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Resumen

Avances recientes en las técnicas de perfilado de ribosomas, peptidomica y analisis
bioinformatico han desvelado que muchas regiones gendmicas que fueron anotadas
como no codificantes en realidad codifican proteinas pequefias conservadas
evolutivamente. Estas proteinas, de menos de 100 aminoacidos de longitud, se han
denominado microproteinas, micropéptidos o SEP (de small-ORF encoded
polypeptides). A dia de hoy, solo unos pocos se han caracterizado funcionalmente, pero
se han revelado como una nueva clase de reguladores moleculares con funciones
cruciales en muchos procesos celulares, como el empalme del ARN, la reparacion del
ADN vy el metabolismo mitocondrial. Estos sorprendentes descubrimientos han abierto
un nuevo campo de estudio, con miles de microproteinas con potencial clinico a la
espera de ser caracterizadas.

La plasticidad celular es la capacidad de las células de cambiar su identidad y transitar
entre distintos estados celulares. Se sabe que es una propiedad fundamental para el
desarrollo embrionario y la regeneraciéon de tejidos, pero ya ha quedado claro que la
plasticidad celular también es crucial para las células tumorales, que se aprovechan de
este proceso para aumentar su capacidad de adaptacion.

En esta tesis doctoral nos planteamos como objetivo principal identificar y caracterizar
nuevas microproteinas reguladoras de la plasticidad en células tumorales. Usando un
algoritmo bioinformatico hemos identificado MIDORI, una microproteina conservada a
lo largo de la evolucién codificada por ZEB2-AS1, un gen mal anotado como un ARN
largo no codificante (INCRNA). ZEB2-AS1 se transcribe por la sefalizacion de TGFB y
es necesario para la transicion epitelio-mesénquima (EMT). De hecho, hemos
observado que la expresiéon de MIDORI aumenta con TGFp, asi como con estrés
genotoxico y ER. Sorprendentemente, nuestros datos demuestran que MIDORI regula
negativamente el programa de transcripcion mesenquimal en muchos tipos celulares y
bloguea la induccion de EMT. Hemos analizado el papel de MIDORI en varios procesos
relacionados con la EMT. En células de cancer de mama, MIDORI induce la formacién
de uniones adherentes, reduce la secrecion de citoquinas pro-inflamatorias, y reduce la
migracion y la invasion celular in vitro. Mas aun, MIDORI es capaz de inhibir la
colonizacién metastasica in vivo. A nivel de mecanismo, hemos observado que MIDORI
reduce la activacion de los efectores de la via del TGFB SMAD2, ERK1/2 y NF-xB, y
que interactua con MYBBP1A, un represor transcripcional de NF-kB, lo que sugiere que
MIDORI podria estar bloqueando la EMT mediante la regulacién de la transcripcion.

En linea con el papel de MIDORI en las células cancerosas, nuestros estudios también
han revelado que MIDORI mejora la reprogramacién de fibroblastos embrionarios de
ratén (MEFs) a células madre pluripotentes inducidas (iPSCs), un proceso que requiere
una transicion mesénquima-epitelial (MET). El medio acondicionado de MEFs que
sobreexpresan MIDORI promueve también la reprogramacion celular, lo que sugiere
que MIDORI mejora la reprogramacion de una manera extrinseca. Ademas, hemos
descubierto que MIDORI endégeno se expresa en las primeras etapas de la
reprogramacioén, cuando se produce MET, y su deficiencia reduce drasticamente la
eficiencia de la reprogramacién. Mas aun, hemos observado que los MEFs deficientes
en MIDORI muestran una dinamica transcripcional desregulada de genes relacionados
con EMT y un aumento en la expresion de los genes supresores de tumores p716™# y
p19°RF durante la reprogramacion. De hecho, los MEFs deficientes en MIDORI son
propensos a entrar en senescencia celular, lo que sugiere que MIDORI regula la
reprogramacion, al menos en parte, al regular la entrada en senescencia celular.

