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Abstract

Ulcers are sores in the stomach lining that cause pain and discomfort that tend to lead to chronic
inflammation of the stomach and consequently cancer. Stomach cancer is the second leading cause
of death by cancer and the fifth most common malignancy in the world. Despite its frequency, early
diagnose, premalignant state characterization and discovery of new treatments remain a challenge.
Understanding how the stomach tissues behave in homeostasis is key to gain knowledge and
overcome many of these roadblocks.

Previous studies demonstrated that upon injury, base stem cells would exit quiescence and
replenish the damaged tissue. It was then proposed that these were under the control of a reversible
switch. Based on extensive injury-response data the CKI p57Kip2 appeared to be a promising

candidate.

During this study, organoids and mouse models were used. With the inducible Tet-On
system, p57 was knocked into gastric organoids to allow for studies of its effects and reverse them
in vitro. Through these organoids, niche requirement alterations, quiescence induction ability and
pathway interactors were studied. In vivo knock out and knock in effects were assessed and
compared to the in vitro tests. Other Cip/Kip family members were considered and finally p57 was

overexpressed in an ectopic tissue in a similar way.

Results showed that p57 can set stem cells into a quiescent state both in vitro and in vivo and
has an impact on niche requirements. Pathway candidate IGF1R had a visible effect when inhibited
on p57 overexpressing organoids. Short-term overexpression of Cip/Kip family members resulted
in a mild phenotype of quiescence induction that needs to be confirmed in more extensive studies.
Finally, although p57 was able to bring small intestinal cells into short-term quiescence, some
challenges were faced. A new construct was designed to suppress these challenges, but further

studies must be conducted to assure its success.

Keywords: Stomach cancer; Ulcers; p57; Quiescence; Stem cells
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Resumo

Varios fatores, externos e internos, podem levar ao aparecimento de lesdes no revestimento
do estdbmago, estas lesdes sdo designadas de Ulceras e causam nos pacientes desconforto e dor.
Quando presentes de forma recorrente, podem ainda levar a inflamagdes cronicas no tecido e em

casos extremos levar também ao aumento da probabilidade de desenvolvimento de cancro gastrico.

O cancro do estdmago € a segunda causa de morte por cancro mais prevalente e a quinta
doengca maligna mais comum no mundo. 90% dos cancros diagnosticados sdo do tipo
adenocarcinoma, podendo este tipo de cancro ser ainda dividido em vérios subgrupos. De acordo
com a classificagdo mais comum, de Laurén, os cancros podem ser agrupados em intestinais,
difusos ou mistos. Esta classificacdo aponta para os cancros de tipo intestinal como os que exibem
uma progressdo mais lenta e, por consequéncia, um prognéstico mais favoravel, atribuindo o

prognostico mais desfavoravel ao de tipo difuso.

Apesar do extenso leque de estudos referentes ao cancro do estbmago, o progndstico desta
doenca continua desfavoravel em grande parte dos casos e as suas caracteristicas pré-malignas
dificeis de definir. De forma a encontrar novas formas de evitar inflamacdes recorrentes causadoras
de cancro e novas vias de sinalizacdo celular que levem & descoberta de novos tratamentos, serd

essencial entender os comportamentos destes tecidos quando se encontram em homeostasia.

No estdbmago estdo presentes duas populacGes distintas de células estaminais. Uma dessas
populacbes pode ser encontrada na regido do istmo, central na glandula, e as suas células séo
denominadas de células-tronco estaminais e a segunda populagdo, armazenada na base da glandula,
é composta por células designadas de células principais. As células do istmo, em homeostasia,
apresentam um estado proliferativo constante e estdo encarregues da manutencédo do tecido através
da substituicdo de células senescentes. No caso das células estaminais da base, estas mantém-se
num estado de espera apresentando um baixo nivel de proliferagao, estado esse denominado por

quiescéncia.

Xii



Em estudos anteriores, foi descoberto que apds danificagdo do epitélio do estbmago, as
células estaminais principais da base alteram o seu comportamento e transitam para um estado
proliferativo de forma a repopular o epitélio do estdmago. Foi entdo proposto, com base em dados
obtidos através de testes conduzidos no ambito de identificar mecanismos de resposta a danos no
tecido, que estas células estaminais estariam sob a influéncia de um determinado estimulo e que o
candidato mais promissor para iniciar esse estimulo seria a proteina inibidora de quinase 1C

dependente de ciclina, também conhecida por p57Kip2.

De forma a realizar este estudo, modelos animais de rato e organoides derivados de rato em
cultura foram utilizados. A proteina candidata, p57, colocada num vetor induzivel, foi
electroporada em organoides de forma a criar um modelo onde fosse possivel estudar os seus
efeitos em cultura de uma forma controlada, estando ou ndo a ser expressa. Com o modelo
estabelecido, foram estudadas as alteracdes nos requerimentos e fatores de crescimento necessarios
no nicho das células estaminais, assim como a capacidade de a proteina induzir nas células um
estado de quiescéncia quando estas estariam normalmente em estado proliferativo em cultura e
candidatos a via de sinalizacdo envolvente na proteina em questdo. Efeitos da falta ou
sobreexpressdo da proteina em modelo animal foram igualmente estudados e comparados aos

obtidos pela cultura de células.

Outros membros da familia da proteina p57, denominada de Cip/Kip, foram igualmente
testados de forma a identificar possiveis resultados que indicassem uma capacidade de atuacdo
idéntica a mesma. Por Gltimo, foi colocada a hip6tese de a proteina em questéo ter a capacidade de
atuar de igual forma num tecido ectdpico, ou seja, onde esta ndo esta presente em condicdes

normais.

Os resultados demonstraram que a proteina p57 tem de facto a capacidade de colocar as
células estaminais num estado de quiescéncia, tanto a curto prazo, 7 dias, ou a longo prazo, 3 meses,
em cultura de células assim como nos modelos animais utilizados. Foi também observada na
proteina uma capacidade de influenciar as células fazendo com estas alterem os seus requerimentos
em relacdo aos fatores de crescimento necessarios a manutencéo do estado estaminal das células

do nicho.
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Tendo em conta os candidatos a via de sinalizagdo envolvendo o p57, o recetor IGF1 foi
selecionado. Foram administrados aos organoides o ligando e o inibidor deste recetor. No caso do
ligando ndo foi observado qualquer efeito com as condicdes utilizadas, no entanto, o inibidor
apresentou um efeito de paragem da proliferacdo mais imediato quando administrado a organoides

que sobreexpressavam a proteina p57.

Outras proteinas da familia Cip/Kip apresentaram alguma capacidade de manter 0s
organoides num estado de quiescéncia, mas os resultados dos testes efetuados ndo foram
inteiramente conclusivos. Mais estudos terdo de ser feitos tendo em consideracao o ajuste das doses
ou a escolha de diferentes clones e condicGes para a realizagdo dos mesmaos.

Finalmente, a proteina em questdo quando inserida em células de intestino delgado
demonstrou capacidade de colocar as mesmas em quiescéncia a curto termo, ou seja, com 7 dias
de inducédo. No entanto, os organoides apresentaram um silenciamento no promotor CMV onde se
encontrava a proteina, 0 que causou uma paragem de expressao da mesma e como consequéncia
iniciou-se a proliferacdo das células e assim crescimento dos organoides, ndo sendo por isso

possivel terminar com sucesso o teste a longo termo, ficando este teste sem resultados conclusivos.

De forma a contornar este silenciamento, um novo vetor foi proposto e desenvolvido,
contendo uma resisténcia adicional a blasticidina numa tentativa de levar a que apenas 0s

organoides que expressam o promotor sobrevivam em cultura.

Estudos considerando os efeitos desta proteina a longo termo em células do intestino delgado,
tanto em cultura celular como em modelos animais, assim como possiveis efeitos do inibidor do
recetor IGF1 em organoides de estdmago nédo alterados deverdo ser levados a cabo no futuro. Seria
também de grande interesse estudar os efeitos da proteina p57 em organoides derivados de
pacientes com cancro do estdbmago, e se alteracdes na concentracao desta proteina poderdo conferir

algum tipo de resisténcia a drogas administradas regularmente neste tipo de paciente oncolégico.

Palavras chave: Cancro gastrico; Ulceras; p57; Quiescencia; Células estaminais
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1 Introduction

1 Introduction

1.1 Stomach cancer

Stomach or gastric cancer is the second leading cause of cancer-related deaths, the fifth
most common malignancy in the world and the seventh most prevalent, with over one million cases
being diagnosed each year.3>:% This type of cancer shows a higher incidence in men (1.87%) than
in women (0,79%). Gastric cancer has an incidence rate that is highly variable by region and
culture, being higher in Eastern and Central Asia and Latin America and lower in North and East
Africa.® (Figure 1)
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Figure 1 — World rate for stomach cancer in 2018. Map figure that shows the estimated world incidence rates
for stomach cancer in 2018 for both sexes and all ages with a blue gradient. Light blue represents lower incidence
and dark blue represents higher incidence rates. Adapted from Rawla, Prashanth et al., (2019).

Gastric cancer can be divided into different subtypes where 90% of them are
adenocarcinomas. There are different classification systems. They can be either based on the WHO
where the types are divided into 4 major categories, such as papillary adenocarcinoma, tubular
adenocarcinoma and mucinous adenocarcinoma; the Lauren’s criteria, which is the most widely

used, and divides them into 3 main subtypes, intestinal, diffuse and mixed type®®; or the Cancer



Genome Atlas (TCGA) that divided gastric adenocarcinoma into four molecular subgroups, EBV
positive, MSI high, GS and CIN, based on either specific mutations or virus-related
classifications.3®

The risk factors of gastric cancer are often genetic. Certain inherited mutations cause a
predisposition for the disease, such as the GSTM1-null phenotype, CDH1 gene or HER2 mutations.
Helicobacter pylori, which is considered one of the main risk factors which may lead to two other
complications that can also contribute to the disease, such as gastroesophageal reflux disease and
gastric ulcers. Then there is also risk associated with smoking habits, alcoholism, chemical

exposures, Epstein-Barr virus (EBV) and diet.*’

In any case, the prognosis of gastric cancer continues to be poor. Most of the times, the lack
of early diagnose possibilities leads to three out of four patients presenting non-curable advanced
disease. Surgery is the main strategy held for this type of cancer, especially in Asian countries, but
neoadjuvant and adjuvant chemotherapy have led to improved survival rates. Still, more efforts are
needed to further succeed. 2536 Studies in new pathways and proteins involved mainly in the
specific epithelia and tissue of interest with new technologies might help with discovery of novel

targets or therapies to help these patients.

1.1.1 Gastric ulcers

Ulcers are sores in the stomach lining that cause pain and discomfort. These appear due to
depletion of mucous secreting cells of the tissue and consequently lack of protection against the
strong acids present in the stomach. &7

Stomach ulcers have a wide and variable range of incidence and prevalence worldwide with
a high influence on wellbeing, a considerable mortality rate and are one of the risks associated with
gastric cancer, as stated above. The understanding of this disease changed immensely with the
finding of the infamous and already above-mentioned Helicobacter pylori. As said before, this
disease can take away quality of life from the carrier and can be extremely painful and can later
lead to chronic inflammation which might lead to further complications. Even though there have
been considerable advances, ulcers remain an important problem especially because the usage of

drugs that can eradicate the Helicobacter pylori have been associated with adverse gastrointestinal
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events. Considering this and other possible pathologies associated with the stomach, understanding
how the stomach responds to injury can give more insights to the tissue behaviour and help develop

better treatments to these diseases that affect so many people all over the world.3®

To find treatments and have earlier diagnosis of these pathologies it is important to

understand how the tissue works in homeostatic conditions.

1.2 Homeostasis

Homeostasis is a state of balance / equilibrium. We can extract the meaning from the word
itself, deriving from ancient Greek, parting “hdmoios” meaning similar or same and “statis”
meaning standing or state.

In biology, living organisms maintain this balance in a physical and chemical way.! This
implies the existence of mechanisms tasked with maintaining the overall conditions when the
normal state of the organism is disrupted.? When these fail, it can lead to chronic injuries or
diseases, such as cancer.?

In the case of the stomach epithelium, homeostasis is maintained with an overall balance
between senescence or shedding of old cells with rapid differentiation of new cells coming from
the isthmus region towards the upper and middle part of the gland and a slow dividing population

of stem cells that works as a reserved pool.5¢



1.3 Stomach

1.3.1 Structure

The human stomach epithelium can be mainly divided into three parts: the fundus or cardiac
region, the corpus and the pyloric (antrum) region; While the human fundus region presents no
edge limitation, in mice the stomach is divided into non-glandular or fore-stomach region and

glandular stomach, where the two parts are separated by a limiting edge, and an antrum region.*

]Humani

(Figure 2)

Figure 2 — Mouse and human stomach. Schematic figure of
mouse (right side) and human (left side) stomach regions. The
black lines are only representative of the different regions.

The human stomach is fully covered in a glandular structure that secretes the gastric acids
needed for digestion. On the other hand, the mouse stomach has both glandular and non-glandular
regions that each contribute to different functions; the glandular area of the stomach is responsible
for secreting the gastric acid and the non-glandular area serves a temporary site function, providing

a place for food storage and digestion.*
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1.3.1.1 Epithelium / glands

As mentioned before, the stomach contains glandular structures that are formed from
invaginations from the inner epithelium. (Figure 3) These structures are designated as gastric units
or gastric glands. The glands protrude towards the stomach mucosa and are formed by cells of
different types. Certain regions, like the corpus region, may even be characterized or subdivided
by looking at the present cell types.®
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secrete chemical
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CURVATURE

Pyloric

sphincter
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Figure 3 — Stomach glandular structure. Schematic figure of the stomach epithelium regions, glandular structure,
cells composing the gastric units and their respective secretory functions. Adapted from
https://www.coursehero.com/sg/anatomy-and-physiology/stomach/
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The types of cells that comprise the stomach glands are stem cells, such as Chief (Troy")
and isthmus stem cells. The Chief cells are located at the base, are usually slow dividing cells and
are also capable of producing digestive enzymes, on the other hand, isthmus stem cells can be
found at the isthmus region of the gland and are usually rapidly dividing cells with the ability of
constantly repopulate the tissue, as stated before. Endocrine cells, which are hormonal based, have
the ability to send distal signals and help coordinate hunger/satiety as well as Calcium homeostasis;
these appear low in number. Mucous (neck) cells, parietal cells, which are acid producing cells,
appear scattered throughout the tissue. Both Parietal cells and Chief cells are long-lived and have

an estimate turnover rate of months; %8(Figure 4)
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Figure 4 — Gastric corpus gland composition. Schematic figure
of gastric corpus gland regions, cell types and their genetic
markers. Adapted from Han et al., (2019).
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Different cells will be present in different ratios throughout the various regions or even

absent from it. For example, the antrum regions contain glands composed mainly by pit and mucus

neck cells while glands in the corpus regions have a wider variety of cells and more stratified

regions3%4, (Figure 5)
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Figure 5 — Antral vs gastric corpus glands. Schematic figure representing the anatomy of antrum and corpus glands
as well as different cell types and cell regions of human and mouse stomach. Adapted from Burkitt, Michael D., et al.

(2017).



