independently three times with similar results.
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Extended Data Fig. 8 | Dynamics of hAFWE-mediated cell competition
between cancer and normal cells. a, Protocol for observing hFWE-
mediated cell competition between hFWEW_expressing cancer cells
and primary cultures of human epithelial cells and fibroblasts. MCF-7
HFWEKO cells overexpressing hAFWEW™ isoforms outcompeted and
induced apoptosis of co-cultured primary breast normal epithelial cells
or fibroblasts over 6 days (n = 3 biologically independent experiments,
all statistically significant P values are shown, ANOVA, mean =+ s.d.).

b, hAFWEWi" isoforms (hNFWE2 and hFWE4) and hRFWE* isoforms
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(hFWEI and hFWE3) are characterized by intra-exonic inclusions. The in
silico model shows predicted transmembrane structures of the four hRFWE
proteins. An antibody was raised against the common N terminus (exon
1), which is included in all four isoforms. Another antibody was raised to
specifically recognize the hNFWEYi" isoforms (which share exon 3). Owing
to the similarity in sequences to hAFWEY™ isoforms and low antigenicity
of the peptide sequence at the junction of exons 2 and 4, generation of an
antibody specific to hFWELs isoforms was not possible.
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Extended Data Fig. 9 | Generation of antibodies against AFWEWin
isoforms (hFWE2 and hFWE4) or the common hFWE N terminus
and expression in human cancers. a, Inmunocytochemistry of
hFWE isoforms in paraffin-embedded and sectioned human MCF-7
cells using novel anti-hFWE antibodies. The specificity was validated
by immunocytochemistry of MCF-7 hEWEXO cells with or without
overexpression of individual hAFWE isoforms. Cells were stained

with anti-hFWE-N-term antibody or anti-hFWE"i antibody.
Immunocytochemistry results confirm antibody specificity in paraffin
sections with MCF-7 hFWEKO cells with or without overexpression of
individual hAFWE isoforms. The anti-hFWEWi" antibody does not stain
sections with hEWEXO cells, and recognizes specifically hFWE2 and
hFWE4, but not the hRFWE** isoforms hFWE1 and hFWE3 (row 1).
The anti-hFWE-N-term antibody is also negative for staining in control
hRFWEKXO cells but detected positive membrane staining for each of

the four hFWE isoforms (row 2; n = 3). b, Inmunohistochemistry of
hFWE proteins in sections from clinical breast cancer samples (n = 3).
Arrows indicate membrane staining. ¢, Inmunofluorescence staining of
hFWE proteins in human SCC tissue shows an abundance of hFWEWi™
isoforms within defined cancer lesions, whereas the anti-hFWE-N-
term antibody stained both stroma and cancer tissue (top; n = 3) when
compared with normal skin (bottom; #n = 3). d, Tumour volumes were
measured and analysed for each of the 16 combinations of hRFWEX-
IRES-GFP expression in MCF-7 hFWEX? xenografted cells and hFWE

isoform expression within FweX® mouse mammary tissue (1 = 3). In vivo
bioluminescence imaging (using the IVIS system) was used to detect

and measure the fluorescence of GFP™ cancer cells in tumours resulting
from all genetic combinations at 28 days post-implantation. Substantially
reduced tumour growth was observed when mammary tissue expressed
hFWEWin isoforms and cancer cells expressed hFWEL°*¢ isoforms. By
contrast, tumour growth is strongly promoted when mammary tissue
expresses hRFWE¢ isoforms and cancer cells express hRFWEW!™ isoforms
(n = 3). e, Tumorigenic potential of HCT-116 (colon origin) or MCF-7
(breast origin) hFWEXO cells overexpressing hFWE2 in recipient

Fwe"T and FweX© mice. Tumour growth of both FweX© breast and colon
cancer cell lines overexpressing the Win isoform hFWE2 was greater in
Fwe"T mice than in FweX© mice. Photos of resected tumours are shown.
f, Tumour volumes were measured every week over 42 days for groups
shown in a. kFWEX? colon- or breast-derived tumours overexpressing
hFWE2 showed significantly higher growth in Fwe" T mice than in Fwe*©
mice (n = 5, P values shown, one-tailed t-test, mean =+ s.d.). g, At the
conclusion of tumour growth experiments, mice were examined for the
presence or absence of metastases in inguinal lymph nodes (ILN), axillary
lymph nodes (ALN), colon, pancreas, prostate, lung, and liver. Heat