En resumen, en este trabajo hemos identificado MIDORI, una nueva microproteina
inducida por estrés que actua como efector de un circuito de retroalimentacion negativa
que revierte la EMT. De acuerdo con lo anterior, MIDORI reduce la metastasis de los
tumores de cancer de mama y mejora la reprogramacion celular. Nuestros datos arrojan
luz sobre la regulacion de la plasticidad epitelio-mesenquima y descubren una potencial
diana para medicina regenerativa y la terapia contra el cancer.
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Summary

Recent advances in ribosome profiling, peptidomics and bioinformatics have revealed
that many genomic regions previously misannotated as non-protein-coding actually code
for evolutionarily conserved small proteins. These proteins, smaller that 100 amino acids
in length, have been called microproteins, micropeptides or SEPs (small-ORF encoded
polypeptides). To date, only few of them have been functionally characterised but they
have been revealed as a new class of molecular regulators with crucial functions in many
cellular processes, such as RNA splicing, DNA repair and mitochondrial metabolism.
These surprising discoveries have opened a new field of study, with thousands of
microproteins with clinical potential waiting to be characterised.

Cellular plasticity is the ability of cells to change their original identity and transit between
distinct cell states. It is known to be a fundamental property for embryonic development
and tissue regeneration, but it has become clear that cellular plasticity is also crucial for
cancer cells, which hijack this process to increase their adaptative capacity.

In this doctoral thesis, we aimed to identify and characterise novel microproteins as
regulators of cancer cell plasticity. Using a bioinformatic pipeline, we have identified
MIDORI, a microprotein conserved across evolution encoded by ZEB2-AS1, a gene
misannotated as a long non-coding RNA (IncRNA). ZEB2-AS1 is known to be
upregulated by TGFp signalling and it is required for the epithelial-to-mesenchymal
transition (EMT). Indeed, we have observed that MIDORI protein expression increases
upon TGFp as well as upon genotoxic and ER stress. Surprisingly, we demonstrate that
MIDORI downregulates the mesenchymal transcriptional programme in many cell types
and blocks the induction of EMT.

Next, we analysed the role of MIDORI in several processes related with EMT. In breast
cancer cells, MIDORI promotes the establishment of cell-to-cell junctions, impairs the
secretion of proinflammatory cytokines and reduces cell migration and invasion in vitro.
Moreover, MIDORI overexpression impairs metastatic colonization in vivo.
Mechanistically, we have shown that MIDORI reduces the activation of the TGFp
effectors SMAD2, ERK1/2 and NF-xB. We have identified MYBBP1A, a NF-xB co-
repressor, as a MIDORI interactor, suggesting that MIDORI could be blocking EMT by
transcriptional regulation.

In agreement with the role of MIDORI in cancer cells, our studies have also revealed that
MIDORI enhances the reprogramming of mouse embryonic fibroblasts (MEFs) to
induced pluripotent stem cells (iPSCs), a process known to require a mesenchymal-to-
epithelial transition (MET). Of note, the conditioned medium of MIDORI-overexpressing
MEFs is enough to promote cellular reprogramming, suggesting the MIDORI enhances
reprogramming in a cell extrinsic manner. Importantly, we have found that endogenous
MIDORI is transiently expressed at the early stages of reprogramming, when MET takes
place, and MIDORI deficiency drastically decreases reprogramming efficiency.
Interestingly, we have observed that MIDORI-deficient MEFs display a dysregulated
transcriptional dynamics of EMT-related genes and upregulate p16™* and p19°%*
tumour suppressor genes during the reprogramming process. Indeed, MIDORI-deficient
MEFs are prone to enter cellular senescence and MIDORI overexpression decrease the
onset of senescence during reprogramming, suggesting that MIDORI regulates in vitro
reprogramming -at least in part- by regulating the onset of cellular senescence.
Altogether, in this work we have identified MIDORI, a novel microprotein that is
expressed upon stress and acts as an effector of a negative feedback loop that shuts
down the mesenchymal programme to revert EMT. Consistently, MIDORI reduces
metastasis of breast cancer cells and improves cellular reprogramming to iPSCs. Our
data shed light in the regulation of the epithelial-mesenchymal plasticity and uncover a
potential new target for regenerative medicine and cancer therapy.
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Introduction

