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RESUMEN

Uno de los principales “hallmarks” del envejecimiento es el acortamiento de telémeros,
que se puede correlacionar con la esperanza de vida de los organismos y puede estar
influenciada por factores internos y externos, que afectan en ultima instancia al proceso
de envejecimiento. En el presente estudio se demuestra que la longitud de los teldmeros
puede ser medida en epitelioides generados a partir de eséfago, cultivos en 3D a largo
plazo. Los epitelioides recapitulan in vitro la arquitectura y las propiedades mecanicas
de los tejidos epiteliales. Los epitelioides han sido expuestos a factores externos, que
modulan la longitud de los teldmeros y han sido medidos sus correspondientes
variaciones. Nuestros resultados muestran que una exposicion a baja dosis de radiacion
ionizante induce acortamiento en los teldmeros, mientras que el tratamiento con
metformina mantiene la longitud original de los mismos a lo largo del tiempo. Estos
descubrimientos destacan la robustez y relevancia de los epitelioides como un modelo
para estudiar las dinamicas de los teldmeros, asi como los procesos relacionados con
el envejecimiento.
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ABSTRACT

One of the hallmarks of ageing is telomere shortening, which has been closely correlated
with organismal lifespan and can be influenced by various external and internal factors,
ultimately affecting the ageing process. In this study, we demonstrate that telomere
length can be reliably measured in long-term 3D epithelioid oesophageal cultures.
Epithelioids recapitulate the architecture and mechanical properties of epithelial tissues
in vivo, offering a more physiologically relevant in vitro model. We exposed epithelioids
to different external factors known to modulate telomere length and measured
corresponding changes. Our results show that exposure to low doses of ionizing
radiation leads to telomere shortening whereas treatment with metformin seems to
preserve telomere length over time. These findings highlight the robustness and
relevance of the epithelioids as a platform for studying telomere dynamics and ageing-
related processes.

KEY WORDS

Ageing, telomere shortening, senescence, epithelioids, oesophagus, 3D cultures, long-
term, radiation, metformin.
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INTRODUCTION

Ageing is defined as the irreversible, time-dependent loss of physiological integrity and
function caused by a series of interrelated statements called hallmarks that collectively
form the basis of this complex process. This functional decline over time makes people
more vulnerable to age-related illnesses such cancer, musculoskeletal conditions like
arthritis, cardiovascular diseases, and neurological diseases

There is evidence supporting the role of telomere shortening in the induction of
replicative senescence. As cells approach replicative senescence, they experiment a
gradual increase in cell size and duration of cell cycle that can be linked to the process
of telomere shortening”. Telomeres are the chromosomal-end tracts, and they consist of
tandemly repeated DNA sequences that are highly regulated and dynamic flanked by
associated protective proteins®. As cellular division occurs, cells experience telomere
attrition, where those protective caps are gradually shortening due to replicative DNA
polymerases being unable to complete the copy of telomere regions in eukaryotic DNA.
This fact contributes to genomic instability and cellular aging’. These effects on
telomeres can be mitigated by telomerase, a ribonucleoprotein DNA polymerase that
can elongate telomeres by addition of TTAGGG repeats onto the chromosome ends

The telomere shortening rate of a species can be used to predict the life span of that
species. In this regard, some studies correlate DNA repair ability to species longevity'.
Mice with hyper-long telomeres had an increased longevity and develop less tumors
associated with ageing. Those findings provided evidence that longer telomeres confer
beneficial effects in mice, delaying metabolic ageing and cancer, resulting in longer
lifespans®.

In summary, telomere shortening is considered one of the hallmarks of aging as short
telomeres are sufficient to cause organismal aging and decreased lifespan”.

Accumulation of senescent cells is one of the hallmarks of ageing'. This may contribute
to the development of the disorders previously mentioned”. Cell cycle is a highly plastic
process wherein cells can follow different pathways en route to cell division or cell cycle
arrest”. Cellular senescence is a state of irreversible cell-cycle arrest, during which cells
develop a complex senescence-associated secretory phenotype (SASP), that includes
alterations in cellular morphology and genetics”. p21 is identified as a key player in
senescence phenotype caused by telomere attrition. High levels of p21 inhibit the cyclin
D1-CDK4 complex, resulting in cell cycle arrest, whereas lower levels of p21 promote
the activation of cyclin D1-CDK4 complex, thereby facilitating cell proliferation™”.

Other damage-causing agents, such as genetics and environmental factors can also
contribute to telomere-shortening processes and ageing™”. One environmental factor
that can influence cellular ageing is radiation. There is evidence that high doses of
radiation induce activation of ageing-related mechanisms, but the effect of low doses of
radiation remains unclear' . Low dose ionizing radiation induces basal cell differentiation
followed by increased compensatory proliferation. Mechanistically, it causes redox stress
that acts as selective pressure by driving wild type cells to differentiate “.