1.4 Stem cells

Stem cells are defined as self-renewing, which means that they can use cell division to
produce copies of themselves and are also able to go through differentiation in order to evolve into
a more mature or specialized cell.2 They can be found in both adult and embryonic organisms or
even induced from mature cells like fibroblasts.'®

The adult stem cells are present in niches within certain tissues. These tissues are known to
have a stem cell pool reserved for regeneration upon injury and, more importantly for the normal
homeostatic turnover as maintenance for the tissue.’® Stomach, small intestine, skin and prostate
are examples of such tissues with well-known stem cell pools.?’® Some stem cell pools are still

unknown or poorly understood like those found on the brain or heart.

Every type of stem cell has a determined level of potency.'®'* They can be totipotent,
pluripotent, multipotent or unipotent. Totipotent cells have the capacity to generate any cell type
that constitutes an organism including extraembryonic tissues. The pluripotent cells can give rise
to differentiated cell types that represent all three germ layers such as embryonic stem cells, but
these exclude any extraembryonic tissues.'® Multipotent stem cells are able to make progenitor and
more specialized and mature cell types. Finally, unipotent cells are progenitors that can only
differentiate to one and only one cell type. Adult stem cells can be found among the multipotency

range. 11
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Stem cells are also known to have a specific epigenetic landscape. Most stem cells display a
broader existence of euchromatin, which means that their genome is usually more hypomethylated

and the DNA structure more open for expression.® That open expression tends to decrease with the
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Figure 6 - The different levels of stem cell potency. Schematic representation of the different levels of stem cell’s
potency, as well as pluripotency and lineage specific gene expressions and epigenetics. Adapted from Berdasco, Maria.
etal., (2011).

maturation process. The more differentiated the stem cell is the more methylation is present and
less open chromatin is available.*? (Figure 6)

As held, not only these cells have a specific epigenome but consequently, a specific set of
genes being expressed that characterize them into the several categories and define their level of
‘stemness’. Yamanaka, in 2006, tested several genes to assess which ones were crucial to set cells
back to pluripotency. The genes discovered and validated were Oct3/4, Sox2, c-Myc and KIf4.
Two of these transcription factors, Oct3/4 and Sox2 with the addition of Nanog were already known
to function in the maintenance of pluripotency in both early embryos and ES cells. But for the
induction of pluripotency, surprisingly, Nanog was dispensable. 1>

With this line of thought, induced pluripotent stem cells are then cells originated simply from
differentiated somatic cells that have been reprogrammed in vivo to restart expression of certain
distinct genes that can make a cell enter an undifferentiated state that will allow them to give rise

to certain cell types once more. 1°



These cells are thought to help in regenerative medicine and are being used for translational
medicine. Nonetheless, they still need a great deal of research to be safely used in regenerative
medicines with human beings, since implantation of these cells often lead to teratomas and other
types of tumours or cancers.”®

However, these have the possibility to be used for translational medicine. They can be
manipulated into having certain phenotypes, or even derived from a specific patient in order to
conduct personalized drug testing in vitro. This could in turn have a seriously significant impact in

the medical field.16

If the tissue of interest already has a known pool of stem cells then, depending on the

availability of the pool, adult stem cells can be used for these translational studies.”?

As previously stated, there are two populations of adult stem cells present in each of the
stomach glands. One in the isthmus region, which keeps a proliferative state in homeostasis and
the second at the base of the gland usually with a non-proliferative state and that can become active
upon injury. Having a second population of stem cells in the same gland is a unique feature of the

stomach.’

10
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1.4.1 Organoids

Organoids are one of the recently developed tools that would allow the usage of stem cells
in translational medicine.

Organoids are cells self-assembled into a three-dimensional shape that functions as a mirror
of the derived tissue in terms of function and architecture. These are still seen as one of the most
noteworthy advances in stem cell research.’

Having such a model aims to address some of the drawbacks of using either animal models
or 2D cell cultures. Even though animal models make use of a fully working organism with many
compatible components for studies, ultimately, they still derive from a different origin and also
involve high costs, laborious and time-consuming work and raise big ethical concerns. 2D cell
cultures are well studied and broadly used but lack the cell complexity of an organism and are also

time-consuming, hard to maintain and need to be kept in stable conditions.??

Organoids provide us with organized cell structures that maintain a certain degree of tissue
complexity and interaction. Some cultures even have multiple types of cell lineages and, more

importantly, some types can be derived from human tissues. 4°

Organoids can be grown from induced pluripotent stem cells (iPSCs), human embryonic stem
cells (hESCs) or adult stem cells and form an extensive panel of organs including gut, kidney,
pancreas, liver, brain, and retina, among others, some being exclusively formed from each specific
type of stem cell. 4

Cerebral organoids for example, cannot be formed by adult stem cells since no particular
pool is known at this stage. These are usually assembled from iPSCs, most commonly

fibroblasts.15:74
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Gut and stomach on the other hand, the models used in this study, have a characterized pool
of adult stem cells that can be reached and easily used to generate the so-called mini guts or
stomachs. Most of the cerebral studies using organoids are being carried out to understand brain
development and diseases such as Alzheimer’s and schizophrenia*® whilst the mini-gut and
stomach are mostly being used for drug tests concerning cystic fibrosis or even cancer.*? These
mini models can be even infected with pathogens to study their influence or damage on the host
tissues* (Figure 8) or even co-culture with several other cell types in other to have a more close

to in vivo approach.*° (Figure 7)

Media Overlay

Lymphocytes

Infiltrating
Lymphocytes

Figure 7 - Organoids co-culture. Schematic figure of an organoid co-culture
containing lymphocytes, CAFs and tumour organoids. Adapted from Tsai. et al.,
(2018)

Nonetheless, these mini organs are still not fully approved and carry with them a series of
ethical issues. Stem cells in general raise a lot of debate regarding the destruction of embryos, but
since, in this case the usage of adult stem cells or iPSCs doesn’t involve the embryo phase, other
matters like consent, ownership, commercialization, intellectual property rights, and safety have

caused controversial discussions.’
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1 Introduction

Microinjection

Infected / Disrupted
organoid

Figure 8 - Pathogens infection on organoids. Schematic figure of an organoid microinjection
with pathogens. Adapted from https://horizon.kias.re.kr/14275/

Even considering the aforementioned ethical concerns, organoids are one of the most

favorable in vitro models to conduct certain studies and are gain more potential with each new

development.’?
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1.4.1.1 Organoids for oncology

Many methods have been used throughout the years to help with studies regarding cancer.
Nevertheless, most of them still show a fair number of limitations. Xenografts are tissues, organs
or living cells from species that are transplanted into a different species. In the field,
immunodeficient mice are commonly used. This method is one of the most well regarded, since
the tumour cells maintain more characteristics of the original site. Still, this method can experience
inefficiency of the engraftments and likely changes of the cells or tissue due to the fact that the
mouse system can respond to them differently or just by simple manipulation of the cells. Adding
to that, as mentioned before, mouse models are costly and require a cumbersome amount of work. 18

Primary patient-derived 2D cancer cell lines, for example, are widely used but these cells
are hard to establish and lose many of the tumour heterogeneity features and microenvironment
dynamics.*®

Patient-derived cancer organoids have the ability to mimic the histology, intratumor
heterogeneity and some of the cell interactions. These organoids have also been shown to remain
genetically stable over time having no major chromosomal changes. Tumour derived organoids
have already been established from colon, oesophagus, pancreas, stomach, liver, endometrium,
prostate, breast, bladder?® and, most recently, from ovarian cancer patients.?! These advantages are
starting to make organoids stand out as one of the most desirable models to work with for drug

testing as stated above, or to study pathways involved in tumorigenic processes.’?
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1 Introduction

1.4.1.2 Genetic engineering in organoids

As previously mentioned, organoids have been vastly used for disease modelling and therapy
development. For this, techniques to generate, repair or introduce specific genetic mutations or

sequences were needed.

Some of the now extensively used systems ranges from interference RNA (RNAI) to
transposons and CRISPR/Cas9 systems. RNAi’s don’t make any changes onto the genome of the
cells; these only use the cell’s machinery. On the other hand, transposons like the PiggyBac and
Sleeping Beauty system, can introduce the gene of interest randomly into the cell’s genome for a
long-term expression or can inactivate by chance an active gene and influence the cell machinery.
Both systems cut the genetic sequence flanked by a specific terminal inverted repeat from one locus

and place it into an alternative one.*

The well-known CRISPR system, first discovered in bacteria, was further built to work with
an attached Cas9 endonuclease that binds to a specific 3 nucleotide sequence named PAM and a
single-guide RNA (sgRNA or gRNA) that binds to a complementary sequence of DNA to guide
the enzyme to the gene of interest and create a double stranded cut. This cut then leads to the
activation of repair mechanisms: Non-homologous end joining (NHEJ) or homologous-direct
repair (HDR). The activation of these mechanisms enables scientists to either insert a wanted
sequence by HDR or to cause a gene to lose its function by NHEJ, since this leads to indel

formation.?? (Figure 9)
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Figure 9 - Repair mechanisms from double stranded DNA break. Schematic figure of the CRISPR-Cas9
mechanism and the two possible pathways for double stranded DNA repair. HDR on the right side of the image and
NHEJ on the left side of the image. NHEJ gives rise to indel formation and HDR generating a precise edit in the
presence of a template with homology harms. Adapted from https://www.addgene.org/crispr/history/

These mechanisms allow scientists to employ the organoid technology in order to achieve

better and more accurate results when studying genetically complex diseases.?
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1 Introduction

1.4.2 WNT Pathway

Cells in general are controlled by several pathways that lead them into different fates. These
pathways start with chemical or physical signals that are then transduced into a response that will
trigger a specific outcome. These signals pass from a cascade of molecular events mostly related

to post-translational modifications, such as protein phosphorylation.

One of these pathways, the Wnt pathway has been widely studied and related to the stem cell
field. Wnt signals can be transduced through their canonical pathway for cell fate determination
and differentiation or through the noncanonical pathway for control of cell movement, axonal

guidance and tissue polarity.30:3!

Canonical WNT signaling Noncanonical WNT signaling
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Figure 10 - Wnt signaling pathway. Schematic figure of the canonical(left), and hon-canonical, (right), Wnt signalling
cascades. Adapted from Katoh, et al., (2007)

In the canonical pathway, signals are transduced through Frizzled (FZD) and LRP5/LRP6
receptors for the B-catenin signalling cascade. In the absence of canonical Wnt signalling, the -

catenin, complexed with APC and AXIN, is phosphorylated leading to its degradation.°
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Whnt canonical signaling plays a role in both embryonic development and adult homeostasis
for maintenance of the stem cell pools. (Figure 10) In embryonic stem cells, overexpression of
Whnt, stabilized B-catenin or lack of the APC complex results in the inhibition of neural
differentiation. In the same manner, treatment of stem cells with a synthetic drug that activates the

canonical Wnt pathway sustained pluripotency and self-renewal .3

This activity is also controlled negatively at several stages by other molecules, like Notch,
transforming growth factor 3 (TGF-f) — BMP, fibroblast growth factors (FGF) and sonic hedgehog
(Shh).%® These can block the Wnt signal or antagonize it and lead to a different or opposite cell fate

or behaviour.344 (Figure 11)
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Figure 11 - Differentiation vs stemness signals. Schematic figure of the different factor and their gradients throughout
the small intestinal villus and crypts. Adapted from Spit, et al., (2018)

In the case of small intestine and gastric epithelium, Wnt displays a short-range signalling

and gradient throughout the glands®? which maintains the stem cell pool and overall homeostasis
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1 Introduction

of the cell population of the tissue. An imbalance in the signalling pathway may have severe
implications such as developmental abnormalities and cancer.

These pathways can then be used as the required niche factors to grow and maintain stem
cells in vitro and to select resistant cells that survive and are able to sustain themselves without

their niche factors just like some types of cancer cells. 3

1.5 Cell cycle

Eukaryotic cells are governed by a cycle that is divided by 2 main stages, interphase and
mitosis (cell division). Each of them can be further divided into several phases. The Interphase is
the longest one and comprises Gy, S and G2 phases, while in mitosis, there is prophase, metaphase,
anaphase, telophase and cytokinesis. Cells can even exit this cell cycle and enter a resting phase
called Go. (Figure 12) All these phases are organized and regulated by the interaction and

cooperation of certain proteins and enzymes. 2
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Figure 12 - Cell cycle. Schematic figure representing cell cycle major stages: interphase and mitosis, together with the
different phases within them, such as G1, S, G2, Goduring interphase and prophase, metaphase, anaphase and telophase
during mitosis. Adapted from https://bjmbiology.weebly.com/
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There is a step during the G1 phase during which the cell can turn to pause, exit or persist on
the cell cycle depending on extrinsic factors. This step is denominated checkpoint. There are other
checkpoints throughout the cell cycle, these being located in G1, S and M, and they are crucial for
a good functioning of the cell and overall organism. Passing the G1 checkpoint and onto the S
phase, the DNA gets replicated and the cell grows. In the G2 phase the cell prepares for mitosis.
Within the M phase which stands for Mitosis, there are five main stages of chromosomal
condensation and cell separation, Prophase, Metaphase, Anaphase, Telophase and lastly
Cytokinesis.? In prophase the chromosomes start to condense and get spindles attached to them.
Metaphase gets the chromosomes aligned and these then divide equally having their sister
chromatids being pulled into opposite directions during Anaphase. In Telophase the nuclear
membrane reshapes and reforms around each set of sister chromatids, these loosen the condensation
and the spindle fibers disappear. Cytokinesis is the last one and here the cytoplasm divides and 2

identical cells are formed with identical genetic information.” (Figure 13)
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Figure 13 — Mitosis. Schematic drawing representing all the different stages
comprising mitosis, prophase, prometaphase, metaphase, anaphase, telophase
and cytokinesis (cell division). Adapted from https://biologywise.com/plant-
mitosis-vs-animal-mitosis
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1 Introduction

This is the basic cycle of life and it has an intrinsic and important mechanism of regulation

underlying it.”®

1.6 P57, Cip/Kip family and cyclins.

As previously stated, the cell cycle is well regulated. Thus, each event is controlled through
signalling transduction pathways as well as feedback loops to assure the correct sequence of them.
Specific pathways connect the machinery. Mitogenic signals bind to the receptors and release a
cascade of events that leads to expression of enzymes, more specifically kinases that also contain
a regulatory subunit of which they are depend for function and regulation named cyclins. Such
enzymes are so called cyclin dependent kinases, usually and more commonly referred as CDKs.2¢
Having stated this, progression of the cell cycle through the different stages and phases previously
stated, is regulated by these CDKs. An analogy that describes this cooperation between cyclins and
CDKs is that CDKs are seen as the engine that leads to cell cycle progression and cyclins are

considered as the gears that are changed to assist the transition between cycle phases.?’