1. Small ORF-encoded Microproteins

1.1.  The hidden microproteome

Genome sequencing has been undoubtedly one of most important achievements in
biomedicine and represented the beginning of a new era, sowing the seeds for the future
basic and applied science. However, it came with an enormous challenge: the
extraordinary amount of data gathered by the new sequencing techniques had to be
organised and annotated, and functional open reading frames (ORFs) had to be
recognised while discarding the ones that are randomly generated within the genome
but not translated. An useful approach for this titanic task was developed in the 1990s,
when two different authors reported that a cut-off of 100-codons (i.e., 300 nucleotides)
was sufficient to significantly reduce the background noise coming from random small
ORFs (sORFs) in the genome of Saccharomyces cerevisiae (Basrai et al., 1997; Fickett,
1995). This threshold has helped the annotation of coding regions in the genomes as we
have known them in the last thirty years. However, this approach had a main drawback:
the 100-codons cut-off systematically filtered out many sORFs that could code for
functional proteins. Moreover, it indirectly contributed to the establishment of the dogma
that eukaryotic genes are monocistronic.

Surprisingly, these assumptions started to change in the last decade, when advances in
bioinformatics, ribosome-profiling and peptidomics revealed that many regions assumed
to be non-coding, such as IncRNAs, miRNAs, and the untranslated regions (UTRs) of
mRNAs contain non-canonical ORFs that actually code for small active proteins
(Andrews and Rothnagel, 2014; Brunet et al., 2020; Makarewich and Olson, 2017;
Patraquim et al., 2020). These proteins have received different names, such as sORFs-
encoded polypeptides (SEPs), micropeptides or microproteins. Based on their genomic
location, non-canonical ORFs encoding microproteins can be classified as: 1) small
ORFs (sORFs), when they are located in previously assumed non-coding transcripts,
such as IncRNAs, miRNAs and circRNAs, and generally are smaller than 100 codons;
or 2) alternative ORFs (alt-ORFs), located in canonical protein-coding transcripts, but
different from the main annotated ORF. Alt-ORFs may overlap the main ORF (in frame
or out of frame) or can be located either in the 5UTR, named as upstream ORFs
(uORFs) or in the 3'UTR, referred to as downstream ORFs (dORFs) (Figure 1) (Merino-
Valverde et al., 2020).

Importantly, the identification of microproteins broke the old dogma of the monocistronic
nature of eukaryotic genes and it also changed our canonical view of protein translation,
since many microproteins start with a codon different from ATG (Cao and Slavoff, 2020).
These surprising discoveries opened a new level of complexity, bearing enormous
implications from basic research -where many fundamental concepts in biology have
been revisited- to the clinical setting, given that the microproteome could be the source
of new therapeutic targets and biomarkers.
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Figure 1. Classification of non-canonical ORFs. sORFs are smaller than 100 codons and are
encoded by non-coding RNAs, such as IncRNAs, miRNAs or circRNAs (left panel); alt-ORFs are
encoded by canonical protein-coding transcripts (right panel). They can overlap the main-ORF
(light blue), in-frame or out-of-frame, or they can be located in the UTRs, named upstream ORFs
(uORFs) when they are in the 5’ UTR or downstream ORFs (dORFs) when they are in the 3' UTR.

1.2. Identification of new microproteins

At present, there are several computational and experimental approaches for the
discovery of microproteins. Computational approaches rely on indicators of functionality
such as codon conservation across evolution and the presence of domains described in
already previously identified proteins. Some bioinformatic algorithms have been
developed based on these criteria, such as PhyloCSF, that uses phylogenetic
conservation and codon substitution frequencies to predict coding regions (Figure 2).
The phylogenetic conservation of codons in regions annotated as noncoding -which are
generally non conserved (as IncRNAs)- could mean functionality and, therefore, is a
good indicator of coding potential. Once a novel microprotein is predicted, additional
features suggestive of meaningful SORF can be analysed, such as the presence of a
Kozak sequence, homology with other known proteins or protein domains as well as N-
terminal sequences. Although codon conservation is highly suggestive of actual
translation, this approach needs to be supported with further experimental evidence.