Aging has cellular processes associated as primary biological responses. This includes
metabolic and inflammatory pathways. In this regard, metformin has shown effects on
these aging-related mechanisms. It has positive prevention and treatment effects on
ageing-related disease. Since it decreases levels of insulin, metformin has been normally
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used to treat type 2 diabetes'. However, it might be a useful drug as a potential anti-
ageing drug since its mechanism of action involves activating AMP-activating kinase
(AMPK). This is supported by the claim that sensitivity to AMPK declines with age, so
activators of AMPK may be helpful in this regard °. Metformin can decelerate ageing
clock in male monkeys, proving that extended administration can act as a geroprotective
drug in these organisms, not only physically, but also at the molecular level.
Transcriptional profiles showed alterations related with inflammation and tissue
regeneration (both hallmarks of ageing), after administration of metformin.
Hepatoprotection and neuroprotection are other beneficial effects seen in primates after
metformin administration .

To understand the cellular processes and the effects of environmental and other external
factors, numerous types of cell cultures have been developed over the years.

In 2D cultures cells grow in monolayers, which allows uniform access to nutrients and
growth factors present in the medium, resulting in homogenous growth and proliferation.
However, the simplicity of these cell culture systems limits the replication of physiological
environment in vivo in the cell culture development process ”. As cells grow in
monolayers, all cells receive the same amount of nutrients and growth factors from the
medium and cells rarely differentiate. Although the requirements of these systems are
easier to implement, some experiments such as drugs experiments are harder to assess
since drugs are not well metabolized in 2D cultures. The representation of the response
to mechanical stimuli of cells is also inaccurate .

The introduction of 3D cell culture has opened new possibilities to study the biochemical
and biomechanical signals, thus enabling the reproduction of in vivo interactions .
Epithelial 3D cultures have allowed the study of multiple biological processes, such as
epithelial cell proliferation, differentiation, motility, stress response, and both homotypic
and heterotypic cell-cell communication. These systems can be experimentally
manipulated, leading to a better understanding of the molecular mechanisms and
signaling pathways underlying physiology and pathophysiology ‘.

Advances in 3D culturing methods required more complex systems to allow different
models to better recapitulate in vivo features. Extracellular matrix (ECM) components
arose as essential for self-organization of functional epithelial cells in advanced 3D
epithelial cultures'’. Collagen coating or Matrigel embedding are two of the most
commonly used compounds to mimic ECM''. Decellularized organs preserve native
extracellular-matrix (ECM), overall architecture and composition and they can be used
as natural scaffolds for cell anchorage, migration, growth, and 3D organization in vitro'*.
Organotypic 3D cultures (OTC) add an extra layer of complexity, growing epithelial cells
over a collagen matrix containing fibroblasts that can mimic the lamina propria'’. OTCs
offer some advantages, including the ability to maintain normal polarization and
differentiation patterns of cells, the gene signatures and the expression of genes involved
in cell-cell adhesion”. Recent advances in biomaterial engineering led to the
development of stable biocompatible formulations that can control key cellular processes
such as stem cell differentiation in a cheap and simple way.

Another category of 3D cultures are spherical 3D structures of epithelial cells. This
includes multicellular spheroids and organoids. Organoids are a unique type of culture
highly similar to actual human that mimic human development or organ regeneration
in vitro. They are 3D systems self-organized and they are generated from pluripotent
stem cells or adult stem cells. Generation of spherical cultures usually requires a single
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cell suspension or a small number of cells (less than 100) that are cultured under free-
floating conditions, avoiding cells adhesion to a solid surface It has been demonstrated
by spheroid culture of MSCs that intercellular interactions and differentiation can be
recapitulated with this type of cultures . 3D organoids can be generated with the
same method. It is also possible to create secondary 3D organoids by passaging
dissociated primary structures'’. The potential of organoids has been developed as a
good model to complement other existing models to extend basic biological research
into a more physiologically relevant human setting, holding great potential in clinical
translational research”'.

All these systems have limitations. They normally fail to reconstitute the tumor
microenvironment (TME) because of the lack of stromal cells. Immune microenvironment
could be modelled in organoids® but only for short-term modelling, fibroblasts and
immune cells progressively decline over a month period. Furthermore, presence of
Matrigel and the enriched growth factors surrounding the organoids can affect
functional/morphological/biochemically and complicate the cell harvesting. Cost for
organoids production is higher, generating and maintaining 3D culture systems is not as
east as cell lines™".

Epithelioids is one of the most recent examples of the effort for developing more complex
in vitro 3D models that resemble in vivo tissues. Epithelioids are generated using small
pieces of epithelial tissues plated on top of permeable membranes. Cells migrate from
the explants and proliferate to cover the whole surface of the membrane. Once confluent,
cultures differentiate and became mature, maintaining natural tissue architecture and
also its dynamical and mechanical properties. This culture has a high potential in
amplification of source tissue, since small explants can give rise to an expanded culture
surface. Epithelioids are also defined as self-maintained, cells within the culture produce
most of the factors that are needed for maintenance of the culture, reducing the factors
that medium requires, and hence reducing medium complexity and associated costs.
The most remarkable advantages from epithelioids are that they can be cultured for long-
term (several months) in a continuous way (no need of trypsinization), conferring this
system with a great potential to be used in studies involving ageing, cell competition or
clonal evolution.

In the present study, the main goal is to deepen in the potential of long-term 3D
epithelioids as a good model to be use for study aging.
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RESULTS

Generation and characterization of mouse oesophageal epithelioids.