These cyclins and CDKs build pairs. CDK 4/6 go together with cyclins D; CDK 2 goes with
cyclin E and A and CDK 1 associates with cyclins A and B. Cyclins get their designation from
their cyclical nature as their concentration varies in a cyclical pattern during the cell cycle.?® For
progression through G1 phase, cyclin D together with CDK4/6 is required. For a Gy to S transition,
cyclin E goes into place along with CDK2 and activates the replication machinery. Then, cyclins
A and B associated with CDK1 work for the transition through G2 and M phases.?® (Figure 14)
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Figure 14 — Cyclins, CDKs, CKls and cell cycle. Schematic figure representing each cyclin and CDK pair at each time
point of the cell cycle and some of their inhibitor proteins. Adapted from Bai, et.al., (2017)

In the same manner that these proteins and enzymes help the cell cycle to take place and
progress, other proteins also help this regulation in a negative way. CDKs can be inhibited by so
called CDK inhibitors (CKIls). These belong to two different known families, Ink4 or Cip/Kip.
Among the Ink4 families are the p16'k42 p15"Mk4e p18Mk4c and p19"*4d. These specifically inhibit
CDKs 4 or 6 whereas the Cip/Kip family proteins, such as p21°*%, p27KPland p57KiP2, mostly
inhibit CDKs 2 and 4 (sometimes 1). The Gy phase is also the phase, in which cells can exit the cell
cycle and enter the previously mentioned Go phase. As these Cip/Kip family proteins can interfere
with and block the progression in the G phase, they can also have an influence on sending the cells
into this Go phase. p21°"!, p27KPland p57X*2 have been implicated before in directing cells into
GO where they constitute a population of stem-cell-like cells in a quiescent state. p57<"? has been
found to be the main influencer, having a dominant role among their family pears into these

subjects.?®
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1 Introduction

1.7 Quiescence

Quiescence, by definition, is a state of quietness or inactivity. Concerning cells, the definition
translates to a state of the cell where the same is not dividing. In a cellular prism, quiescence does
not always translate or refer to inactivity. Some cells may be simply being put on hold on to sustain
a maintenance pool for a specific tissue, yet they reversibly enter and exit the cell cycle depending
on the environmental stimuli During their quiescence phase they enter Go. Some stem cells can
also avoid this phase depending on tissue requirements. Examples of these are the small intestinal
stem cells, which demand a continuously cycling population to keep a steady supply of newly
generated cells, either stem like or more differentiated ones to maintain a well-balanced tissue.

These stem-like cells serve as progenitors for repair and replacement in case of injury that
may lead to damage of the tissue itself. Adult multipotent or unipotent progenitor stem cells with
a slower turnover rate may usually experience vast periods of time in the quiescent state throughout
the organism’s life.%

Other cells in the adult body can also be found in a Go phase, such as terminally differentiated
or senescent cells, but these ones are irreversible in this state.

This paused, out of the cycle state is of major importance for an overall balance of the
organism itself. Certain reserved pools of stem cells are dependent of an appropriate balance to
maintain itself, a simple mis- regulation or an imbalance of signals can critically damage the pool
and extinguish the reserved cells leaving the organism unfit for repair or regulation. So, it is of
great importance to have and preserve these pools of quiescent cells to maintain a healthy organism

during its life span.®
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Quiescent stem cells populations have a common set of characteristics: They all present a
metabolism different from cells in the active state, where they opt for glycolysis and fatty acids
instead of the phosphorylation pathway. This leads to a consequent reduction in the synthesis of

proteins and reduced mRNA levels.?
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Figure 15 — Differences between activated and quiescent stem
cells. Schematic figure comparing intrinsic and morphological
stem cell characteristics between active (purple) and quiescent
(pink) state. Adapted from Van Velthoven, et al., (2019)

As stated before, these cells are usually on hold and depend on stimuli to either enter a
quiescent state or leave from it to iniciate proliferation. These cells might require a rapid response
to overcome damage in tissues and for that matter they are primed and ready for a quick reentry in
the cycle when needed. This can be acomplished by epigenetics or a production of transcripts
without the consequent protein production.? (Figure 15)

Cells in a quiescent state reveal an individual profile regarding epigenetics. Several adult
stem cells present both repressive and permissive histone metilation marks for promotors which
indicates high plascticity in the cells. In the same manner, a range of these quiescent stem cells
showed presence of severeal lineage restricted transcripts without any of the protein itself. A great
number of post-translational mechanisms have been identified to have a role in maintanence and
exit of this quiescent state, such as miRNA regulation for mRNA stability and translational
repression. The regulation by these miRNAs is of great importance, since overexpression or

knockdown of the same ones has been implicated in quiescence and increase of cell proliferation.?
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This description of quiescence in general might lead to the idea that this concept exists as a
binary state. But that is not the case, cells may exhibit several levels of it, from a deep quiescent
state to light and shallow. Even though there might but several levels on the state, two are in
particular distinction, the already mentioned canonical Go and a primed Gaier State. Certain cells
need to be ready for a more eminent response to tissue damage and those are the ones that can
usually be found in a Gaer State. These cells are reported to be sometimes bigger in size,
transcriptional activity, mitochondrial activity and increased levels of ATP compared to those in a
Go state. It must be kept in mind that these still show decreased levels of these activities compared

to a fully active proliferating cell.?3

The difference in cell states have also been compared with levels of certain proteins that

provide an easier way out of the quiescent state, like the cell cycle’s CDK®6.22 (Figure 16)
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Figure 16 — Different quiescent depts. Schematic figure representing the
different quiescent depts and comparison with protein and pathway
activities. Adapted from Van Velthoven, et al., (2019)
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Short-term stem cells have presented more abundance in CDK6 compared to their long-term
counterparts. The abundance of this specific CDK allows the cells to move more quickly into the
G1 phase of the cell cycle. This however does not comply with a Gaie. CDKG6 high or low levels
have been reported with similar levels of mTORC activity, which means that these cannot be
directly related.> Therefore, numerous quiescence level states are possible, and this concept cannot
be treated with binary depth. Further studies might come to unveil these not yet understood

processes that bridge between the several existing levels of complexity.?
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1.8 Hypothesis/ Study objective

With the above statements, gastric pathologies are a major issue to the general population.
To study and understand the homeostatic behaviour and signalling within the gastric tissue can

bring important knowledge to overcome many of these roadblocks in treatments and diagnosis.

Here the new organoid technology was used to study previous data that demonstrated that
upon injury stem cells, would change their behaviour and get activated to replenish the damaged
tissue. It was proposed that these stem cells were under the control of a reversible switch that would
make them change their performance according to certain stimuli. Based on extensive injury-
response data CKI p57%iP? was identified as the most promising candidate to constitute such a

switch

To characterise the candidate protein, electroporations were carried out to generate
overexpressing organoids. We then investigated the long- and short-term effects of the protein in
the stomach cells. After having confirmation of the candidate’s performance as a switch for
quiescence in the stomach epithelium we set out to investigate the possible effects in an ectopic
manner with the use of small intestinal organoids. Gastric organoids with p57XP? overexpression
were set in different growth factor conditions to investigate possible niche requirements alterations
or pathway regulations. From previous RNA sequencing data, a p57 pathway candidate was
selected and its ligand and inhibitor treated to p57 OE organoids to assess its effects. Other Cip/Kip
family members were also studied and compared to the p57 in vitro data. In vivo overexpression
(OE) and conditional knock-out (cKO) mice already generated were used to investigate phenotype

alterations and compare to the in vitro data.

Lastly one new construct was generated to overcome some of the problems found during the

experiments in vitro.
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2 Materials and methods

2.1 Ethical / animal facility statement

All animal experiments were approved by the Austrian Animal Care and Use Committee.

The in-house animal facility provided husbandry for the animals and services of all the
different research groups within the institute. Also, it recognizes and takes responsibility regarding
the care and use of animals, taking into account the highest ethical standards. Finally, the facility
is also in compliance with the Austrian laboratory animal act 2012 as well as all possible relevant
regulations and rules regarding laboratory animal husbandries. All the necessary certified exams
and training, such as the laboratory animal science training certification by TransMIT GmbH, were

taken before handling any animal.

2.2 Organoid technology establishment

As mentioned before, organoids are a novel technology that allows the study of cell
interaction and signalling more accurately. For that reason, to study the effects of our candidate
protein p57 in both gastric and small intestinal stem cells, we established both of these types of

organoids in the lab and used them throughout the experiments.

2.2.1 Stomach corpus organoids

Our stem cells of interest are located, in abundance, in the corpus region of the stomach. Here
we used mouse corpus glands to generate the organoids.

The organoids were then established from adult 9 to 12 weeks WT Black 6 (C57BL/6J)
female mice from the mouse facilities of IMBA — Austria academy of science. The mouse was
sacrificed with CO>, the stomach was harvested, cut along the greater curvature and washed in cold
1x PBS on a petri dish.

The corpus part was then dissected and cut into small pieces with the help of a scalpel and

scissors. The little pieces were placed on a 15 mL Falcon tube containing 10 mL of cell dissociation

28



2 Materials and methods

mix (Stemcell Technologies SARL / 7174) and incubated for about 25 minutes (min) at room
temperature (RT) on a roller.

After incubation, the tube was shaken vigorously and spun down at 300g for 5 (min). The
pellet was removed from the tube with the help of a p1000 pipette and placed on a small (3 cm)
petri dish under a bright field microscope to check the density of isolated glands (crypts). A cover
slip was then placed above the pieces of tissue and squeezed to further separate the glands from the
tissue. The content was collected using 1x PBS (5+5 mL) and passed through a 100um filter.

The flow through was further spun down at 300g for 5 min and the supernatant discarded.
The pellet was resuspended using 1mL of 1x PBS. 50uL were taken from the suspension and the
number of glands was estimated. 50 to 100 glands were transferred to a 1.5mL Eppendorf (Epi)
tube and spun down at 500¢g for 5 min.

The pellet was resuspended in 20pL of Matrigel and seeded in a previously warmed 48 well
plate. The plate was incubated at 37°C for about 5 to 10 min. 250uL of gastric culture media were
finally added to each seeded well. The media had ROCK (Rho-associated, coiled containing protein

kinase) inhibitor for the first week to help the establishment of the organoids.
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2.2.2 Small Intestine organoids

For the small intestinal organoids, the stem cells can only be found at the bottom of the crypts.
Mouse small intestine was used and the crypts isolated.%°

For that, organoids were established from adult (see the aforementioned ones) female mice.
The intestine was harvested and placed onto a 10cm dish with pre-chilled PBS, remaining fat was
removed from the intestine and the insides flushed by using a 10mL syringe. The intestine was then
cut longitudinally and spread using tweezers.

The villi were scraped from the tissue with the help of a coverslip, until the intestine became
lighter, leaving only the crypts behind. The tissue was then cut into 2-4mm pieces and transferred
onto a 50mL tube containing pre-chilled PBS. The remaining villi were washed off by shaking
vigorously. The pieces were, after well washed, transferred to another 50mL tube with pre-chilled
PBS and the previous PBS tube was trashed. This process was repeated 6 times until the supernatant
became almost clear. The pieces were then placed onto a 15mL Falcon with 25mL of dissociation
reagent (STEM CELL) and incubated for 15 min at RT on a rocking tube platform. After this step
the tube was shaken vigorously and 50-100uL were placed onto a small petri dish and looked at
under the microscope to check if there were more crypts or villi into the suspension. If there were
a lot of crypts, the protocol was proceeded, if there were many villi then a few more washed would
be carried out. The solution was continued to be passed through a 100um filter followed by a 70um
filter with a continuous flow. The suspension was spun down at 1200 rpm for 3 min, the supernatant
discarded, and the pellet resuspended in 1 or 2mL of PBS. The number of crypts in a 50uL drop
was estimated so that 50 to 100 crypts could be diluted in of Matrigel 20pL. The right amount of
suspension was then transferred to a 1.5mL Eppi and spun down at 500g for 5 min. The supernatant
was discarded and 20uL of Matrigel was added to resuspend the pellet, seeded to a pre-warmed 24
well plate and incubated at 37°C for about 5 to 10 min. 250uL of gastric culture media were finally
added to each seeded well. The media had ROCK inhibitor (Selleckchem / S1049) for the first
week to help the establishment of the organoids.
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2 Materials and methods

2.3 Organoid culture media

To be able to maintain the organoids in culture healthy, preserve their stemness and
proliferative potential, stem cells need certain niche factors and pathways activated, such as the
Whnt pathway. Here we made a cocktail of the required factors to sustain the specific gastric and

small intestinal 3D cells cultures above mentioned.

2.3.1 Gastric

Table 1 — Growth factors and respective amounts used for organoid media.

Growth factors Final

concentration/ratio

Advanced DMEM +++ (HEPES, Glutamax, 36%
Penicillin/Streptomycin)
B27 (50x) 2%
N-Acetyl-L-cysteine (Nac) (500mM) 1,25mM
Epidermal Growth Factor (EGF) 50ng/mL
(100pg/mL)
Noggin (100pg/mL) 100ng/mL
Rspondin CM 10%
Human FGF10 (100pg/mL) 100ng/mL
Gastrin (100pg/mL) 10nM
wnt CM 50%
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2.3.2 Intestinal

Table 2 - Growth factors and respective amounts used for organoid media

Growth factors Final

concentration/ratio

Advanced DMEM +++ (HEPES, Glutamax, 36%
Penicillin/Streptomycin)
B27 (50x) 2%
N-Acetyl-L-cysteine (Nac) (500mM) 1,25mM
Epidermal Growth Factor (EGF) 50ng/mL
(100pg/mL)
Noggin (100pg/mL) 100ng/mL
Rspondin CM 10%
Wnt CM 50%
Nicotinamide (1M) 10mM

2.4 Splitting and maintenance of the organoids

Due to the growth and proliferative rate of the organoids, these need to be divided to be able
to keep growing without reaching over-confluency and perish from it.

For that, organoids were split once a week on average, depending on the density or status
and the media changed every two days. The ratio for the splitting of the stomach organoids was
kept to an average of 1:3 and the small intestine 1:5.

To split the organoids, a 1mL tip was used to break the Matrigel domes. The gel was removed
with the help of the media present in the wells and put into a 1.5mL Eppi. The organoids were
dissociated by pipetting 50 to 100 times using a p1000 with a bent tip followed by another 100
times pipetting with a p200. The Epi was then spun down at 900g for 5 min. The supernatant was
removed, and the pellet was resuspended using the required amount of Matrigel for the number of
wells needed. (20uL per well). The Matrigel is then placed to each well and incubated at 37°C for
about 5 to 10 min and 250uL of culture media were added to each seeded well.
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2.5 Plasmids

In order to genetically modify wild-type organoids to be able to study our proteins of interest,
we used plasmids. Plasmids are circular, extrachromosomal, double stranded DNA molecules more
commonly known to come from bacteria. These can be easily modified to harbour DNA that
expresses resistance for selection, promotors that can be read in our organism of interest and the
proteins of relevance for the studies.>®

The plasmids used here, were all previously made and given to us by Seungmin Han who
was a previous member from the Koo lab in Cambridge University. All the plasmids containing
the cDNA’s use for this study were PiggyBacs. As mentioned above, PiggyBacs have a transposon
recognition site element which can then be moved between vector and chromosomal DNA via a
cut and paste like system with a transposase presence.