map scale indicates the probability of metastasis. Results show a marked
reduction in the metastatic potential of both breast and colon cancer
RFWEXO cells overexpressing hFWE2 when xenografted into FweX© mice
as compared to Fwe"T mice (n = 5 each group).
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Extended Data Fig. 10 | Endogenous hFWE in human cancer cell lines
and tumorigenic potential. a, Culture experiments were conducted to
examine the dynamics of AFWEWi" and hFWEL®s® isoform expression.
MCEF-7 hFWEXO cells expressing hRFWE2-RFP were co-cultured with
wild-type MCEF-7 cells expressing GFP for 24 h and sorted for analysis of
hFWE isoform expression. n = 3 biologically independent experiments
with similar results. b, Co-culture of MCF-7 hFWEXO cells expressing
hFWE2-RFP with wild-type MCF-7 cells expressing GFP caused
upregulation of hRFWEL** isoforms in wild-type MCF-7 cells. qPCR
analysis of the expression of hAFWEWi and hFWE*¢ igoforms in GFP*
wild-type MCF-7 cells sorted from co-culture shows a significant increase
in hFWE'** isoforms (bar 4) when compared with monocultured wild-
type MCF-7 cells (bar 2). n = 3 biologically independent experiments
with similar results; fold change calculated relative to the expression of
hFWEW" jsoforms in monocultured GFP* wild-type MCF-7 cells, all
statistically significant P values shown, two-tailed ¢-test, mean =+ s.d. c,
MCE-7 cells expressing hRFWE2 were xenografted into Fwe"'" mice to
assess their tumorigenic potential and the host expression of endogenous
hFWE isoforms compared to control. The mouse tissue adjacent to the
tumour showed a significant increase in expression of hAFWEL**® isoforms
at 21 days post-xenograft. n = 3 biologically independent experiments
with similar results; all statistically significant P values shown, one-tailed
t-test, mean =+ s.d. d, The effect of anti-hFWE shRNA cocktail on the
tumorigenic potential of HCT-116 cells. Row 1, growth potential of HCT-
116 hRFWE™T cells. Row 2, knockout of FFWE in these cells significantly
reduced tumour growth. Row 3, treatment of HCT-116 hFWE"T cells with
anti-hFWE shRNA reduced tumour volume. Row 4, Rescue experiment
in which similar AFWE shRNA-treated tumours to row 3 were infected
with lentivirus overexpressing hFWE2 14 days after implantation. These
tumours are significantly larger than those in row 3. e, Tumour volumes
for experiments shown in Fig. 4a were measured weekly, and growth
patterns were analysed over 42 days for groups shown in a. Growth curves
show the reduced growth of tumours from HCT-116 hF WEKO cells (blue)
and hFWE shRNA-treated HCT-116 hFWEWT cells (red). Green line shows
rescue experiment and growth pattern changes in hFWE shRNA-treated

HCT-116 hHFWE"T tumours expressing with hFWE2 (n = 5, P values
shown, one-tailed t-test, mean = s.d.). f, All mice used in the study were
examined for the presence or absence of metastases in ILN, ALN, colon,
pancreas, prostate, lung and liver. Heat map scale indicates the probability
of metastasis. Metastatic potential was reduced by knockout or knockdown
of hFWE in HCT-116 cells (compare column 1 with columns 2 and 3).

The rescue of tumour growth by re-introduction of FFWE2 cDNA was
accompanied by an increase in metastasis of these cells (compare column 3
with column 4; n = 5 each group). g, A cocktail of shRNAs were designed
to knock down all four isoforms of hRFWE. All shRNAs were checked for
off-target effects. h, Gene expression analysis confirmed deletion of total
hFWE in HCT-116 hFWEXO cells. Exogenous expression of kFWE2 cDNA
was detectable as the total FFWE expression in wild-type HCT-116 cells
co-treated with anti-ZFWE shRNA (observed in resected tumours). n = 3
biologically independent experiments, fold change calculated relative to
expression of hAFWEWin isoforms in MCF-10A cells, P values shown, two-
tailed ¢-test, mean =+ s.d. i, Tumorigenic potential of wild-type CCL-218
cells and CCL-218 cells overexpressing hFWE2. Xenografts overexpressing
hFWE2 cDNA showed increased tumour volume at 28 days. Photos of
resected tumours are shown. n = 3 biologically independent experiments
with similar results, all statistically significant P values shown, ANOVA,
mean = s.d. Control qPCR experiment demonstrates the overexpression
of hRFWE2 in CCL-218 tumours at day 28. n = 3 biologically independent
experiments, fold change calculated relative to expression of hRFWEWi
isoforms in MCF-10A cells, P values shown, two-tailed ¢-test, mean =+ s.d.
j» Endogenous expression of the four hFWE isoforms in 19 cancer cell
lines of multiple origins (n = 3 biologically independent experiments,

fold change is calculated relative to expression of hAFWEWi" isoforms

in MCF-10A cells, P values shown, ANOVA, mean =+ s.d.). k, Gene
expression analysis shows efficient siRNA-mediated knockdown of total
hFWE in HCT-116, DU-145, CCL-218 and OVCAR-8 tumours (observed
in resected tumours). n = 3 biologically independent experiments, fold
change calculated relative to expression of hAFWEWI isoforms in MCF-10A
cells, P values shown, ANOVA, mean =+ s.d.
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Sample size Power analysis (what method of power analysis) was used as method to determine sample size where ever was appropriate.
Data exclusions  No data was excluded from analysis.