Current available advanced 3D cultures lack specific features that made them suitable
for long-term ageing experiments. To overpass those limitations, mouse oesophageal
epithelioids were the selected model due to their extended lifespan in comparison to
other complex cultures systems.

Mouse oesophageal epithelioids were generated by plating mouse oesophagus explants
on top of a permeable membrane (Figure 1A). Cultures were fed with cFAD until
confluence and then media was changed to mFAD. To assess epithelioids structure and
viability, cultures were maintained for two months after confluence. At this time point
epithelioids are fully developed and mature. To facilitate staining and imaging steps,
5mm punches were collected from the whole membrane.

Different sets of staining were designed for characterization of mouse oesophageal
epithelioids after two months in culture. First, polarity of epithelioids were characterized
by two different markers, ITGa6 and KRT4. Itga6 expression staining was restricted to
basal cells (Figure 1B and 1D), while KRT4 strongly labeled cytoplasms in suprabasal
cells (Figure 1B and 1C). Recapitulation of polarity in epithelioids was compared to those
present in mouse oesophagus epithelium in vivo. ITGa6 and KRT4 expression pattern
found in epithelioids correlated with the one showed in sections from mouse oesophagus
(Figure S1A and S1B).

Regarding compartmentalization of the tissue, the second set of stainings consisted of
Actin, KRT13 and Ki67. Actin expression pattern differed from basal and suprabasal. 2.5
months-old epithelioids showed a densely packed basal layer with small cells. On the
other hand, suprabasal cells presented lower density, enlarged cytoplasm and a more
intense actin staining (Figure 1C, 1F and 11). Proliferation is confined only to basal cell,
since Ki67 staining appeared only in this stratum (Figure 1E, 1F and 1G). Finally, KRT13
expression was restricted to suprabasal cells (Figure 1E, 1F and 1G).
Compartmentalization in epithelioids replicated the one that can be found in mouse
oesophageal epithelium (Figure S1C and S1D).

Finally, dynamics were assessed by expression of Loricrin and KLF4. Actin staining was
included for structural purposes. Klf4 defines cells committed to differentiation in
oesophageal epithelium, as shown in Figure S1F. Expression of KLF4 in epithelioids
followed the same pattern as in vivo (Figure 1 H, 11I, 1J, S1E and S1F). Loricrin, as a
terminal differentiation marker of keratinocytes was only expressed in the most external
layer of the epithelioid (Figure 1H, 11 and 1J). Loricrin expression in epithelioids
recapitulates the in vivo situation (Figure S1E and S1F).
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Figure 1. Characterization of mouse oesophageal epithelioids.

(A) Generation of epithelioids protocol. (B) 3D rendered confocal z-stack stained for DAPI (blue),
ITGa6 (green) and KRT4 (red). (C) Suprabasal layer optical section with orthogonal views. (D)
Basal layer optical section with orthogonal views. (E) 3D rendered confocal z-stack stained for
DAPI (blue), Actin (green), KRT13 (red) and Ki67 (white). (F) Suprabasal layer optical section
with orthogonal views. (G) Basal layer optical section with orthogonal views. (H) 3D rendered
confocal z-stack stained for DAPI (blue), Actin (green), KLF4 (red) and Loricrin (white). (l)
Suprabasal layer optical section with orthogonal views. (J) Basal layer optical section with
orthogonal views. Schematic cartoon was made using BioRender.
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Effect of external factors in cellular ageing: radiation and metformin.

After characterizing mouse oesophageal epithelioids long-term capabilities (2.5 months),
the next step was to assess how this novel 3D culture could be a valuable tool for ageing
studies. As telomere shortening is one of the principal hallmarks of ageing, effects of
external factors leading to telomere aging were tested in epithelioids for 6 weeks. The
selected technique was an adapted version of quantitative FISH for labeling C-rich
repetitions in the end section of the telomeres?.

Epithelioids were treated with Irradiation (IR), Metformin (Met) or the combination
(IR+Met) following the regime shown in Figure 2A.

During the exposition to IR and Met for 6 weeks, the cultures showed visual differences
under the optical microscope. Control and Met-treated cultures were more
homogeneous, with attached suprabasal cells (Figure 2B and 2D). IR treated culture
showed more shedding cells detaching from the culture (Figure 2C). IR+Met treated
cultures also looked homogeneous but with an increased in the number of shedding cells
when compared to control.

Exposition to radiation showed a tendency in telomere shortening (less intensity) than
control groups (Figure 2F). On the other hand, comparison between controls and those
epithelioids treated with Metformin showed the same tendency in telomere length
maintenance (more intensity).

Generation of epithelioids require that cells undergo several rounds of proliferation. To
assess how this replicative pressure may affect culture outcomes, telomere length was
also analyzed in cultures whose generation differed in the number of explants plates. For
this experiment, two different approaches were used for generation of epithelioids
(Figure S2A), one explant in the center of the insert (whose cells ended up covering the
whole membrane, or three explants plated in the same way as described in the Methods
section. Epithelioids were fixed when the culture reached confluence. FISH results
showed a red dotty pattern in the nuclei of the basal cell (Figure S2B and S2C). Signal
intensity is higher in nuclei from epithelioids generated from 3 explants (Figure S2C) than
1 explant (Figure S2B). There is a tendency showing that cultures generated using 3
explants have longer telomeres than those generated using only one explant (Figure
S2D).
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Figure 2. Differences in mouse oesophageal cultures exposed to external

factors.