Experimental methods provide direct experimental evidence of the translation of a new
microprotein. One of them is mass-spectrometry (MS), by which proteins of a biological
sample are digested into small peptides that are analysed to determine their specific
amino acidic spectrum. In common MS experiments, the spectra are aligned to
databases containing the spectra of already known proteins, normally using available
databases such as UniProt (Figure 2). However, most microproteins are not annotated
in normal protein databases, and therefore a customised database that include
microproteins is needed during de novo identification by MS. One way to generate the
database is using transcriptomic data and predict in silico all the microproteins that can
be potentially translated. Although there has been great technical advance in
peptidomics, many microproteins could be overlooked during the identification by MS. In
fact, microproteins’ small size limits the number of tryptic peptides that are unique and
distinguishable for a candidate. Additionally, many times the small size is accompanied
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by low abundance compared to other bigger proteins, probably due to the fact that classic
proteomic approaches select the top mass-intensities in the analysis resulting in a bias
towards highly abundant peptides (Makarewich and Olson, 2017; Peeters and
Menschaert, 2020; Slavoff et al., 2013; Zhu et al., 2018).

Another experimental approach used for microprotein identification is ribosome
sequencing (Ribo-seq), which identifies actively translated regions of the genome. In this
technique, isolated ribosomes bound to transcripts undergo a nuclease treatment prior
to sequencing. In this way, regions that are not protected by the ribosomes and,
therefore, non-translated are eliminated before the sequencing (Figure 2). The obtained
Ribo-seq data are then evaluated using algorithms such as RibORF, that scores
ribosome pausing in the ORF based on codon frequency and periodicity (Ruiz-Orera et
al., 2018).

The combination of both computational and experimental approaches has allowed the
discovery of many novel microproteins. Nevertheless, none of these methods evaluates
the biological relevance of the identified microproteins and a functional characterisation
needs to be performed case by case. To date, only a small subset of microproteins have
been functionally characterised, but they have been demonstrated to play unique
biological functions as fine-tune regulators of complex biological processes.

Computational approach Experimental approaches
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Figure 2. Microprotein discovery strategies. Methods for microprotein discovery can be
divided into computational or experimental approaches. While computational approaches
evaluate phylogenetic codon conservation and analyse predicted protein characteristics,
experimental approaches give direct evidence for protein existence, by direct identification of the
microprotein spectrum by MS analysis or by the evaluation of active translation of given transcript
using Ribo-Seq.
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1.3.  Microproteins’ biological functions

1.3.1. Microproteins as regulators of cellular processes

Microproteins have been demonstrated to play key functions in several biological
processes. As far as we know, they lack enzymatic activity, but their reduced size makes
them perfect for allosteric regulation of big macromolecular complexes. This is the case
of the regulin family of microproteins composed by Myoregulin, Phospholamban,
Sarcolipin, Endoregulin, Another-Regulin and DWOREF. All of them have been shown to
regulate intracellular calcium dynamics in a tissue specific manner through their
interaction with the Calcium-ATPase SERCA and the regulation of its conformational
changes (Anderson et al., 2015; Anderson et al., 2016; Nelson et al., 2016). Similarly,
the MRI-2 microprotein has been shown to stimulate non-homologous end joining
(NHEJ) by interaction with Ku heterodimeric proteins, favouring the conformational
stabilisation of the complex and, in turn, the process of DNA-repair (Slavoff et al., 2014).
Others microproteins, such as Mitoregulin or SPAR, are structural components of
macromolecular complexes. Mitoregulin regulates mitochondrial respiration by
stabilising the formation of mitochondrial respiratory super complexes, whereas SPAR
regulates amino acid metabolism by the interaction with the lysosomal v-ATPase, in this
way regulating mTORC1 activation (Makarewich et al., 2018; Matsumoto et al., 2017;
Stein et al., 2018). Other cellular processes regulated by microproteins are “Nonsense
mediated decay” and P-bodies formation (D'Lima et al., 2017), mRNA splicing (Huang
et al., 2017), fatty acid-oxidation (Makarewich et al., 2018) and transcriptional regulation
(Koh et al., 2021) .