Replication All experiments were repeated minimum with 3 replicates with reproducible results. No replicates were excluded.
Randomization  All mice were randomly allocated to the experimental groups

Blinding Investigators were blinded during data collection and analysis for the following experiments:
1. Gene expression analysis of Fwe using RNA collected from laser-capture microdissected FFPE human cancer samples, and gPCR apoptosis
gene microarray (Fig 2 A-C).
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Antibodies
Antibodies used 2 Anti-Flower Primary Antibodies; a) Anti-Win Ab; Dilution: 1:500 and b) Anti-N-ter Ab; Dilution: 1:500
Secondary Ab used for tissue immunohistochemistry: Goat Anti-Mouse IgG HRP-conjugated (Thermo Fisher Sci); Dilution: 1:2000
Secondary Ab used for tissue immunofluorescence and immunocytochemistry: Goat Anti-Mouse 1gG Alexa Fluor 488 (Thermo
Fisher Sci); Dilution: 1:1000
Validation The antibodies were custom synthesized in partnership with Genscript, USA. All the antibodies were authenticated and validated

as part of custom order by Genscript. We have also validated the specificity of our antibodies and presented data in manuscript
in the following immunocytochemistry experiments:

1. Anti-Fwe-Win Antibody: Positive signal observed in MCF-7 hFwe KO cells+hFwe-Win isoforms and negative signal in MCF-7
hFwe KO cells and MCF-7 hFwe KO cells+hFwe-Lose isoforms.

2. Anti-N-ter Antibody: Positive signal observed in MCF-7 hFwe KO cells+hFwe-Win/Lose isoforms and no signal detected in
MCF-7 hFwe KO cells.

Eukaryotic cell lines
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Cell line source(s) The following cell lines included in this study were obtained from ATCC: A2780-CR, A2780-CS, CCL-218, DU-145, HCC-1954,
HCT-116, MCF-7, MCF 10A, MD-4, MD-7, MDA-MB-231, MDA-MB-468, PC-3, SK-BR-3, TR-127, TR-182, ZR-75. HEK293 were
obtained from Cell Biolabs, Inc. OVCAR-4, OVCAR-8 were kindly provided by Selvendiran Karuppaiyah, Ohio State University.
Normal epithelial cells and fibroblasts isolated from normal breast tissue were kindly provided by Harikrishna Nakshatri,
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Komen Tissue Bank, Indiana University Purdue University Indianapolis.

Authentication All cell lines were authenticated or received with certificates for authentication.
Mycoplasma contamination All cells were tested and were certified as negative for mycoplasma contamination.

Commonly misidentified lines o commonly misidentified cell lines as per ICLAC were included in this study.
(See ICLAC register)

Animals and other organisms

Policy information about studies involving animals; ARRIVE guidelines recommended for reporting animal research

Laboratory animals Female and male Swiss nude mice age 4-6 weeks; female Fwe-Knockout and Fwe-Wildtype C57BL/6 mice age 4-6 weeks were
used in this study.
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Wild animals No wild animals were included in this study.
Field-collected samples No field-collected samples were included in this study.
Ethics oversight All animal work was approved by Institutional Animal Care and Use Committee (IACUC) affiliated with Dartmouth College and

Institutional Animal Ethics Committee at Champalimaud Foundation.

Note that full information on the approval of the study protocol must also be provided in the manuscript.
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Methodology
Sample preparation All samples were prepared as described in the Methods section.
Instrument Amnis ImageStream MK Il Imaging, Becton Dickinson FACS ARIA Fusion, Becton Dickinson FACS ARIA Illu, Becton Dickinson-LSRiII
H274, MACSQuant Analyzer, LSR Fortessa X20, BD FACS Aria Fusion, BD FACS ARIA IlI
Software FlowJo.V9, FlowJo.V10

Cell population abundance  High purity sorted samples were used in the study.

Gating strategy All preliminary FSC/SCC gates to remove debris and other events of the starting cell population and boundaries between positive
and negative staining cell populations are defined. Gating strategies are explained in in detail in the legends and methods
sections. Fig ED10D presents a figure exemplifying the gating strategy.

Tick this box to confirm that a figure exemplifying the gating strategy is provided in the Supplementary Information.
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