(A) Timeline of the experimental procedure (BioRender) (B-E) Representative images from
epithelioids generated from mouse oesophagus epithelium. After 3 weeks of treatment using a
light microscope (10x objective lens). (F) Graph showing the differences between the four groups
exposed to the different combinations of external factors. Y-axis represents the average of
telomere length in intensity arbitrary units (AU). Bars represent the mean of the intensity on each
group. Chosen statistical analysis was Ordinary one-way ANOVA. N=3 different animals.
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EdU allows tracing of differentiating cells in mouse oesophageal epithelioids.

5-ethynil 2"-deoxyuridine (EdU) is a thymidine analogue that proliferative cells in S-phase
can intercalate in their DNA. However, EdU can be also used for tracking differentiation,
since epithelial cells that undergo proliferation will be detached from the basal membrane
and migrate upwards. EdU positive cells in upper layers of the epithelioid can be used
to measure differentiation ( A). Cultures were incubated with EAU for one hour,
then irradiated and kept in fresh mFAD for 24 hours to allow cells to differentiate.

B-E correspond with representative images from the suprabasal layer of the
epithelioids. Suprabasal layer in all four different conditions showed EdU+ cells in red
color. Cells uptaked EdU during incubation time and then divided during the 24-hour
chase, sharing EdU-labeled DNA with daughter cells ( A). Differentiation can be
appreciated in B-E, where red cells are the daughter cells divided from the
basal ones that captured EdU.

Cell density was quantified from mouse oesophageal epithelioids. DAPI stained nuclei
were counted and then calculated the number of cells per mm?. shows a graph
where there is a tendency showing that the radiation-exposed group compared present
lower cell density compared to the other groups.

' : : ' : : ' .
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Figure 3. EdU differentiation tracing in mouse oesophageal epithelioids.

(A) Schematic cartoon representing how EdU staining works for tracing differentiation. It shows
where EdU labelled cells (red) are located at different time points during EdU labelling. (B-E)
Representative images from suprabasal layer cultures stained for DAPI (blue) and EdU (red).
From B to E the four experimental groups are represented: CTRL, IR, Metformin and
IR+Metformin. Schematic cartoon was made using BioRender.
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Using p21 as a marker of senescence in mouse oesophageal epithelioids.

Senescence cells express p21 on their nuclei. Labelling p21 permits quantifying the
number of senescence cells in a cell culture. With 3D oesophageal epithelium cultures,
once they are fixed, p21 can be detected. In Figures 4A-D, basal layer is containing
nuclei of active and proliferating cells (DAPI, blue), and it is also containing cells p21+.
The proportion of these p21+ cells (or senescent cells) is less evident since these
cultures have a huge number of cells constantly dividing and proliferating specially in the
basal layer (as showed in Figures 3B-E).

Figures 4A-D represent the basal layer of 2.5 months-old mouse oesophagus cultures,
where Figure 4A correspond to the control group, Figure 4B to the group exposed to
radiation, Figure 4C to the metformin exposed group and Figure 4D to both radiation and
metformin exposure. These figures can be correlated with Figure 4E, were comparing
their p21+ quantification, show that there are no differences between groups.
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Figure 4. p21 expression in mouse oesophageal epithelioids.

(A-D) Representative images from suprabasal layer cultures stained for DAPI (blue) and p21
(red). From B to E the four experimental groups are represented: CTRL, IR, Metformin and
IR+Metformin. (E) Graph showing the differences between the groups of cultured exposed to the
different combinations of external factors. Y-axis represents percentage of basal cells expressing
p21. Bars are the mean of the intensity on each group. Ordinary one-way ANOVA was the chosen

statistical method n=3 different animals
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DISCUSSION

While cell lines provide an excellent homogenous study material, 3D cultures models
behave in a manner that is closer to the complex in vivo conditions=><'. 3D cultures have
provided a method of choice for reconstructing tissues architecture and have developed
a tool for better understanding changes, interactions and cellular and molecular
signaling™.

In the recent years, lots of types of 3D in vitro models have been generated. Depending
on the specific objectives, models are usually carefully selected. By using scaffolds or
Matrigel, extracellular matrix can be replicated using biocompatible materials. Cells are
also allowed to maintain their properties, such as cell-cell and cell-matrix interactions,
migration and intercellular signaling”. For instance, collagen | hydrogels cultured with
human breast cancer. Collagen | biocompatibility allowed cells to proliferate without
limitations, and the hydrogel architecture also facilitated interactions between cells and
with the matrix~”. Additionally, they are suitable for many applications, including cancer
research, drug development, disease progression, regenerative medicine and stem cell
research. Researchers developed in vitro culture systems with patient’s peripherally and
tumor-derived immune cells, which offered an approach to evaluate novel therapies in
the context of heterogeneous tumor-associated cell types™. Microenvironmental immune
cells can also be modelled in 3D systems~“. Human diseases can also be modeled using
organoids, such as steatohepatitis-like pathology generated from human induced
pluripotent stem cells”".