All the constructs contained IRES which separates the cDNA from the marker or selection
cassette. Some constructs contained hygromycin and others ampicillin resistance genes for
selection from bacterial culture and cell in cell culture, respectively. (Figure 17) A transposase
was also used together with the cDNA containing plasmids. A GFP containing construct was used

as a control to check for the electroporation efficiencies.
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pPB-hCMV1-Cdkn1c-v2-HA_IRESmCherrypA

7478 bp

Figure 17 — The figure shows the Map of the p57 plasmid used for this study. The backbone was the same for p27 and
p21. All plasmids contained a Amp (ampicillin) resistance (AmpR — light blue), replication origin (yellow); a
tetracycline response element (teal), a CMV (cytomegalovirus) promotor (grey arrow), B-globin intron (light purple),
the cDNA of the protein in question (dark navy blue), an IRES (internal ribosome entry site) sequence (dark grey)
together with an mCherry sequence (red) and finally a bGH poly(A) (dark grey) in front of the mCherry.
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2.6 Bacterial transformation

Transformation is a genetic alteration of a given cell by incorporation of an exogenous
material. In this case, the transformation was made into competent bacteria, which means that these
had a cell membrane ready to uptake the given exogenous material.>*

This process was used every time we desired to have an expansion of the DNA constructs.
To do so, the addgene Bacterial Transformation protocol was used as reference (annex 8.1).

Stbl3 competent cells stored in -80°C were thawed on ice for 20 to 30 min and agar plates
containing ampicillin supplied by the institution were removed from 4°C to warm up at RT. 1 to
5uL of DNA (around 100ng) was added into the competent cells on an Eppi and gently mixed by
flicking the bottom of the tube a few times. The Eppi was incubated on ice for 20 to 30 min. A heat
shock was then carried out by placing the tube into a 42°C water bath for 45 seconds and put back
on ice for 10 minutes. 50uL of the content were added to one of the ampicillin-containing plates,
well distributed and the plate was then incubated overnight at 37°C. As a negative control, one
plate was incubated with non-transformed bacteria that are unable to grow on ampicillin-containing

agar plates due to the lack of an antibiotic-resistance cassette.

2.7 Plasmid preparation

After the bacteria expansion, the wanted DNA needed to be extracted and purified, for that a
plasmid preparation method was used. This method consists in three main steps: Growth of the
bacteria, harvest and lysis of the bacteria and finally purification of the plasmid.>? For this study, a
concentration of DNA above 1ug/uL was needed and to do so a midi size prep was chosen.

For the Midiprep, the Quiagen’s® Plasmid Plus Midi Kit was used according to the
manufacturer’s instructions (annex 8.2). This involves three main steps: growth of bacteria, usually
overnight and with an amount of 100mL LB (lysogeny broth) containing the right antibiotic for the
plasmid’s resistance; harvesting of the bacterial and subsequent lysis; extraction of the DNA. The
Midiprep usually gave a DNA concentration of around 1000-3500 ng/uL, measured with nanodrop.

Two or more colonies were always harvested to check for any DNA damage or construct

mis-assembly.
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2.8 DNA ethanol precipitation

This process was used to have a more concentrated and purified DNA after the Midiprep
extraction. For this purpose, the protocol MRC-Holland’s Ethanol precipitation protocol was used
as reference (annex 8.3).

To the final product of the Midiprep, a 1/10 volume of sodium acetate (3M) was added as
well as 3x volume of 100% ethanol, calculated after the addition of the sodium acetate. The Eppi
was then incubated at room temperature for 15 to 20 minutes. After the incubation time, the tube
was centrifuged at 13000g for 30 min at -4°C. The supernatant was removed carefully with a
p1000; 100uL of 70% ethanol was added and another centrifugation was made at -4°C for 15min
with the same g force. The supernatant was again discarded, and the pellet dissolved in 200uL

MilliQ H20. The concentration was measured with nanodrop.

2.9 Sanger sequencing

This method was used to check the existence of mutations on the construct as well as the
correct placement of the cDNA into the vector backbone. The sequencing was performed by IMBA
MBS (Molecular Biology service) facilities and prepared from us before submitting for the
analysis.

For the preparation, the DNA concentration was measured and diluted to be in a range
between 150 to 200 ng/uL. A master mix was made with the DNA and H20 in the amounts
described in table 3 and 6L was pipetted onto each well. The primers listed in table 4 were added
individually to each well with an amount of 1uL and a concentration of 5mM to have a total volume
of 7uL in each well. The sequencing was always done for the DNA of two different colonies to
check for any mutations related to the bacteria (recombination) or intrinsic to the construct. The

pipetting of the content was always done vertically as required from the facility. (Figure 18)
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Figure 18 — 96 well Sequencing plate pipetting order. Red arrows point towards the pipetting order used. (From top
to bottom)

Table 3 - Amounts in uL used per well for the sanger sequencing.

Components Amount pL
DNA 1
MilliQ H20 5
Primer 1

Table 4 - List of primers used with p57, p27 and p21 for the sequencing analysis.

Name Sequence
F1 GCCCACTACGTGAACCATCA
R1 CATTGACAAGCACGCCTCAC
F2 GCTGGCGTGGAAATATTCTT
R2 TTGATTCTCGTCCTGCTCCT
F3 CTGACCTCAGACCCAATTCC
R3 AGACCCCTAGGAATGCTCGT
F4 GTCTTTCCCCTCTCGCCAAA
R4 CCATGTTATCCTCCTCGCCC
F5 GCAGAAGAAGACCATGGGCT
R5 CCGCCTCAGAAGCCATAGAG

37



F6 CAGCTCACTCAAAGGCGGTA

R6 ATCCTGTTACCAGTGGCTGC

F7 CAGTGCTGCAATGATACCGC

R7 TCCTTGAGAGTTTTCGCCCC
M13 F GTAAAACGACGGCCAGT
M13 R CAGGAAACAGCTATGAC

All the sequences were aligned using Benchling software with the templates provided by the

company the vector was previously ordered from.

2.10 Organoid electroporation

Electroporation is a method that uses electricity in order to permeabilize the cell membrane
for introduction of DNA or chemicals into the cell of interest. In this study, this method was used

every time a construct needed to be inserted onto the organoid cells.>

A minimum of 6 densely grown organoid wells was usually used per reaction. 1.25% DMSO
and ROCK inhibitor (Selleckchem / S1049) 10 uM final concentration was added 1 or 2 days before
the electroporation.

The DNA concentration of the constructs and transposase was measured, the absolute amount
per construct used was 10 ug. To that, 100uL of BT Xpress (BT X, Harvard Bioscience / catalogue
number: 45-0805) was added, the content was pipetted 3 to 4 times to mix and was immediately
put on ice. With the help of a pipette, the media was removed and stored into a Falcon, followed
by the pooling of the Matrigel containing the organoids onto a different Falcon. A portion of the
media stored on the Falcon was added to the second containing the organoids to help dissociating
them with bended p1000 tip.

After mechanical dissociation, the organoids were aliquoted into different Eppis for the right
amount of reactions. With the p200, the content of each Eppi was pipetted around 200x to make
sure the organoids are disrupted as much as possible. The tubes were then centrifuged for 5min at

600g. After the centrifugation the supernatant was removed leaving only the cell pellet and 500uL
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of TriplE was added to resuspend the pellet and desegregate the cells from each other. The tubes
were incubated at 37°C for 7-15 min and pipetted every 5 minutes until clusters of 10-15 cells
occurred. 10uLL were put into a small dish to evaluate the clusters under the microscope. When
ready, the Eppis were again centrifuged for 5min at 600g. While the centrifugation was taking
place, a Falcon with the right amount OptiMeM (Gibco™ / 51985-034) with ROCK for the total
amount of reactions was prepared.

The supernatant was removed from the tube and the 100uL of BT Xpress plus the DNA was
added to the tube and mixed well. The content was added to the electroporation cuvette, which was
gently tapped before placing it into the electroporation chamber. Electroporation was performed
according to the following settings (Figure 19).

Pulse Number of .
Voltage Pulselength Decay rate Polarity
interval pulses
Pori
°rNE 175V 50ms  50,0ms 2 10% +
pulse
Transfer
20V 50,0 ms 50,0 ms 5 40% +/-
pulse

Figure 19 - Electroporation settings used for completion of the protocol.

After the pulse, 500uL of the OptiMeM with ROCK was added to the cuvette and with the
kit pipette, the suspension was removed and placed onto a new Eppi and the cells were left to
recover at RT for 30 to 40 min. After waiting, one last centrifugation was made for 5 min at 600g.
The supernatant was removed and 20uL of Matrigel were added to each Eppi to seed the cells.

Finally, the added media contained ROCK and it was kept for at least two weeks.
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2.10.1 Drug selection

Drug selection is a method of positive selection used when the construct being used
expresses a gene for resistance to a specific drug and so only the cells carrying the construct can

express the resistance and survive the treatment.>*

In this case, the organoids containing the construct were resistant to hygromycin. For the
selection, the drug was added to the media one week to two weeks after the cells were recovered
enough from the electroporation and were resistant enough to survive the drug treatment. ROCK
was kept until the end of the selection to help the cells resist the treatment and stay healthy. The
selection was kept until resistant clones were clearly growing out with 100pug/mL of hygromycin.
(invivoGen / ant-hg-1) The wells were only split if they looked healthy and dense. The hygromycin
was always kept for the organoids that contained the rtTA cassette construct to avoid any escapers
from CMV promoter silencing.

A control without hygromycin after splitting was kept.

2.11 Doxycycline treatments with Tet-ON system

Since stem cells are usually proliferative when kept in vitro and to be able to study p57
effects, an inducible Tet-ON system containing the protein was used.

The Tet-ON system consists of a controlled gene expression where the transcription is
turned either on or off on the tetracycline response element containing construct depending on the
presence of a tetracycline antibiotic or their derivates.*’

The constructs carried an inducible rtTA that activates upon doxycycline addition to the media.
(Figure 20) Only when the drug is present does the p57 protein get expressed. This protein is also
accompanied to an mCherry fluorescent protein which enables the visualization of the protein being
expressed. To that matter, any of the in vitro tests with the overexpression of the exogenous proteins
were carried out by the addition of doxycycline (Sigma / D9891) to the media with an initial

concentration of 1ug/mL for the p57 and p21 and 0,1pg/mL for the p27.
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Figure 20 — The figure represents the constructs used with the organoids throughout the experiments. The top construct
contains two ITR (inverted terminal repeat) regions recognizable by the transposase to integrate the cells genome; it
also contains a CMV (cytomegalovirus); an rtTA which is expressed and activated upon doxycycline addition; an IRES
(internal ribosome entry site) and finally a hygromycin resistance gene. The bottom construct also contained two ITR
regions, a TRE (tetracycline response element) sequence that is activated upon active rtTA binding, connected to a
CMV promotor; the p57 gene; an IRES sequence and an mCherry fluorescence sequence to express simultaneously to
the p57 protein. Adapted from Ji-Hyun Lee.

After the selection, in order to assure monoclonality to have consistent results, the organoids
were picked as single units to new wells.

To pick the clone, one single well, after the hygromycin selection, was disrupted and all the
Matrigel together with the media was transferred with the use of a p1000 pipette to a small petri
dish. The petri dish was then place under the microscope to be able to see the organoids. With a
p20 single organoids were picked from the petri dish and placed into a 96 well plate. Around 20
were picked from one well. After picking all the single organoids into individual wells, 10uL of
Matrigel and around 50pL of media were added and the organoids were left in the incubator to
recover.

When the organoids start to show growth, these are pipetted up and down with a p200 in

the well to break them as much as possible and seeded on a 48 well plate in 10uL Matrigel.
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2.13 7 days/ 3 months quiescence induction

For the 7 days and 3 months quiescence experiments of the p57 OE gastric organoids, p57
small intestine or gastric p21 and p27, the organoids were split and doxycycline, in a ratio of was
added to the media on the day of the splitting and counted as day zero of the treatment. Between 3
to 6 replicas were maintained in order to avoid losses, Matrigel breaking and possible organoids
silencing the CMV promotor region on the mCherry and p57 containing construct, here
denominated as escapers.

Two other wells were maintained, splitted on the same day but with no doxycycline treatment
as a control. The media was changed every two days and splitting took place whenever necessary.

The retrieval from the treatment was made by splitting the organoids after the time

established and no doxycycline was added to the media.

2.14 Generation of a new p57 Dox inducible Tet-ON system

2.14.1 Digestion

For the digestion, the DNA concentration from the constructs pUC57-IRES-Bla-P2A-
mCherry (4.5kb) and pPB-hCMV1-p57-IRES-mCherry (7.5kb) was measured and the amount
needed calculated.

To cut the pUC57-IRES-Bla-P2A-mCherry construct and extract the insert fragment
(1.8Kb), and the vector (6.2Kb) from pPB-hCMV1-p57-IRES-mCherry Xbal and Notl-HF
enzymes from NEB were used. After adding all the components mentioned in table 5, to a total of
25L, the digestion mix was placed at 37°C for 4 hours.

After 4 hours of incubation, the mixture was placed at room temperature and 5uL of 6x
loading dye were added to the total 25uL of the reaction and mixed to be loaded into the gel.
Together with the reaction, the same amount of DNA was loaded uncut into the gel as a control.

The reaction and control were loaded into a 1% agarose gel. The gel ran for 30min at 135V.
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Table 5 — Components used for the digestion protocol, respective amounts in pL and brands/reference.

Components Amount (uL) Brand
DNA (400-500 ng/uL) 2 ;
Buffer 2,5 CutSmart - NEB
Enzyme 0,5 NEB
H20 20 In house Sterile Mono Q

2.14.2 Gel extraction

For the gel extraction, the expected band size from the digestion was estimated and the
piece of gel containing the band of interest was cut with the help of a UV light and a scalpel. The

gel pieces were placed in a sterile 1,5mL Eppi previously weighted.

For this protocol, the in-house Molecular Biology Service MiniPEx protocol was used
accordingly. The gel weight was measured, and 3 volumes of the kit’s buffer G, to 1 volume Gel,
were added to the Eppi and placed at 55°C for 10 min, vortexing every 2 to 3 minutes to help
dissolve the gel. After making sure that the gel slice was dissolved completely, 1X gel volume of
isopropanol was added to the vector Eppi to increase the yield, since the fragment was bigger than
4KDb. The content of the Eppis was then placed into a column to bind the DNA and the column was
centrifuged at 13000g for 1 min and the flow-through discarded. To wash, 750uL of buffer W were
added to the column and centrifuged at 13000g for 1 min. The flow-through was discarded. Another
centrifugation, at the same conditions, was made to remove any residual wash buffer. The column
was then placed in a clean 1,5mL Eppi and 30uL of sterile H2O were added to the centre of the
column to elute the DNA. The DNA concentration and purity were checked using nanodrop.
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2.14.3 Ligation

To ligate the two linear fragments of the DNA, the Ligation Protocol with T4 DNA Ligase
(M0202) from NEB was followed. The reaction was made in a 0,7mL tube on ice.

The T4 DNA Ligase was added last and the molar ratio of 1:3 vector to insert was kept as
instructed. (Table 6)

Table 6 — Reagents used for the DNA ligation process as well as the respective amounts and brands used.