Interestingly, microproteins can also act as signals for intracellular or intercellular
communication. For example, PIGBOS helps to regulate organelle interactions within the
cell. In fact, it regulates the ER-Mitochondrial tethering allowing cells to cope with ER
stress and resist to apoptosis (Chu et al., 2019). Moreover, microproteins can be
secreted outside the cells as it is the case of Toddler/Elabela and Pegasus. While the
first ones are bona fide ligands of the apelin receptor and act as mitogens during
gastrulation and cardiac development (Chng et al., 2013; Pauli et al., 2014), Pegasus
enhances Wingless/Wnt1 protein short-range diffusion and signalling during Drosophila
Melanogaster wing development (Magny et al., 2021).

There are some processes that have been consistently demonstrated to be regulated by
several microproteins, such as muscle function (Anderson et al., 2015; Anderson et al.,
2016; Bi et al., 2017; Magny et al.,, 2013; Makarewich et al., 2018) mitochondrial
processes (Makarewich et al., 2018; Stein et al., 2018; Zhang et al., 2020), embryonic
development (Chng et al., 2013; Galindo et al., 2007; Magny et al., 2021; Pauli et al.,
2014) and immunity (Bhatta et al., 2020; Chu and Saghatelian, 2019; Pueyo et al.,
2016).

Summarising, microproteins have been observed in different cellular processes acting
as regulators of major protein complexes, as well as intracellular and extracellular
messengers. Importantly, the deficiency of some microproteins, such as
Toddler/Elabela, has been demonstrated to induce embryonic lethality (Chng et al.,
2013; Pauli et al., 2014), demonstrating their physiological relevance.
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1.3.2. Microproteins in disease

Just as microproteins have been linked to physiological processes, they can also play a
role in pathological contexts. Some microproteins have been found to be regulated in
pathological conditions. For instance, Humanin microprotein is downregulated in
Alzheimer’s disease and it has been linked to neuroprotective effects (Chai et al., 2014;
Hashimoto et al., 2001). On the contrary, LINC01013 microprotein is upregulated in
cardiac fibrosis and it has been shown to exacerbate the pro-fibrotic phenotype of
activated fibroblasts (Quaife et al., 2022).

1.3.2.1. Microproteins in cancer

Cancer is a complex and multistep disease that profoundly affects the biology of the cell.
Several microproteins have been described to play a direct role at different stages of
tumorigenesis, from tumour initiation till metastasis. In addition, there are some others
described in other contexts that, given their molecular function, we hypothesise that can
be regulating different aspects of cancer biology as well (Figure 3). We have recently
reviewed these evidences in (Merino-Valverde et al., 2020). Importantly, the discovery
of novel microproteins in the context of cancer contributes to advance our understanding
of the disease and constitutes a novel source of clinical targets.

As in the case of our canonical proteome, microproteins can behave as bona fide
oncogenes or tumour suppressors. On the one hand, many microproteins display
oncogenic activity. For example, CASIMO1 has been shown to activate the MAPK
cascade in breast cancer (Polycarpou-Schwarz et al., 2018), whereas in colorectal
cancer, CircPPP1R12A-73aa increases cancer cell proliferation through activation of the
Hippo-Yap pathway (Zheng et al., 2019) and ASAP promotes cancer progression
modulating ATP synthase activity (Ge et al., 2021). Finally, the microprotein APPLE
increases the proliferation of hematopoietic cancers by enhancing translation initiation
(Sun et al., 2021).

On the other hand, several microproteins are downregulated in cancer and display
tumour suppressor activity. The first one identified was HOXB-AS3; this microprotein has
been shown to be downregulated in colorectal cancer and its overexpression attenuates
cancer cell metabolic reprogramming by altering their glycolytic capacity (Huang et al.,
2017). Other examples of tumour suppressor microproteins include PINT-87aa, that is
downregulated in glioblastoma and acts as a transcriptional repressor of several
oncogenes (Zhang et al., 2018) and YY1BM, a microprotein that is downregulated in
Oesophageal Squamous Cell Carcinoma (ESCC) and sensitises cells to apoptosis upon
nutrient deprivation (Wu et al., 2020).