Despite their advantages, they present certain drawbacks. Although organotypic cultures
and organoids provide tissue-like organization and amplification potential, they have no
self-maintenance capacity and maximum experiment length without passaging is
approximately one month. Some types of 3D cultures have specific material
requirements for their maintenance and increased costs to produce them

Long-term 3D epithelioids represent a versatile platform that provide new insights across
diverse biological approaches and can have multiple applications. They allow generating
3D sheets of cultured primary epithelial tissue from small initial samples. A particular
advantage of epithelioids over other 3D culture methods is they are capable to self-
sustain for weeks to months without passaging, which offers a cost-effective approach
to study long-term cellular processes. Epithelial 3D cultures also recapitulate the
structure and architecture of mouse oesophageal epithelioids™". In the present study, it
is demonstrated that 2.5 month-old mouse oesophageal epithelioids can replicate
polarity, compartmentalization, and dynamics of mouse oesophageal epithelium. This
was demonstrated by using different markers in both epithelioids and cryosections from
mouse oesophagus. DAPI permitted identify cell localization and nuclear morphology,
while polarity and tissue architecture were assessed using ITGa6 and phalloidin (an F-
actin marker). Cell proliferation was analyzed by immunostaining for Ki67. Additionally,
KLF4 was used as a differentiation marker. Suprabasal layers were labeled by
immunostaining for keratin proteins such as KRT4 and KRT13, as well as loricrin for the
upper layers.

Mouse oesophageal epithelioids were used in this experiment to model the effects of
ageing. For that, external factors were employed to mimic ageing-related aspects. It is
well documented that high dose of ionizing radiation has effects on radiation-induced
ageing. However, evidence regarding the impact of low-dose radiation on ageing
remains limited' '. There are evidences that indicate that metformin has a clinical
potential for ageing regulation and diseases control, since it acts promoting antioxidant
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cell mechanisms'“. To test both positive and negative effects that external factors can
induce in cellular ageing, both radiation and metformin were used to test epithelioids as
a model for ageing. The findings show that low dose radiation and metformin have effects
on the cultures. Throughout the culture period, it was observed that metformin-treated
cultures exhibited a faster color change in the medium, reflecting increased
consumption. This phenomenon is linked to the mechanism of action of metformin, which
inhibits the mitochondrial complex 1 of the electron transport chain, leading to a reduction
in ATP levels that activates AMPK and also reduces the generation of reactive oxygen
species (ROS)'"". Additionally, increased number of shed cells was clear in radiation-
exposed groups. Radiation induces differentiation, which reduces basal cell density and
this triggers proliferation 24-48h later, associated with an accelerated turnover cells
following radiation exposure “. The initial doses employed for the experiment were 0.5
mM metformin and 50 mGy ionizing radiation. Due to the lack of phenotypic changes at
these concentrations, the doses were increased to 1 mM metformin and 100 mGy
radiation.

Observations indicate that there is a strong correlation between the telomere shortening
rate and the life span of a species’. Molecularly, to assess the effects of the external
factors on the cultures, telomere length was measure by FISH. It was developed to
assess it in histological sections to detect gradients of telomere length within tissues™.
It was also used in paraffin-embedded adenopituitary tissue sections to compare
telomere length between CDK4+ and CDK4- cells. This FISH technique was successfully
applied in epithelioids, and the Cy3 fluorescence was acquired using confocal
microscopy (Methods). However, care must be taken to preserve fixed tissues, avoiding
using compounds that can interfere with cellular DNA, as this can compromise the results
or cause this technique to fail.

It can be observed that radiation-exposed group had slightly lower intensity of signal
comparing with control or metformin-exposed groups. Although a tendency was
observed, those results did not present a statistical significance. Longer exposure to
radiation or metformin together with extended time course experiments would be the key
next step to further explore the suitability of this technique for assessment of the effects
of longevity in epithelioids.

The same experiment was performed with cultures generated from a simple explant
when compared to those generated from three explants. The results showed differences
between both types of cultures. However, not statically difference was observed. Despite
this, cultures generated from three explants confluence at a faster rate than the ones
generated from a single explant. This suggests that cells from the second group
replicated fewer times, which can correlate with higher preservation of telomere length.
This finding highlights an opportunity to quantitatively assess the number of replication
cycles required for cells to reach confluence. Implementing the use of cell trace markers
in growing cultures would be interesting to perform in the future. It could provide valuable
insight into the correlation between cellular replication and telomere dynamics, as well
as improve understanding cells behavior in this type of 3D cultures.

5-ethynil 2°-deoxyuridine (EdU) labels progenitor cells from the basal layer in S phase of
the cell cycle. These cells can keep dividing or decide to differentiate. It was observed
that 24 hours after giving a pulse of radiation the proportion of EdU+ cells that
differentiated (located in suprabasal layers) was higher in radiated cells than in control
cells'“. So those differentiating, moved towards the surface be becoming EdU+ supra
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basal cells that carry the labelling from the basal layer, serving as a measure of cell
differentiation in epithelioids.