Components Amounts Brand/Reference
T4 DNA Ligase Buffer (10x) 2 uL NEB / B0202S
Vector DNA (4KDb) 50 ng (0.020 pmol) -
Insert DNA (1Kb) 37.5 ng (0.060 pmol) -
Nuclease free H20 Up to 20 puL In house Sterile Mono Q
T4 DNA Ligase 1 pL NEB / M0202S

After adding all the components, the reaction was pipetted up and down to mix and briefly
spun down. Considering the enzyme cut left the DNA with sticky ends, the mixture was incubated
at room temperature for around 10 min, as instructed. After the 10 min, the tubes were placed at
65°C for 10 minutes in order to inactivate the reaction. The tubes were then placed on ice to chill.

After the ligation the DNA was transformed into 50 pL of Stbl3 competent bacteria,
midipreped, the DNA was precipitated with ethanol and sequenced as previously described in the
materials and methods sections 2.6, 2.7, 2.8 and 2.9 respectively.
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2.15 p57 influence on niche factor requirements

For the pathway regulation, different medias with growth factor removal or inhibitors were
tested. (Table 7) Three replicate wells were used as controls as well as backup for any loses of
Matrigel or occurrence of escapers. The same number of wells and conditions were made for a non-

doxycycline treatment control. (Figure 21; Figure 22)
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Figure 21 — Schematic drawing of the plate setup for the growth factor withdrawal test. The blue
colour represents the complete media containing Wnt, Rspo, Noggin, Fgf10, Egf and Gastrin;
Orange is depleted of Noggin and contains additional BMP4; Yellow is depleted of Egf and Fgal0;
Green is depleted of Egf and contains additional PD0O3 which is the designation used for
Mirdametinib, a MEK inhibitor; Purple is depleted of both Wnt and Rspo.

Table 7 — Different medias used for the experiment. The concentrations and amounts of the growth factors used were
the same as in the normal, complete gastric media. (Wnt (W); Egf (E); Noggin (N); Fgf10 (F); Rspondin (R); Gastrin
(G)).

Colour Description Media composition

@ Blue WENFRG Wnt; EGF; Noggin; Fgf10; Rspondin; Gastrin
Orange WEFRG + BMP4 Whnt; EGF; Fgf10; Rspondin; Gastrin; BMP4
Yellow WNRG Whnt; Noggin; Rspondin; Gastrin

@ Green WNFRG + PD03 Wnt; Noggin; Fgf10; Rspondin; Gastrin; PD03

@ Purple ENFG EGF; Noggin; Fgf10; Gastrin
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Figure 22 — Schematic figure representing the experimental setup and conditions used for the withdrawal test. CM
stands for complete media; Rspo stands for Rspondin; PD03 is the designation used for Mirdametinib, a MEK inhibitor;
D/d stands for day/days; w stands for weeks. Adapted from Ji-Hyun Lee.

2.16 Gene candidates interlocking with p57

Based on the data from RNA seq analysis in vivo and in vitro by Prof. Jong Kyoung Kim’s
lab in DGIST, we got 86 final genes as candidates of p57 signalling. Through extensive literature
review, we selected genes that could potentially directly influence p57 as upstream effectors or
constitute downstream targets of the pathway. For this we selected one of the genes in the list that
had the most commonly used and well-known ligands and inhibitors, in this case it was the IGF1R
gene.

For the experiment process, the ligand Recombinant Murine IGF-1 and inhibitor PPP were
used. Both ligand and inhibitor were treated to Dox induced p57 OE gastric organoids for 10 days.
Different concentrations were used considering previous literature with 2D cell cultures for
optimization on the 3D organoid culture. (Table 8) On day 10, both dox and drug treatments were

stopped and the organoids replated. A well without doxycycline was used as control.
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Table 8 — Inhibitor and ligand used for the study with the respective concentrations and brand/reference.

Inhibitor Concentration 1  Concentration 2 Concentration 3 Brand/Reference

(LM) (LM) (LM)
BRI 0,5 5 50 Selleckchem /
S7668
Ligand Concentration 1  Concentration 2  Concentration 3 Brand/Reference
(ng/mL) (ng/mL) (ng/mL)
RM IGF-1 10 50 100 Peprotech / 250-
19

2.17 Organoids fixation and staining

2.17.1 Fixation

To be able to image the organoids with and without the inserted system activated, the cells
were fixed.

For this process, the organoids had to be seeded on a plate specific for fitting onto the
microscope sample holder. Due to that, the plates used for this purpose were from ibidi®. Gastric
p57 OE organoids were seeded and treated with +/- Dox for 4 days. (Figure 23)

Figure 23 — schematic figure of the organoid placement for fixation and staining in both —and + Dox conditions.

On the fourth day, the media was removed, and the organoids were washed 2 times for 5 min
with 1x PBS. After the washes, 4% PFA was placed onto the wells and left for 35 min to fix the
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organoids. 2 more washes at RT for 10 min with 1x PBS were followed to remove the remaining
PFA as much as possible before storage in the fridge.

2.17.2 Staining

The PBS was removed and a blocking and permeabilization solution containing 0.5% Triton-
X, 2% NDS, 5% DMSO was added to the wells for 45 min. Once blocked, 3 washes for 5-10 min
were made with 1x PBS. The AB’s incubation was done with p57 a rabbit AB and Ki67 rat. Both
were placed onto the wells containing 1X PBS with 0.5% Triton-X, 2% NDS, 1% DMSO with a
ratio of 1:200, and were incubated overnight at 4°C.

The wells were again washed 5 times for 5 min with 1x PBS before incubation with 2nd AB
with a ratio of 1:500. The second antibodies added were Alexa488: Dnk anti-rabbit for p57
and DyLight 651: Dnk anti-rat for Ki67; incubated overnight at 4°C. The wells were washed once
more 2 times for 5 min with 1x PBS and a last incubation was made using Dapi in a 1:500 ratio for
30 min at RT. The Dapi containing solution was removed and the wells washed 3 times for 5 min
with 1x PBS.

After this last step the organoids were placed onto the fridge at 4°C and imaged within a

week of time.

Table 9 -List of antibodies and chemical compounds used for staining.

Antibodies Concentration Brand/Reference
15t p57 rabbit 3,7 mg/mL Abcam / ab75974
15t Ki67 rat 0,5 mg/mL Invitrogen™ / 14-5698-82
2nd Alexa488: Dnk anti-rabbit 2 mg/mL Abcam / ab150073
2"d DyL.ight 650: Dnk anti-rat 0,5 mg/mL Invitrogen / SA5-10029
Chemical Concentration Brand/Reference
Dapi 5 mg/mL Invitrogen™ / D1306
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2.18 Organoids imaging

The confocal microscope is an imaging technic that allows for increased optical resolution
and contrast. The principal of this microscope is the use of a pinhole that blocks out-of-focus light,
enabling for a much better resolution.®?

The fixed organoids were imaged with the Leica confocal microscope, using a 25x water
lens, 1 N.A and using the SP8 software. The lasers used were, 405 nm laser for DAPI; 488 nm
laser for p57; 561 nm for mCherry and the 633 nm laser for Ki67.

The organoids in culture were imaged with the EVOS® FL system microscope and EVOS®
light cube in bright field and with a TexasRed and GFP channels.

2.19 Mouse lines

The mouse lines were either obtain from other labs or made in house by our group. Anxal0-
Cre line mice used for this study was obtained from Daniel Stange®’, p57 OE, denominated as
R26loxpTA-p57k>® was obtained from the Jackson Laboratory.>® ES cell clones and mice of p57
cKO allele were produced by Bon-Kyoung Koo at the WT-MRC Cambridge Stem Cell Institute to
generate a Cre inducible knock out allele.

Table 10 - Mouse strains used for the study.

Allele 1 Allele 2
Anxal0-Cre (het) P57cKO (hom)
Anxal0-Cre (het/hom) P570E (hom)
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2.19.1 Mouse constructs

The Cre-LoxP system derives from a natural mechanism present in bacteriophages P1. This
technology recombines site specific and this recombination is achieved by a Cre recombinase
enzyme that can target short specific sequences called the Lox and recombine them.*®

In order to have a controllable system, a CreERT2 was used. This is a fusion between an
estrogen ligand binding domain carrying a mutation and the Cre recombinase enzyme. This way,
whenever the tamoxifen drug is present it binds to the ER and Cre is activated and able to perform
its function.*® In this case, a version of the CreERT was use. CreERT2 was developed to to
minimize recombination independent of tamoxifen induction by leaking of activated Cre and
maximize the sensitivity to tamoxifen.>

Here we used this technology in order to either over express the protein of interest or disrupt
its endogenous expression specifically in the stomach. (Figure 24; Figure 25) These mice were

previously created in house by our group and were ready to use by the time of this study.

Anxal0
locus Anxa10 I CreERT?2 Anxa10 g

locus e CreERT?2

p57 locus Exond Rosa26

locus

Exont Exon3

— I EHE—

Figure 25 - p57 OE construct. This schematic figure shows
Figure 24 - p57cKO construct. This schematic figure ~ the p57 OE construct designed to be present in the Rosa
shows the p57 conditional knockout construct locus with lox p sites flanking a stop codon to be inducible
designed to activate specifically at the stomach in ~ UPON Cre activation, speCIfu_:aIIy in the stomach with
Anxal0 locus and loxP sites flanking Exon 2 of the ~ Anxal0 locus. Adapted from Ji-Hyun Lee.
endogenous protein. Adapted from Ji-Hyun Lee.

50



2 Materials and methods

2.19.2 Mice genotyping

To be able to confirm the existence of a modified or wildtype allele in the mice genomes,
we used the PCR technique. This technique amplifies the strands of DNA with the use of specific
primers that recognize either the wildtype allele of the modified version of it, allowing then to get
an amount large enough to be visible and detected with the use of an intercalant dye.®®

The DNA was extract from a 2 mm diameter ear notch from the mice used for the study.
The ear notches were collected to 1,5mL Eppis and 29,7ul of Earclip DNA isolation mix was
added together with 0,3uL of proteinase K for each of the tubes in order to isolate the DNA. The
Eppis were incubated in the oven at 55°C for at least 6 hours or overnight. After the incubation,
the samples were vortexed and 270uL of MilliQ H>O were added to dilute the enzyme and stop
any further digestion. A master mix was prepared (Table 11; Table 12; Table 13) for each specific
genotype, 18uL of it loaded to a 96 well plate, together with the 2uL of the DNA and put onto the
PCR machine and run with the program described in Figure 26. A 2% agarose gel was made,
containing SYBR Safe run dye in a 1:1000 ratio, to run the gel. The gel ran for 30min at 135V and
was finally imaged under a UV light.

Table 11 - PCR mix, amounts used for 3 primers

3 primers mix 1 reaction in pL
Buffer 5x 4

Primer F (10uM) 0,4
Primer R (10puM) 0,4
Primer F mut (10uM) 0,4
dNTPs (10mM) 0,4
MgCI2 (1,5 mM) 1.2
GO Tag (5U/uL) 0,1
H20 111
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Table 12 - PCR mix, amounts used for 2 primers

2 primers mix
Buffer 5x
Primer F (10pM)
Primer R (10pM)
dNTPs (10mM)
MgCI2 (1,5 mM)
GO Taq (5U/uL)
H20

1 reaction in pL
4
0,4
0,4
0,4
1,2
0,1
11,5

Table 13 - List of the primers used for the PCR (OE stands for overexpressing, cKO for conditional knockout

and bla for blasticidin).

Construct
p57cKO (bla)
p57cKO
p57cKO (bla)
Anxal0-Cre
Anxal0-Cre
Anxal0-Cre
R26loxpTA-p57
R26loxpTA-p57
R26loxpTA-p57
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Name
Wildtype Reverse
Knock-in Forward
Wildtype Forward
Wildtype Forward
Wildtype Reverse
Knock-in Reverse

OE Mutant
OE Common
OE Wildtype

Sequence
CACTTAACCCCCTCCATGC
TACCCGCTTCCATTGCTCAG
GCACCCCTTTCCTACTGGT
AGCTGACCTTTAGAAACAGGGA
TGAATACAGCACGCGTTCAG
TTGCATTCCTTTGGCGAGAG
GCGAAGAGTTTGTCCTCAACC
AAAGTCGCTCTGAGTTGTTAT
GGAGCGGGAGAAATGGATATG
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Figure 26 — Schematic figure of the PCR programme used for the study.

2.20 Tamoxifen treatments in mice

Tamoxifen is a drug that recognizes and binds to the estrogen receptor (ER) triggering a
response. As stated above, in this case, the constructs present in the mice genome have a CreER
element which is a Cre recombinase mutated and bound to an estrogen receptor ER which is then
activated upon the administration of tamoxifen.®* This was used in this study to have a controlled
activation, through LoxP sites, of the over expressing or conditional knockouts of the proteins of
interest and study their effects in determined timepoints and age of the mice.

Tamoxifen (Sigma / T5648-1G) was dissolved with 10% ethanol of the total volume, and
90% corn oil, the mixture was sonicated for easy homogenization. The drug was administered

through Intravenous (1.V.) injections and these injections were administered by the lab technician.
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2.21 Histology and tissue preparations

For this procedure, AnxalO-Cre/p570E and Anxal0-Cre/p57cKO experimental mice
(tamoxifen treatment) as well as control mice (no tamoxifen treatment) were sacrificed with COs,
the stomach was harvested, cut along the greater curvature and washed in cold 1x PBS on a petri
dish. The corpus part was then dissected, placed on a plate in cold 1x PBS and given to the
histopathology department for paraffin embedding, sectioning and antibody incubation. Aliquots

of the antibodies of interest for the study were also provided to the facility.

Table 14 — Antibodies given to the facility for tissue staining, concentration and brands/reference.

Antibodies Concentration Brand/Reference
p57 rabbit monoclonal 3,7 mg/mL Abcam / ab75974
Ki67 rabbit monoclonal 0,03 mg/mL Abcam / ab1666

Gif rabbit 0,10 mg/mL Sigma / HPA040774
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3 Results

3 Results

3.1 Quality control

In order to have the technology suitable for the study and experiments, the organoids were
electroporated with the construct of interest to express the desired protein. Several quality control
steps were needed to assure that the cells populating the organoids in fact contained the construct

and to see if the system was working properly and as expected.

3.1.1 Electroporation

This method was used every time a specific organoid line was needed for a given

experiment.

3.1.1.1 Small intestine p57

The p57 constructs were electroporated into small intestinal organoids in order to study the
effects in an ectopic manner. The construct was electroporated on the same day, together with the

GFP control. These wells are representative of 2 replicates.
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Table 15 — p57 small intestinal organoids 3, 5 and 7 days after electroporation. The images are shown in bright field
(top row), green (middle row) and a merge (bottom row) of the two channels. BF and green had a light intensity of 9%
and 50% respectively. Scale in each image: 2000um, 2x objective.

Electroporation Day 1 Day 3 Day 7
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3 Results

Table 16 - GFP control 3, 5 and 7 days after electroporation. The images are shown in bright field (top row), green
(middle row) and a merge (bottom row) of the two channels. BF and green had a light intensity of 9% and 50%
respectively; Day 7 the green channel had 60% light. The control shows the efficiency of the method. Scale in each
image: 2000um, 2x objective.

GFP

Day 1 Day 3 Day 7
Control . y .