EdU tracing can be correlated with cell density. It was previously shown that density of
cells in the basal layer was reduced in irradiated mice and suprabasal cell density was
increased “. In the present study, although not statically difference was observed, there
is a tendence that shows that irradiated cultures have lower cell density compared to the
other groups. Future experiments may quantify cell density and correlate it with
proliferation and differentiation by quantifying EdU+ cells, to better understand how
external factors can affect to epithelial cells.

Regarding p21 staining across the four experimental groups, no differences were found
in the expression of this senescence markers in basal cells. Although metformin has
effects in different cell pathways, some related to senescence, the expression of p21 is
also regulated by multiple mechanisms!.Therefore, expression of p21 alone may not
provide definitive information about senescent cells in relation to metformin. On the other
hand, there is evidence that senescence-associated markers are expressed
consequently to radiation. Some of these represent late effects caused by therapeutic
radiation treatments™. This suggest that senescence involves complex mechanisms,
time- and dose- dependent, opening new research frontiers. The use of epithelioids can
provide information in this regard, but longer culture periods and extended exposure
times are needed to determine how external factors affect cell senescence and he
mechanisms involved.

Correlation telomere length with the exposure to external factors (such as metformin and
radiation) could yield deeper insights if telomeres length measurements are assessed at
multiple time points throughout culture period. Extending this approach to include various
tissue types epithelioids, including human epithelia (manual in preparation), may bring a
closer understanding of the mechanisms involved in the ageing process.

In summary, the present study serves as a proof of concept that epithelioids can be used
to investigate ageing-related biological processes in vitro. Their capacity to be
maintained for long-term periods supports extended culture periods, increasing
sampling, and studying how variations in the number of explants can affect proliferation
and replication dynamics.
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METHODS

Generation and maintenance of mouse oesophageal epithelioids.

Ethical permission for mouse experiments were done according to project license
PP7037913. Animals were housed in individually ventilated cages and fed on standard
chow. Mice were maintained at specific and opportunistic pathogen free health status.

Mice were euthanized and the oesophagus was removed with forceps. Then, the
oesophagus was carefully opened using fine scissors. The oesophageal epithelium was
separated from the submucosa and the muscle layer with fine tweezers. The
oesophageal epithelium was cut with the scalpel into small pieces (1 mm?
approximately). The explants obtained in the previous step were used to create the
cultures. 3 explants were placed on top of a transparent ThinCert 0.4 um pore-size six-
well insert of 4.5 cm2 (Greiner Bio-One) with the epithelium facing upward.

Mouse oesophageal epithelioids were fed in complete FAD (cFAD) medium until
confluence. This medium cFAD contains: Dulbecco’s modified Eagle’s medium/Nutrient
Mixture F12 (DMEM/F12) at a ratio of 3:1 was made by mixing DMEM (Invitrogen, cat.
no. 11971-025) and DMEM/F12 (Invitrogen, cat. no. 31330-038), supplemented with 5%
fetal bovine serum (PAA Laboratories, cat. no. A15-041), 5% penicillin—streptomycin
(Sigma-Aldrich, cat. no. P0781), 5 pug/ml insulin (Sigma-Aldrich, cat. no. 15500), 1.8 x
10 M adenine (Sigma-Aldrich, cat. no. A3159), 1 x 107" M cholera toxin (Sigma-
Aldrich, cat. no. C8052), 10 ng/ml epidermal growth factor (PeproTech EC, cat. no. 100-
15), 0.5 pg ml-1 hydrocortisone (Calbio-chem, cat. no. 386698) and 5 ug ml-1 apo-
transferrin (Sigma-Aldrich, cat. no. T2036). Once the cultures are confluent, the medium
is changed to minimum FAD (mFAD): DMEM (Invitrogen, cat. no. 11971-025) and
DMEM/F12 (Invitrogen, cat. no. 31330-038) in a 1:1 ratio, supplemented with 5% fetal
calf serum (PAA Laboratories, cat. no. A15-041), 5% penicillin—streptomycin (Sigma-
Aldrich, cat. no. P0781), 5 ug ml-1 insulin (Sigma-Aldrich, cat. no. 15500) and 5 pg ml-1
apo-transferrin (Sigma-Aldrich, cat. no. T2036). Cultures were then always maintained
in mFAD.

Immunostaining of mouse oesophageal epithelioids.

For epithelioid staining, inserts were first fixed in 4% paraformaldehyde (PFA) solution
for 30 minutes at room temperature under gently shaking, followed by 3 washes with
PHEM Buffer 1X (60 mM PIPES, 25 mM HEPES, 10 mM EGTA and 4 mM MgS0O4-7H20
in PBS). Membranes were then separated from the inserts, and smaller biopsies were
taken using 5mm diameter cutaneous biopsy punches (Kai industries; BP-50F).
Membrane biopsies were permeabilized in PB Buffer (0.5% BSA, 0.25% fish skin gelatin,
1% Triton X-100 in PHEM) for 30 minutes at room temperature under gently shaking -all
steps after this point were carried out under gentle shaking conditions-. Biopsies were
then blocked in Blocking Buffer (PB Buffer + 10% Donkey serum) for 1 hour at room
temperature. Biopsies were incubated with primary antibodies (Table S1) diluted in
Blocking buffer overnight at room temperature, followed by 5 washes with PHEM buffer.
After that, biopsies were incubated overnight with DAPI (1:1000), Phalloidin-A488
(1:1000) -when required- and secondary antibodies in Blocking buffer overnight at room
temperature, followed by 5 washes with PHEM. Finally, Membrane biopsies were
mounted in a 1:1 Glycerol-PBS solution on top of a glass slide and sealed with a thin
coverslide.
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Immunostaining of mouse oesophageal cryosections.

Small mouse oesophageal pieces were embedded in Optimal Cutting Temperature
(OCT) solution, and frozen in dry ice. 10umsectionswhere sliced using a cryostat (Leica
CM3050 S) and placed on top Superfrost Microscopy slides (VWR; 6371-0909). After that,
slides were to air dried for 30 minutes and then fixed with PFA 4% for 5 minutes. OCT
leftovers were removed by washing twice in PHEM buffer. Slides with the sections are
blocked for 30 minutes in Blocking buffer (0.5% BSA, 0.25% fish skin gelatin, 0.5% Triton
X-100 and 10% Donkey serum in PHEM) and then incubated inside a wet chamber with
primary antibodies diluted in Blocking buffer overnight at room temperature. 5 to 10
washes with PHEM buffer were done after incubation with primary antibodies. Incubation
with secondary antibodies in Blocking buffer with DAPI 1:1000 and Phalloidin 1:1000
was performed for 3 hours at room temperature. Finally, slides were mounted in a 1:1
Glycerol-PBS sealed by a glass coverslide.

Using low dose ionizing radiation and metformin in mouse oesophageal
epithelioid cultures.

When cultures were confluent, medium was changed from cFAD to mFAD. Cultures were
kept in mFAD for a week and then they were exposed to low dose ionizing radiation
and/or metformin for 6 weeks.

Using a benchtop irradiator (Xstrahl; CIX1), 50 mGy pulses were given twice a week
(every Monday and Thursday) to epithelioids for the first 4 weeks. After that, 100 mGy
pulses were given twice a week (Monday and Thursday) during the final 2 weeks. In
parallel, Metformin (LKT Laboratories) was administered the culture at a concentration
of 0.5 mM for the first 2 weeks and increased to 1 mM for the subsequent 4 weeks.
Medium was refreshed every 3-4 days, in synchrony with the exposure pulses, to
maintain consistent drug exposure and nutrient availability.

FISH technique for quantification of telomer length in mouse oesophageal
epithelioid cultures.

Small biopsies were first obtained using a 7mm cutaneous biopsy punch (Acu-punch®;
P750). First, membrane biopsies were fixed in 4% PFA for 2 minutes and washed in 1X
PBS for three times. All the washes were performed with PBS 1x unless otherwise
indicated. Acidified pepsin (Pepsin 0.01% (w/v) in distilled water and pure hydrochloric
acid 0.084% (v/v)) was used to incubate samples for 10 minutes at 37°C to digest
possible proteins that can be attached to the cellular DNA. Samples were again fixed
with PFA 4% for 2 minutes and washed three times.

Membrane biopsies were then dehydrated in 5 minutes consecutive incubations of
increasing ethanol concentrations (70%, 90%, 100%), followed by 20 minutes of air
drying. Hybridation mix was prepared during incubations: TRIS 1M pH 7.4 (10 mM) +
Hybridation buffer (Citric acid (15.3 uM), MgCI2 (42.5 uM), Na2HPO4 (139.4 uM)) +
Formamide (70%) + SuperBlock buffer (5%) + Cy3-Tel (200 nM) in distilled water.
Hybridation mix was added onto the punches mounted on slides and sealed with a glass
coverslide slides were incubated in a hybridization oven for 5 minutes at 80 °C. This step
was followed by a 2-hours incubation in a wet, light-protected chamber.

Formamide buffer (70% formamide + TRIS 0.01M pH 7.4 + BSA 0.01% + destilled water)
was used to wash the slides. Finally, epithelioid punches were washed with TBST buffer
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(Tris-buffer saline 1x + Tween 20 0.08%) followed by PBS 1x prior to DAPI incubation
for 30 minutes and mounting over microscopy slides in a 1:1 Glycerol-PBS solution and
sealing with glass coverslides.

EdU tracing.

Prior to EdU incorporation, cultures were maintained in mFAD medium for 2 weeks. The
final week, metformin was added to mFAD medium since cells habituate to those
conditions. For EdU in vitro tracing, cultures were incubated in 10 yM EdU diluted in
mFAD medium for 1 hour EdU solution was then removed and fresh mFAD was used to
wash the cultures for 1 hour.24 hour chasing incubation time was left for cells to
differentiate and migrate upwards. Finally, epithelioids were fixed in 4% PFA for 30
minutes at room temperature.

EdU fluorescence staining was performed using the Click-it kit (Invitrogen, #C10338)
following manufacturer’s instructions.

Confocal microscopy.