BF

Green

Merge

In these Tables (15 and 16) it can see that the seeding density after the electroporation was
similar both on the control and experimental set. From Table 16 we can see that the GFP on the
green channel appears on a very small subset of cells. This demonstrates a transfection efficiency
of the electroporation at less than 10%.

On day 3, we can already see organoids forming at a similar rate on the control and
experimental sets. The GFP signal on the control can also be seen to start being expressed all over
some of the organoids.

On day 7 the organoids had already recovered and reached a considerable size to split and
start the drug selection. On this day, the green channel on the control had a light with 60% to help

observing the GFP signal surrounding some of the organoids formed.
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3.1.1.2 Hygromycin selection

Table 17 — Small intestine p57 OE organoids 3, 15 and 19 days after selection with 100 pg/mL of hygromycin. The
images are in the bright field channel with 9% light source intensity. The organoids between day 3, 15 and 19 were
split in between and so, these do not represent the same well. Scale in each image: 2000um, 2x objective.

Selection Day 3 Day 15 Day 19

BF

Table 18 - GFP control 3, 15 and 19 days after selection with 100 pg/mL of hygromycin. The images are in the
brightfield channel with 9% light source intensity and 10% on day 3. The organoids between day 3, 15 and 19 were
split in between and so, these do not represent the same well. Scale in each image: 2000um, 2x objective.

GFP

Day 3 Day 15 Day 19
Control . y v

BF

With the images of Table 17, we can see that on day 3 some black spots representative of
organoids that have started dying and so selecting for the ones with the construct. On day 15 there
is a clear overgrowth compared to the same day of the GFP control on Table 18 where almost all
organoids have fully died, representing a successful integration of the vector and selection of the

organoids.
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3 Results

3.1.1.3 Clone picking

Several clones were picked after the selection and their expression of mCherry confirmed.

Table 19 — mCherry expression in p57 OE small intestine clones B7, C3, C5 and C9. The images are shown in bright
field (top row), red (middle row) and a merge (bottom row) of the two channels. BF and red had a light intensity of
9% and 50% respectively. Scale in each image: 2000um, 2x objective.

Clones B7 C3 C5 C9

BF

Red

Merge

It is possible to see, on the red channel row (middle) from Table 19, that clones B7 and C5
had very low signal compared to the others, although still having almost all the organoids with a
uniform signal of mCherry, excluding the B7 clone. Clone C9 was then the one selected for further

studies over the others since it was the one with a stronger signal that grew better over time.



3.1.1.4 Gastric p21 and p27

p21 and p27 constructs were electroporated into the organoids in order to study the effects
of these two proteins and compare them to the p57 phenotype. All the constructs were
electroporated on the same day, at the same time, together with the GFP control. These wells are
representative of 2 replicates.

Table 20 - p21 gastric organoids 3, 5 and 7 days after electroporation. The images are shown in bright field (top row),
green (middle row) and a merge (bottom row) of the two channels. BF and green had a light intensity of 9% and 50%
respectively. Scale in each image: 2000um, 2x objective.

Electroporation
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3 Results

Table 21 - p27 gastric organoids 3, 5 and 7 days after electroporation. The images are shown in bright field (top row),
green (middle row) and a merge (bottom row) of the two channels. BF and green had a light intensity of 9% and 50%
respectively. Scale in each image: 2000um, 2x objective.

Electroporation Day 3 Day 5 Day 7

B F : A ‘ » -

Green

Merge
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Table 22 - GFP control 3, 5 and 7 days after electroporation. The images are shown in bright field (top row), green
(middle row) and a merge (bottom row) of the two channels. BF and green had a light intensity of 9% and 70%
respectively. The control shows the efficiency of the method. Scale in each image: 2000um, 2x objective.

GFP

Day 3 Day 5 Day 7
Control i o Yy

BF

Green

Merge

In Tables 20 and 21 we can see that the seeding density after the electroporation was similar
in all the conditions with a high number of cells. From the control Table 22 we can see that the
GFP signal, on the green channel(middle), appears on a high number of cells. This represents an
efficiency rate of the electroporation of around 30%.

On day 3, we can already see organoids forming the control but less on both experimental
Tables 20 and 21. On day 5 the experimental well from p21 appears to have organoids growing
uniformly and faster than p27 or the GFP control.

On day 7 the organoids had already recovered and reached a considerable size to split and

start the drug for all the reactions.
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3 Results

3.1.1.5 Hygromycin selection

After a week of recovery from the electroporation, the cells were selected for hygromycin

resistance.

Table 23 - p21 gastric OE organoids 3, 15 and 26 days after selection with 100 pg/mL of hygromycin. The images are
in the bright field channel with 9% light intensity. The organoids between day 3, 15 and 26 were split in between and
s0, these do not represent the same well. Scale in each image: 2000um, 2x objective.

Selection Day 3 Day 15 Day 26

Table 24 - p27 gastric OE organoids 3, 15 and 26 days after selection with 100 pg/mL of hygromycin. The images are
in the bright field channel with 9% light intensity. The organoids between day 3, 15 and 26 were split in between and
S0, these do not represent the same well. Scale in each image: 2000um, 2x objective.

Selection Day 3 Day 15 Day 26

BF
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Table 25 - GFP control 3, 15 and 26 days after selection with 100 pg/mL of hygromycin. The images are in the
brightfield channel with 9% light intensity. The organoids between day 3, 15 and 26 were split in between and so,
these do not represent the same well. Scale in each image: 2000um, 2x objective.

GFP

Day 3 Day 15 Day 26
Control

BF

On day 3 (Tables 23 and 24), some black spots started to appear. These spots were
organoids that had started dying, representing a successful start of selection for the ones that
contained the construct. On day 15 there was an outgrowth of the organoids compared to the same
day of the GFP control in Table 25, where fewer and smaller organoids appeared.

On day 26 some of the GFP control organoids were still surviving, nonetheless, a clear
difference could be seen, compared to the number of survivors in the experimental sets,

representing a successful integration of the vector and selection of the organoids.
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3 Results

3.1.1.6 Clone picking

Several clones were picked after the selection and their expression of mCherry confirmed

by Doxycycline treatment.

Table 26 — mCherry expression of p21 OE A2, A5, A6 and A8 clones. The images are shown in bright field (top row),
red (middle row) and a merge (bottom row) of the two channels. BF and red had an intensity of 9% and 50%
respectively. Scale in each image: 2000um, 2x objective.

Clones A2 A5 A6 A8

BF

Red

Merge

All p21 clones showed a low signal of mCherry but consistent throughout the organoids.
On the red channel row (middle) from Table 26 it was possible to see that clones A2 and A8 had
very low signal. On the other hand, clone A5 showed a stronger signal but had a smaller size of the
organoid. These were continuously split every week and the ones that grew better and had the
highest signal were used for the rest of the studies. With this criteria, clone A6 was chosen among
the others.
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Table 27 - mCherry expression of p27 OE A8, Al1, B2 and B9 clones. The images are shown in bright field (top row),
red (middle row) and a merge (bottom row) of the two channels. BF and red had an intensity of 9% and 50%
respectively. Scale in each image: 2000um, 2x objective.

Clones A8 All B2 B9

BF

- ----

Merge

With the p27 organoids, on the red channel row (middle) from Table 27, it was possible to
see that all the clones had a strong and homogeneous mCherry signal. Due to this, the clones that

grew better were chosen for further studies, such as A8, A1l and B9.
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3 Results

3.1.2 p57 OE in vitro system confirmation

The p57 organoids were stained with anti-rat Ki67 antibody and anti-rabbit p57 antibody for

protein expression confirmation and overall system function assessment.

mCherry mCherry

Figure 27 — p57 organoid confocal image under Figure 28 - p57 organoid confocal image without
doxycycline. Grey shows dapi stainig for cells nuclei; doxyccycline induction. Grey shows dapi stainig for
Magenta shows mCherry expression ; Green channel cells nuclei; Magenta shows mCherry expression ;
shows p57 overexpression; Red shows Ki67 expression. Green channel shows p57 overexpression; Red shows
The fifth image shows a merge of all the channels. Ki67 expression. The fifth image shows a merge of all

the channels.
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Upon doxycycline induction (Figure 27) it was possible to see that the green channel showed
a clear signal for p57 expression and that it was consistent with a strong signal shown here in
magenta, representing the mCherry expression. Ki67 signal was almost non-existent compared to
Figure 28 where no Doxycycline had been added to the media and where Ki67 showed a more
active state. It was also clear that on Figure 28 with no Dox, the expression of p57 was almost
non-existent together with the mCherry.
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3 Results

3.2 p57 gastric cells quiescence induction in vitro

The quiescence induction was studied by inducing the overexpression of p57 in gastric
organoids with the use of doxycycline over either 7 days or 3 months, recovering the cells right
after, by removing the drug, to assess if they could go back to a proliferative state.

3.2.1 Short term (7 days)

The well selected for the results on Table 28 is representative of 5 other replicate wells. All
the wells showed the same results. Only the merged channel is shown due to the clear red signal of

the mCherry.

Table 28 - p57 OE organoids on days 1, 3, and 7 under doxycycline treatment for quiescence induction. The images
show a merge of the bright field and Texas red channels 9% and 50% light intensity, respectively. Top row shows the
experimental well and the bottom one the control well on days 0, 3,5 and 7. Scale in each image: 2000um, 2x objective.

+Dox Day 1 Day 3 Day 7

Well 1

Control
Day 1 Day 3 Day 7
-Dox

Well 1

By day 3, on dox treatment, all the organoids showed a strong expression of mCherry and
growth rate looked similar to the control. On day 7, the organoids only grew slightly bigger

compared to day 3 and appeared to be smaller compared to the no dox control.
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Table 29 - p57 OE gastric organoids on days 0, 3, 5 and 7 after stopping doxycycline treatment. The images show a
merge of the bright field and Texas red channels 9% and 50% light, respectively. Top row shows the experimental
well and the bottom one the control well. Scale in each image: 2000um, 2x objective.

-Dox  Day 0 (Replating)

Well 1

Control
Day 0 Day 3 Day 5 Day 7
-Dox

Well 1

After replating the wells and discontinuation of doxycycline treatment, it could be observed
that the fluorescent signal had started to become darker and less frequent. (Table 29) The organoids
also appeared to be getting bigger by day 5, on day 7 looked similar to the no dox control and were
ready to be splitted.
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3 Results

3.2.2 Long term (3 months)

The well selected for the results on Table 30 is representative of 5 other replicate wells. All
the wells showed the same results. Only the merged channel is shown due to the clear red signal of
the mCherry.

The Matrigel from the last image from day 95 add was detached and only half of the

organoids remained in the well.

Table 30 — p57 OE organoids on days 0, 3, 14 and 24 under doxycycline treatment for quiescence induction. The
images show a merge of the bright field and Texas red channels 9% and 50% light, respectively. Top row shows the
experimental well and the bottom one the control well on days 0, 3,5 and 7. Scale in each image: 2000um, 2x objective.

+Dox Day 0

Well 1

Control
Day 0 Day 3 Day 5 Day 7
-Dox

Well 1

On Table 30, under Dox condition, the organoids showed a similar growth rate until day 3.
After day 3 the control organoids were already much bigger than the experimental wells on day 14.
On day 7 of the control they were ready to be split while the organoids on the experimental set

didn’t change their size significantly from day 14 to day 95.
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Table 31 — p57 OE gastric organoids on days 0, 3, 5 and 7 after stopping doxycycline treatment. The images show a
merge of the bright field and Texas red channels 9% and 50% light, respectively. Top row shows the experimental

well and the bottom one the control well. Scale in each image: 2000um, 2x objective.

-Dox  Day 0 (Replating)

Well 1

Control
Day 3 Day 5 Day 7
-Dox

Well 1

After replating the wells and discontinuation of doxycycline treatment, we could perceive
that the fluorescent signal started to become patchier and the organoids started to acquire a more
proliferative state, resembling the controls. (Table 31) After 7 days without the treatment, the

organoids were again ready to be split due to high confluence in the well.
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3 Results

3.3 P57 OE and cKO in vivo effects

p57 OE and cKO effects were assessed in a in vivo scenario, to compare with the results
from the in vitro experiments. The results came from Cre only (Anxal0-CreER™*) for the control
of p570E or p57cKO mice before Cre induction (Anxal0-CreER™*; p57cKOf1¥M%X) a5 a control
of p57¢cKO, p570E (Anxal0-CreER™2; R26loxpTA-p57kKX") and p57cKO (Anxal0-CreER™*;
p57cKO%4) mice injected with tamoxifen and terminated after a determined period depending on

the experiment.

Control p57 OE Control p57 OE Control p57 OE
No injury 3d PI 3d PI No injury 3d PI 3d PI No injury 3d PI 3d PI
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Figure 29 — p57 OE 3 days after injury. The 3 different images show 3 different stainings for the same conditions.
The brown colour represents the immunostaining where the antibody has recognized the presence of the protein. The
first panel on the left side shows immunostaining for the p57 protein on a tissue with no injury and 3 days after injury
on a control mouse as a control as well the same injury time on a p57 OE mutant mouse. The middle panel shows an
immunostaining for ki67, a proliferation marker on a tissue with no injury and 3 days after injury on a WT mouse as a
control as well the same injury on a p57 OE mutant mouse. In the last panel, at the right side, the immunostaining was
made against the chief cell marker Gif on a tissue with no injury and 3 days after injury of a control mouse, used as a
control, as well the same injury on a p57 OE mutant mouse. Scale bar: 100um.

With Figure 29 it was possible to see that p57 was only being expressed in homeostasis, with
no injury, at the bottom of the glands, where the reserved stem cells are usually located. The
proliferation marker was also, in homeostasis, only being expressed at the top/middle section of
the glands where the isthmus stem cell population is normally present. In the last image, with the
chief cell marker we could also see the staining being present only at the bottom of the glands. 3
days after injury it was possible to see that the p57 in the control mouse was decrease, the ki67 had
increased at the bottom of the glands and the chief cell marker had been depleted. With the p570E
it was possible to observe that after injury, the p57 protein showed presence throughout the gland,
ki67 was almost non-existent and the chief cell marker had not decreased and could be mostly

found at the bottom of the gland.
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Figure 30 - p57cKO 3 days and 1 month after injury. The 3 different images show 3 different stainings for the same
conditions. The brown colour represents the immunostaining where the antibody has recognized the presence of the
protein. The first panel on the left side shows immunostaining for the p57 protein on a tissue with no injury, on an
Anxal0-p57cKO homozygote mouse as a control as well the same genotype mouse with 3 days and 1 month after injury.
The middle panel shows an immunostaining for ki67, a proliferation marker on a tissue with no injury, of a Anxal0-
p57cKO homozygote mouse as a control as well the same genotype mouse with 3 days and 1 month after injury. On the
last panel, at the right side, the immunostaining was made against the chief cell marker (Gif) on a tissue with no injury,
on an Anxal0-p57cKO homozygote mouse as a control as well the same genotype mouse with 3 days and 1 month after
injury. Scale bar: 100pum.