Images for characterisation and telomere length analysis were acquired using a Nikon
CSU-W1 SoRa spinning disk confocal system equipped on a Nikon Ti2 microscope,
controlled by NIS-Elements AR software (version 5.42.06). The system utilized a Prime
95B 1 camera. Samples were scanned using a Apo LWD 40x/1.15 water immersion
objective. 3D z-stacks with a 0.3 um between planes were imaged.

Images for EdU tracing and p21 staining were acquired using a Nikon AX R confocal
microscope equipped on a Nikon Ti2 microscope, controlled by NIS-Elements AR
software (version 5.42.06). Samples were scanned using a Apo LWD 40x/1.15 water
immersion objective used was a 40X long working distance water immersion objective.
Single plane or a 3D z-stack with 0.6 ym between planes were imaged for p21 and EdU
respectively.

Data analysis.

3D-rendered and reconstructed orthogonal (XYZ) images were generated using Volocity
v6.3.1 (Perkin Elmer). Representative images for telomere length measurement, EdU
tracing and p21staining were analyzed using Fiji (ImageJ)

A custom script was developed in collaboration with Richard Butler (Imaging analysis
specialist, the Gurdon Institute Imaging facility) for Fiji™ for high-throughput
segmentation of DAPI labelled nuclei in 3D stacks and measure intensity in their
telomere labelling. The script applies a 3D frequency bandpass filter with a standard
deviation range of 2-10 uym. It then calculates a threshold to extract objects from the
processed stack using Huang’s fuzzy thresholding algorithm~". The detected objects are
clustered using the OPTICS algorithm™ to robustly join segmented components into 3D
nuclei with a maximum reachability distance of 2.5 ym.

DSBDancer v0.8.2 plugin (previously developed in the Gurdon Institute Imaging Facility)
for Fiji” was used to apply customisable, high-throughput pipelines for robust
quantification of basal layer total nuclei and nuclear markers. Positive signal in nuclei
with a radius range of 2.5-3 ym segmented by applying Otsu's method”’ to the frequency
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filtered DAPI channel was quantified. Nuclei were scored as EdU positive if the Z-score
for their mean EdU intensity was >= 0.8 standard deviations.
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Figure S1. Comparison of mouse oesophageal epithelioid and mouse
oesophagus architecture.

(A) Orthogonal view of mouse oesophageal epithelioid stained for DAPI (blue), ITGa6 (green)
and KRT4 (red). (B) Mouse oesophageal cryosection stained for DAPI (blue), ITGa6 (green) and
KRT4 (red). (C) Orthogonal view of mouse oesophageal epithelioid stained for DAPI (blue), Actin
(green), KRT13 (red) and Ki67 (white). (D) Mouse oesophageal cryosection stained for DAPI
(blue), Actin (green), KRT13 (red) and Ki67 (white). (E) Orthogonal view of mouse oesophageal
epithelioid stained for DAPI (blue), Actin (green), KLF4 (red) and Loricrin (white). (F) Mouse
oesophageal cryosection stained for DAPI (blue), Actin (green), KLF4 (red) and Loricrin (white).
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Figure S2. Differences in telomere shortening during epithelioids generation.

(A) Protocol for plating mouse oesophageal epithelium explants. (B-C) Representative images
from basal layer cultures stained for DAPI (blue) and telomere C-rich repetitions (red). At the right,
both DAPI (blue) and C-rich repetitions (red) are represented together. (D) Graph showing the
differences between the cultures generated from one explant and the cultures generated from
three explants. Y-axis represents the average of telomere length in intensity arbitrary units (AU).
Bars represent the mean of the intensity on each group. Chosen statistical analysis was Ordinary
one-way ANOVA. n=1 animal. Schematic cartoon was made using BioRender.
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Figure S3. Basal layer cell density of 2.5 months-old mouse oesophageal
epithelioids.

(A) Graph showing the differences between the density of nuclei detected in the basal layer of
the four different groups of mouse oesophageal epithelioids. Y-axis represents the average of
nuclei/cells per mm?2. Bars represent the mean of the cell density on each group. Chosen
statistical analysis was Ordinary one-way ANOVA. n=3 animals.
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Reagent or Resource
Primary antibody Reference Origin Dilution
KRT4 Sigma-Aldrich; C5176 Mouse 1in 500
KRT13 OriGene; BP5076 Guinea Pig 1in 500
KI67 Abcam; ab 15580 Rabbit 1in 900
KLF4 R&D Systems; AF3158 Goat 1in 100
p21 BD Pharmingen; 556430 Mouse 1in 300
Loricrin Biolegend; B390970 Rabbit 1in 500
ITGa6-647 Biolegend; B346058 Rat 1in 500
Secondary antibody Reference Origin Dilution
Anti-Mouse-A488 Plus Invitrogen; A32766 Donkey 1 in 3000
Anti-Guinea pig-A647 Invitrogen; A21450 Goat 1in 1000
Anti-Rabbit-A555 Plus Invitrogen; A32794 Donkey 1 in 3000
Anti-Rabbit-A647 Plus Invitrogen; A32795 Donkey 1in 3000
Anti-Goat-A555 Plus Invitrogen; A32816 Donkey 1in 3000

Table S1. Antibodies used during the experiment.
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