From Figure 30 and similar with Figure 29, with no injury, in homeostasis, p57 was only
being expressed at the bottom of the glands, where the troy and chief stem cells are usually located.
The proliferation marker was also only being expressed at the top/middle section of the glands
where the isthmus stem cell population is present and once again, in the last image, with the chief
cell marker we could observe the staining being present mostly at the bottom of the glands. 3 days
after injury, the Cre enzyme was activated and we could observe that there was no staining for p57
and again, after one month, almost no p57 expression could be detected. In terms of proliferation,
we could see that 3 days after the injury many cells displayed expression of the marker but after
one month most of the ki67 expression was situated at the isthmus region even if some staining can
still be observed at the bottom of the glands. Regarding the chief cell marker, in this case the
expression did not change significantly the expression upon 3 days after injury or even after a

month of time.
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3 Results

3.4 p57influence on niche factor requirements

P57 influence was studied by withdrawing niche factors already known to be required for
stem cells to maintain their stemness. The study was carried out once more by inducing the
overexpression of p57 with the use of doxycycline over one week, withdrawing different niche
factors for four weeks and recovering the cells with complete media and no doxycycline afterwards.

3 wells were initially used for each condition to account for loosing wells either from
handling or escapers from CMV promotor silencing. In the end some conditions ended with two
replicates and others only with one possible to use. The experiments were also repeated 4 more

times independently.
The experiment had two sets of controls. One with the complete media they are usually

subjected to for growth and expansion in vitro, and a second one with all the different media

conditions but no doxycycline induced expression of the protein.
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Table 32 — p57 OE organoids media withdrawal on day 25 and 7 days after restoring. The images show a merge of
the bright field and Texas red channels 9% and 50% light, respectively. On the left side of the table the letters show
the components added or taken out of the normal CM media. -Dox, showed on the right side of the table, was used as
a control. E — mouse EGF; F — human FGF; P — PD03; W — Wnt; R — Rspondin; N- noggin; CM — complete media.
Scale in each image: 2000um, 2x objective.

Day 25 Day 7 Control Day 25 Day 7
withdrawal After restoring -Dox  withdrawal After restoring

+Dox

No Organoids left for
restoring
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3 Results

From Table 32 we could observe that the number of organoids on complete media (CM)
remained fairly the same and they were able to recover from the doxycycline and regrow well after

7 days as the previous experiments.

On the second row from the top of the table, mouse EGF and human FGF were removed
from the media. On the left side, where the wells were also under Dox treatment, the organoids
seem to have had a low number of organoids, but the remaining ones kept a normal size and shape.
After media restore and replating, the same organoids were able to grow again and at a good rate.
Comparing this to the -Dox, under the same media condition, after 25 days almost no organoids

were left in the well and none of them grew or survived after media restore and replating.

With the removal of mouse EGF and addition of PDO3 to the media, on the third row from
the top of the table, all the organoids seemed to have died under Dox and a few with no Dox

managed to remain a regrow after the media restore and replating.

Removing Wnt and Rspondin from the media made the organoids survive under p57 OE, but
as soon as these were replated, only few maintained with the ability to regrow, but with less
effective growth rate, and form the organoids again. Under no Dox condition, on day 25 all the

organoids were gone and so there were none to replate and put under complete media once more.

Without noggin and with the addition of BMP4, on final row of the table, the organoids seem
to have been able to maintain their number under Dox for 25 days and to grow well after replating
and with CM after 7 days. The control with no induction of the p57 showed similar results, only

with a few more black spots representing cell death.
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3.5 Gene candidates interlocking with p57

3.5.1 Candidate gene effects

As above stated, from the previous data, 86 final genes were selected and clustered together.
IGF1r was the one selected to be tested for the p57 pathway effects since it had more information,
known ligand and inhibitors already being use on other studies and also known to be involved in
proliferation.®®
Table 33 - IGF-1 treatment on p57 OE organoids on days 1, 5, 10 and 4 days after replating and stopping the
treatment. The images show a merge of the bright field and Texas red channels 9% and 50% light, respectively. On
the left side of the table the letters show the different drug concentrations (ng/mL) used for the treatment. -Dox with

no drug treatment, showed on the bottom of the table, was used as a control. Scale in each image: 2000um
(representative bar is missing), 2x objective.

Day 4
After replating

Day 10

78



3 Results

Control
IGF-1 Day 4
Day 1 Day 5 Day 10 )
(ng/mL) After replating
- Dox
0

On Table 33 p57 OE with no ligand treatment showed a similar growth compared to any of
the treatments seeming also, independent from the dosage. Compared to the no Dox and no drug
treatment, the quiescence seemed to have been kept and so, the growth rate appeared slower than
the control by day 10. After replating and removing Dox, all the previously Dox treated conditions

seemed to behave the same way and to have had a slower growth compared to the control.
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Table 34 — PPP treatment on p57 OE organoids on days 1, 5, 10 and 4 days after replating and stopping the treatment.
The images show a merge of the bright field and Texas red channels 9% and 50% light, respectively. On the left side
of the table the letters show the different drug concentrations (ng/mL) used for the treatment. -Dox with no drug

treatment, showed on the bottom of the table, was used as a control. Scale of each image: 2000um (representative bar
is missing) , 2x objective.

Day 4
After replating

Day 10
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3 Results

Control
PPP Day 4
Day 1 Day 5 Day 10 )
(UM) After replating
- Dox
0

With Table 34, we could see that the organoids under Dox condition remained smaller than
the no Dox treatment. It was also clear that with the increase of the drug concentration, there were
less and less organoids being formed. By day 10 it was possible to see that with 0,5uM of PPP, the
organoid number formation was similar to the no treatment under Dox. The major difference was
the size of the organoids which under 0,5uM were much smaller than the others with no drug
treatment. Under 5 or 50uM, almost no organoids could be spotted. After replating, the no
treatment organoids or the 0,5 uM, both under Dox condition, were able to start growing again,
although the higher concentrations didn’t show any traces of organoids or cells regrowing or

assembling into the 3D shape.
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3.6 Other Kip/Cip family members in vitro effects

To see if any of the other Kip/Cip family members, such as p21 and p27 had the same ability
of quiescence induction as the p57, both proteins were placed in the same construct backbone as
the p57, electroporated into gastric cell organoids and the same short-term and long-term

experiments conducted.
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3 Results

3.6.1 p21shortterm (7 days)

In these tables the red channel is shown due to the weak signal of mCherry for a good
analysis instead of the merged image. The Texas red signal here is at 70%. The — Dox control

organoids had to be split every 3 days.

Table 35 — p21 A6 clones 7 days under doxycycline treatment. The control is the same line of organoids with no
addition of doxycycline. Images are Texas red channel and merged images of Texas red and brightfield, 70% and 9%
light source intensity, respectively. Scale in each image: 2000um, 2x objective.

+Dox Day 1 (DEVAS DL\

Day 1 Day 3 1 day after split

Red
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Table 36 - p21 A6 clones replating after Dox treatment. All the conditions are -Dox. Images are Texas red channel and
merged images of Texas red and brightfield, 70% and 9% light source respectively. Scale in each image: 2000pum

(replating)

Day 1
-Dox Y

Red

Merge

Control _
Day 1 Day 3 1 day after split
-Dox

With p21 OE, (Table 35) the growth rate of the organoids looked slower than the no Dox
control on day 3. By day 7, most of the organoids under Dox condition stopped growing compared
to the control.

In Table 36 it’s possible to see that the few remaining organoids could regrow after stopping
Dox treatment at a similar rate compared to the no Dox control.
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3 Results

3.6.2 p27 short term (7 days)

The 3 clones were picked to show the consistent outcome of p27 effect just after 3 days

under Dox.

Table 37 - p27 clones 3 days under Dox induction.One well was kept without Dox as a control. The images are merged
from Texas red and BF channels at 50% and 9% light respectively. Scale in each image: 2000um, 2x objective.

Merge

Control
A8 All B9
-Dox

Merge

p27 OE organoids showed a very strong mCherry signal, stronger than the p57 and p21 and
they all died just after 3 days under Dox effect. The results were consistent with all the clones

picked.
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3.7 p57 ectopic (small intestine) in vitro quiescence induction

To check the potential universality of the molecular switch, the p57 inducible construct was
inserted into small intestinal cells and the same short-term and long-term experiments were

planned.

3.7.1 Short term (7 days)

Clone 9 was used to carry out the experiment. The well shown is representative of a set of
6 replicas. On day 2 the signal of mCherry was still low so all the red channel images were taken

at 60% light source. On day 4 and 7 the light was changed back to the normal used 50%.

Table 38 - p57 OE small intestinal organoids on days 2, 4 and 7 under doxycycline treatment for quiescence
induction. The images show bright field (top row), red (middle row) and a merge (bottom row) of the two channels.
BF and Texas red had a light 9% and 50% respectively. Scale in each image: 2000um, 2x objective.

+ Dox DE\YVA Day 7

86



3 Results

Table 39 - p57 OE small intestinal organoids on days 2, 4 and 7 control, without doxycycline treatment. The images
show bright field (top row), red (middle row) and a merge (bottom row) of the two channels. BF and Texas red had a
light 9% and 50% respectively. Scale in each image: 2000um, 2x objective.

Control
Day 2 Day 4 Day 7
-Dox

BF

Red

Merge

No rescue experiment was done since many of the organoids started to show CMV promoter
silencing.

Still, it was possible to see that the growth rate was reduced compared to the control
organoids on Table 39 and that the mCherry signal grew stronger with time. The original seeding
density of the control was lower compared to the experimental wells, so the difference must be
considered while analysing the results as well as the increase in mCherry signal/p57
overexpression.

It was also possible to see that on day 7, on Table 38, some organoids started to die after
the fourth day under the doxycycline effect and a clear depletion in number could be noticed

compared to the control at the same timepoint.

87



3.7.2 Long term (3 months)

As mentioned above, the small intestine organoids showed CMV silencing in every well after
7/9 days of quiescence induction. For that reason, the experiment was stopped shortly after the two
weeks of time. These images are from clone A7 and representative of all the carried experiments.

This clone was chosen to show a clear image of the CMV promotor silencing.

Table 40 - 15 days doxycycline treatment of p57 OE small intestinal organoids. The red arrows point at organoids that
have their CMV promotor silenced and are for that reason outgrowing their neighbours. We can see the organoids in
a bright field, Texas red channel and a merged image of both. Scale in each image: 2000um, 2x objective.

+ Dox Day 11 Day 15

BF

Red

With the images on Table 40, it was possible so see that on the 11th day of Dox treatment
the escaper organoids had start to appear and quickly outgrew the others faster that still maintained
a normal expression of the construct. It was also possible to see the lack of mCherry signal in the

outgrown organoids.
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3 Results

3.8 Generation of a new p57 Dox inducible Tet-ON system

Due to the existence of the high number of escapers during the experiments, as mentioned
before, we decided to make a different construct in order to have a more reliable system with no
cells showing silencing the CMV promotor.

The gel on Figure 31 shows cuts derived from the gel extraction. No image was taken before
due to possible DNA damage from the UV light that the gel is exposed to take the image.
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Figure 31 — pUC57-IRES-Bla-P2A-mCherry and pPB-hCMV1-p57-IRES-mCherry enzymatic digestion. The
figure shows a 1% gel containing a 1Kb ladder for size comparison, a reaction with the uncut DNA, a single enzyme
(Xbal) and double enzyme (Xbal and Notl) reaction for both original constructs.

Both constructs showed the expected band sizes with the different enzymes. pUC57-IRES-
Bla-P2A-mCherry showed the uncut version around the 4.5 kb, with the Xbal cut, two bands
around 1.8 kb and 2.7kb and similar with Xbal and Notl. With the pPB-hCMV1-p57-IRES-
mCherry, the uncut construct was around 7.7kb and with Xbal single cut we could see a clear band
between 6kb and 8 kb mark. The double enzyme cut, with Xbal and Notl, showed a band, that was

cut off the gel, 6kb situated and a second one near the 1.5kb mark.
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4 Discussion

4.1 p57 quiescence induction in vitro on gastric organoids

Cells, when maintained in vitro, tend to preserve a proliferative state. With the over
expression of the p57 protein, these cells were induced to a quiescent state. Organoids that have
been under the effect of p57 for a week were completely able to leave the activation state when
p57 OE was withdrawn and immediately started changing the character to highly proliferative
resembling their control, which means that the cells maintain their stemness in quiescence and

remain able to divide and proliferate.

When put under the influence of an overexpression of the protein for three months, which
mimics the situation in vivo, the organoids were able to maintain their shape and size without any
major cell number loss and could once more proliferate and give rise to new cells and so, bigger
organoids once the induction was stopped. This suggests that p57, can stop the cells from
proliferating while maintaining them in a perhaps ‘paused’ state without sending them to a
differentiated state, since these can still give rise to new and a high number of cells once the

induction is stopped.

4.2 p57 overexpression and conditional knockout in vivo

In an in vivo scenario, it was previously observed that, after injury to the stomach, the base
stem cells that are in a quiescent state in homeostasis, started proliferating and p57 was

downregulated. These observations were confirmed by the immunostainings with control mice.

By overexpressing the p57 protein in vivo, the mice showed a great amount of p57 scattered
along the glands and no expression of Ki67, which suggests that the overexpression completely

stopped cells from proliferating and thus hamper their ability to repopulate the tissue after damage.

When knocking out the endogenous protein, no signs of p57 were visible 3 days after injury
and Ki67 could be spotted along the entire gland, including the base of the glands, confirming the

capacity of the protein to put these base stem cells into quiescence. After 1M, post injury, the
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4 Discussion

majority of the Ki67 was located at the isthmus region, but some positive cells could still be spotted
at the base of the glands. Most of the p57 was still non-existent but no other effects, such as over
growth of the tissue or loss of the stem cell pool could be detected, even in the Chief cell marker,
possibly due to the compensating effect of other cip/kip family members such as p27 and p21.
Other mice models with a double or even triple knockout together with different experimental set-

ups and timepoints would have been necessary to test this hypothesis.

4.3 p57 influence on niche factor requirements of gastric stem cells

For stem cells to maintain their stemness, a group of specific growth factors are necessary
and must be available in their niche. It was also already known that both Wnt and Egf/Fgf were
required for maintaining organoids stemness in vitro.%7%71 Having that in mind, we sought to find
if the protein in question had any influence on the cells and would change their requirements

regarding growth factors, in order to maintain their stemness.

By inducing the organoid system to overexpress the p57 protein, surprisingly, we could see
that the organoids only required Wnt signaling to keep their stemness. This showed to be different
from the control where both Wnt/Rspo and Egf/Fgf signaling were required to maintain the
stemness of the cells, confirming the previous results from Nick Baker, et.al., (2010), Stange,
Daniel E., et al (2013) or Bartfeld, Sina, et al. (2015). This suggests that p57 is able to place the
cells into a different state where the requirements to maintain certain properties intrinsic to the cell

are changed.
Regarding the results from PD03, where most of the cells seem have died after 25 days, in

any of the conditions, it was discussed that it might have been due to an incorrect dosage that lead
to a rapid cell death and that it needs to be further optimized.
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4.4 Gene candidates interlocking with p57

Certain genes are co-dependent, meaning that when one gene is being upregulated the others
are as well and once that gene goes down, the others are also going to be downregulated. So, here
we questioned which other genes would behave the same way as p57 and where in the pathway
they would act with regards to p57.

Having Igflr as the candidate gene, from a series of RNA analysis, both ligand and inhibitor

treatments were used.

With the ligand, 3 different concentrations were used and in all three the results were similar
to the p57 OE with no ligand added. This suggests that either Igf-1 shows no impact on p57 OE
organoids by the fact that overexpressing p57 will make p57 independent of IGF-1or that the p57
effect is stronger than the Igflr signalling. Another hypothesis is that because the cells are being
manipulated in vitro and ‘forced’ into quiescence, Igflr, which leads to proliferation, is being
overexpressed to exit the induced state and that might explain the tandem expression with p57,
despite Igflr potentially being a negative regulator. To check any of the hypothesis in the future,
the ligand needs to be treated to WT organoids.

With the Igflr inhibitor, PPP, 3 different concentrations were also used, and the response
was different from the control under Dox with no drug and appeared dose dependent. The results
from this drug treatment showed that the organoids can still be formed but, with higher
concentrations less and less cells can divide to give rise to bigger organoids. This suggests that the
drug is in a way ‘helping’ the cells entering quiescence. PPP is known to be involved in inhibiting
cell proliferation,® and so there is a need to know if PPP alone could achieve a similar phenotype
as p57 OE. To check the latter hypothesis in the future, the inhibitor needs to be treated to WT

organoids.
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4 Discussion

4.5 In vitro overexpression of other Cip/Kip family members

Other CKls from the cip/kip family, are implicated in cell cycle arrest and have been reported
to put certain stem cells in and out of the quiescent state.®! Taking these observations into account,
gastric organoids were electroporated with either p21 or p27 containing PiggyBac vectors and

induced to overexpress the proteins to see if the results were similar to the p57 ones.

p21 had a dim mCherry signal compared to the rest and it was argued that it might have been
from low copy number integration of the construct. Nevertheless, the signal was evenly distributed
in all organoids which is why they were used for further experiments. The organoids were treated
with doxycycline for a week and the results showed a high number of cell death and some size
reduction compared to the control. After replating the organoids that had previously survived, they
managed to grow again. This suggests that even though p21 didn’t show the same clear and strong
induction as p57 it had a certain degree of influence in putting the cells into quiescence for a short

term.

p27, on the other hand, had a very strong mCherry signal even compared to the p57. The
organoids were induced with doxycycline for overexpression of the protein, but shortly after 3 days
all the organoids had died. It was reasoned that motive for the death of the organoids might have
been due to the strong expression of the protein and that a lower dose of doxycycline might be
necessary to reduce the expression. No short-term quiescence was able to be continued nor the
replating and withdrawal of dox was made since there were no organoids left alive to see if they
could grow back from the induction.
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4.6 p57 ectopic quiescence induction in vitro with small intestinal organoids

Since p57 was able to put the gastric organoid stem cells into quiescence in vitro, the same
was attempted with stem cells from the small intestine. These cells are usually proliferating, even
in vivo in homeostatic conditions. After the electroporation with the construct, the cells were

induced for a protein overexpression for 7 days.

The small intestinal organoids showed an arrest in their growth compared to the no Dox
control. Shortly after the 7" day a high number of organoids started to show lack of mCherry
expression. It was argued that this might have been due to a CMV promotor silencing only on the
construct that wasn’t expressing the hygromycin resistance. In order to overcome that, a new

construct had to be design.

Even though no replating was done, it was possible to see that the organoids that were lacking
the mCherry signal were clearly overgrown compared to their neighbours within the same well.
This suggests that the p57 was in fact putting the small intestinal stem cells into quiescence and

that they could grow out once more after the overexpression of the protein was stopped.

This suggests that the p57 protein is a master of quiescence induction even when ectopically

expressed.
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4 Discussion

4.7 Generation of a new p57 Dox inducible PiggyBac construct

Regarding the possibility of certain cells in the organoids silencing the CMV promotor, as
mentioned above, a new construct was made containing a blasticidin resistance in the construct that
contains both the protein DNA and mCherry. This would make a double selection and only the
cells containing and expressing both constructs would survive.

To generate the construct a bla containing insert was put into the already stablished p57

construct.

We could see from the results that the bands were having the expected sizes after the restriction
enzyme cuts. They will be ligated, and the final generated construct will be in the future
electroporated into new WT organoids and the functionality will be tested by double-selection with

hygromycin and blasticidin.
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5 Conclusion

This study emphasizes the importance of understanding the normal homeostatic behaviour
and signalling within the gastric tissue since gastric pathologies are a major issue to the general

population and understanding them can convey important information for treatment and diagnosis.

For that we used organoid models overexpressing p57 protein and tested for its capacity to
put them into a quiescence state in vitro. In vivo effects were also assessed for both overexpression
and knockout of the protein. All the results of the overexpression of the protein showed a clear
reduction in proliferation and the capacity in the cells to regrow after stopping the overexpression
induction. The in vivo knockout results didn’t show a clear phenotype after a month without the
protein and so we hypothesised that other kip/cip CKI family member could be compensating for
this lack of effects. We also tested if the protein was capable of changes in the cells that would alter
their niche requirements for stemness and if p57 was the only protein or major protein, within the
kip/cip CKI family, to have this effect on the cells. In addition, we sought to find if p57 would have
the same behaviour on cells that are usually proliferating and show no expression or low number
of the protein. Due to CMV promotor silencing, no clear argument could be made, so a new
construct that would circumvent this limitation was generated. Genes that could potentially
influence the protein were also investigated and after narrowing down a candidate list to one gene,

its inhibitor or ligand were treated in the p57 OE background.

With the above statements, it is possible to conclude that p57 has an ability to set the cells
into a quiescent state, with the possibility of having the same performance even in an ectopic
epithelium. Also, that p21 and p27, although having some effect on the organoids were still weaker
than the p57. These findings reinforce p57 as a major molecular switch for quiescence in the gastric

epithelium.
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6 Future perspectives

6 Future perspectives

In the future it would be of interest to investigate if p57 is capable of a long-term quiescence
induction in the small intestinal stem cells, both in vitro and in vivo, and which would be the long-
term consequences of this if expressed in vivo in this ectopic manner. It would also be curious to
explore the effects of Igflr inhibitor in WT organoids, to check the same drug can induce
quiescence without p57 OE and if so, to check whether p57 is a downstream target of the Igflr

pathway.
Finally, it would be of great importance to study the p57 effects on gastric cancer line

organoids, derived from patients and whether the p57 could also be implicated in drug resistance

when overexpressed or lost.
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8 Annexes

8.1 Addgene bacterial transformation protocol’’

7/23/2020 Addgene: Protocol - Bacterial Transformation

This website uses cookies to ensure you get the best experience. By continuing to use this site, you agree to the use of cookies.

Addgene is open and shipping!

« Learn more about order and deposit processing
+ Browse COVID-19 and coronavirus plasmids & resources

€ »addgene

@ Bacterial Transformation

Introduction You may also like...

Transformation is the process by which foreign DNA is introduced into a cell. Transformation of bacteria with
plasmids is important not only for studies in bacteria but also because bacteria are used as the means for both
storing and replicating plasmids. Because of this, nearly all plasmids (even those designed for mammalian cell

Plasmid Cloning by
Restriction Enzyme Digest

expression) carry both a bacterial origin of replication and an antibiotic resistance gene for use as a selectable Restriction Digest of
marker in bacteria. Plasmid DNA
Scientists have made many genetic modifications to create bacterial strains that can be more easily transformed DNA Ligation

and that will help to maintain the plasmid without rearrangement of the plasmid DNA. Additionally, specific
treatments have been discovered that increase the transformation efficiency and make bacteria more susceptible to
either chemical or electrical based transformation, generating what are commonly referred to as ‘competent cells.

Many companies sell competent cells, which come frozen and are prepared for optimal transformation efficiencies upon thawing. For the highest

transformation efficiency, we recommend that you follow the instructions that came with your competent cells.

*Pro-Tip* Commercial competent cells range significantly in their transformation efficiency. The lowest efficiency cells (usually
@ the least expensive) are fine for transforming plasmid DNA for the purposes of storage and amplification. Higher efficiency cells
are more important if you will be transforming with very small amounts of DNA or if you're multiple plasmids at once.

*Pro-Tip* To save money, many labs also make their own competent cells. This is a relatively simple procedure and is useful for
@ performing low efficiency transformations.

Last Update: Nov. 13,2017

@ Equipment

« Shaking incubator at 37 °C
Stationary incubator at 37 °C
Water bath at 42 °C

Ice bucket filled with ice
Microcentrifuge tubes
Sterile spreading device
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@

Reagents

« LB agar plate (with appropriate antibiotic)
» LB orSOC media

« Competent cells

« DNA you'd like to transform

Procedure

1. Take competent cells out of -80°C and thaw on ice (approximately 20-30 mins).

2. Remove agar plates (containing the appropriate antibiotic) from storage at 4°C and let warm up to room temperature and then (optional)

incubate in 37°C incubator.

3. Mix 1-5 pl of DNA (usually 10 pg - 100 ng) into 20-50 pL of competent cells in a microcentrifuge or falcon tube. GEN

bottom of the tube with your finger a few times.

https://www.addgene.org/protocols/bacterial-transformation/

7/23/2020

8.

9.

Addgene: Protocol -

*Pro-Tip* Transformation efficiencies will be
approximately 10-fold lower for |igation of inserts
to vectors than for an intact control plasmid.

®

. Incubate the competent cell/DNA mixture on ice for 20-30 mins.

. Heat shock each transformation tube by placing the bottom 1/2 to 2/3

of the tube into a 42°C water bath for 30-60 secs (45 secs is usually
ideal, but this varies depending on the competent cells you are using).

. Put the tubes back on ice for 2 min.

. Add 250-1,000 pl LB or SOC media (without antibiotic) to the bacteria

and grow in 37°C shaking incubator for 45 min.
*Pro-Tip* This outgrowth step allows the bacteria
@ time to generate the antibiotic resistance proteins
encoded in the plasmid backbone so that they
will be able to grow once plated on the antibiotic
containing agar plate. This step is not critical for
Ampicillin resistance but is much more important
for other antibiotic resistances.

Plate some or all of the transformation onto a 10 em LB agar plate
containing the appropriate antibiotic.

*Pro-Tip* We recommend that you plate 50 uL on
one plate and the rest on a second plate. This
gives the best chance of getting single colonies,
while allowing you to recover all transformants.

Incubate plates at 37°C overnight.

®

172

Bacterial Transformation

Insert

Antibiotic Resistance Gene

Transformation of Plasmid
into Bacterial Cell

Plasmid in cell expresses
antibiotic resistance gene

Plate cells on LB Agar Antibiotic

Only cells that contain
the plasmid will be able
to grow/divide and form colonies.

o

*Pro-Tip* If the culture volume is too big, gently collect the cells by centrifugation and resuspend in a smaller volume of
LB so that there isn't too much liquid media on the agar plates. If the agar plate doesn't dry adequately before the cells
begin dividing, the bacteria diffuse through the liquid and won't grow in colonies.
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8.2

Quiagen’s® Plasmid Plus Midi Kit

— Sample to Insight
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Quick-Start Protocol March 2016
QIAGENP Plasmid Plus Midi Kit

The QIAGEN Plasmid Plus Midi Kit (cat. nos. 12943 and 12945) can be stored at room

temperature (15-25°C) for up to 24 months if not otherwise stated on label.

Further information
® QIAGEN Plasmid Plus Purification Handbook: www.qiagen.com/HB-0155
e Safety Data Sheets: www.qiagen.com/safety

® Technical assistance: support.qiagen.com

Notes before starting

® Add RNase A solution to Buffer P1, mix and store at 2-8°C.

e Optional: Add LyseBlue® reagent to Buffer P1 at a ratio of 1:1000.

e Add ethanol (96-100%) to Buffer PE concentrate before use (see bottle label for volume).
e Harvest bacterial culture after 12-16 h incubation.

e Symbols: @ standard protocol; A high-yield protocol.

Table 1. Maximum recommended LB culture volumes

Protocol High-copy plasmid Low-copy plasmid
Standard 20-25 ml 50 ml
High-yield 25-35 ml Not recommended

1. Harvest bacterial culture by centrifuging at 6000 x g for 15 min at 4°C.
2. Completely resuspend pelleted bacteria in @ 2 ml or A 4 ml Buffer P1.
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Add ® 2 ml or A 4 ml Buffer P2, gently mix by inverting until the lysate appears viscous
and incubate at room temperature (15-25°C) for 3 min. If LyseBlue reagent has been

added, the cell suspension will turn blue.

Place the QlAfilter Cartridge into a new and suitable tube, allowing space for the
addition of Buffer BB.

Add @ 2 ml or A 4 ml Buffer S3 to the lysate, and mix by inverting 4-6 times. If

LyseBlue reagent has been added, mix the solution until it is completely colorless.

6. Transfer the lysate to the QIAfilter Cariridge and incubate at room temperature for 10 min.

8.
9.

During incubation, place QIAGEN Plasmid Plus spin columns into the QlAvac 24 Plus.

Insert Tube Extenders into each column.
Gently insert the plunger into the QlAfilter Cartridge and filter the cell lysate into the tube.

Add 2 ml Buffer BB to the cleared lysate, and mix by inverting 4-6 times.

10.Transfer lysate to a QIAGEN Plasmid Plus spin column on the QlAvac 24 Plus.

11. Apply approximately =300 mbar vacuum until the liquid has been drawn through all columns.

12.To wash the DNA, add 0.7 ml Buffer ETR and apply vacuum until the liquid has been

drawn through all columns.

13.To further wash the DNA, add 0.7 ml Buffer PE and apply vacuum until the liquid has

been drawn through all columns.

14.To completely remove the residual wash buffer, centrifuge the column at 10,000 x g

(2,700 rpm) for 1 min in a tabletop microcentrifuge.

15.Place the QIAGEN Plasmid Plus spin column into a clean 1.5 ml tube. To elute the DNA,

add 200 pl Buffer EB or water to the center of the QIAGEN Plasmid Plus spin column, let

it stand for =1 min and centrifuge for 1 min.
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8.3 MRC-Holland’s ethanol precipitation protocol’®

8.3.1 Method

108

. Add 1/10 volume of sodium acetate (NaOAc; 3 M, pH 5.2).

. Add 2.5 volumes (calculated after addition of sodium acetate) of at least 95% ethanol.

Incubate at room temperature or on ice for at least 15 minutes. In case of small DNA

fragments or high dilutions, overnight incubation gives better results.

. Centrifuge at > 12,000 x g for 30 minutes at a temperature between 4°C and room

temperature.
Discard the supernatant carefully, making sure the DNA pellet (which may not be visible)
remains in the tube.

Rinse with 70% ethanol and centrifuge again (> 12,000 x g) for 15 minutes.

. Centrifuge the tube to remove all the remaining ethanol.

. The pellet may be air-dried (leave the tubes open for ~10 min until the pellet borders lose

their milky-white colour). It is important not to over-dry the pellet as this may make
resuspension harder. SpeedVac should not be used.

Dissolve the pellet in TEO.1 (10 mM Tris-HCI pH 8.0 + 0.1 mM EDTA). Make sure that
the buffer comes into contact with the whole surface of the tube as a significant portion of
DNA may be deposited on the walls instead of in the pellet.