Interestingly, several microproteins have been directly related to cancer invasion and
metastasis while some others, based on their reported function, might be inferred to
regulate the metastatic process as well. Regarding the microproteins with pro-metastatic
function, ZFAS1 has been shown to promote cell migration by increasing reactive oxygen
species (ROS) production in hepatocellular carcinoma (HCC) (Guo et al., 2019), and
STMP1 increases lamellipodia formation and enhances the mitochondrial fission protein
machinery (Xie et al., 2022). On the other side, MIAC microprotein inhibits Head and
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Neck Squamous Cell Carcinoma (HNSCC) progression and metastasis by inactivating
the actin cytoskeleton through interaction with Aquaporin-2 (Li et al., 2020).

Given the pivotal role of TGFf (Transforming-Growth-Factor ) in metastasis, through
the regulation of the epithelial-to-mesenchymal transition (EMT) (David and Massague,
2018), microproteins acting as effectors or targets of the TGFp pathway may act on
metastasis as well. To date, two microproteins have been characterised as directly
controlled by TGF signalling. The first is CIP2A-BP, whose translation is inhibited by
TGFB. In fact, this microprotein has been described to negatively regulate triple negative
breast cancer metastasis by competitive binding to CIP2A protein, which results in the
downregulation of key proteins for metastasis, as SNAIL or matrix metalloproteinases
(Guo et al., 2020). The second is LINC0O1013 microprotein, whose expression is
enhanced by TGF signalling. This microprotein enhances fibroblast activation during
cardiac fibrosis, thus increasing extracellular matrix (ECM) deposition and the secretion
of cytokines and factors that, in turn, exacerbate the fibrotic disease (Quaife et al., 2022).
Although this microprotein has not been directly linked to metastasis yet, it might also
play a role in a cell extrinsic manner by the secretion of cytokines to the
microenvironment.

Altogether, these evidence show the importance of the microproteome in the context of
metastasis and, more broadly, in the context of cancer (Figure 3).

Finally, regarding the translation of this new field into the clinic, given that many
microproteins can act as oncogenes or tumour suppressors, their expression or
inactivation in determined cancer types could represent promising therapeutical
approaches (Zhu et al., 2018a). In addition, some microproteins have been reported to
be secreted. We have described above the role of secreted microproteins in
development (see Section 1.3.1.), but others display immunoregulatory functions (Hu et
al., 2021) or are involved in cancer growth (Prensner et al., 2021). Thus, secreted
microproteins that are detectable in the body-fluids might be used as a source of novel
biomarkers in early cancer detection as well as in patients’ stratification or prognosis.
Of note, in the same way that canonical proteins accumulate mutations during
tumorigenesis, microproteins can also be the target of cancer-driving mutations. In
agreement, some studies have revealed that mutations in non-coding regions can act as
driver mutations in cancer (Hu et al., 2018; Rheinbay et al., 2020). It is possible that
driver mutations in previously assumed non-coding regions can actually affect the
function of microproteins yet-to-be-discovered. Moreover, mutated microproteins can be
the source of tumour-specific antigens (neoantigens) which might be exploited for cancer
immunotherapy (Carbonnelle et al., 2013; Chong et al., 2020; Laumont et al., 2018).
Concluding, microproteins have been revealed as a new class of bioactive molecules
that regulate a plethora of cellular processes. The discovery of the microproteome has
expanded our vision on the coding capacity of the genome, adding a new layer

of biological complexity with a huge impact on basic, translational, and clinical research.
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Figure 3. Microproteins as novel regulators of the hallmarks of cancer. A subset of
microproteins have been functionally characterised and have been directly related with cancer;
some others, based on their function, are likely to be related with cancer. The figure represents
the hallmarks of cancer defined by Hanahan and Weinberg and their related microproteins. In
green, the microproteins that promotes or activate the hallmark and, in red, the microproteins that
function inhibiting or blocking the hallmark. The ones in grey need further investigation to be
classified. Of interest, those depicted in red represent tumour suppressor microproteins with
potential pharmacological activity, while those in green are pro-oncogenic proteins that could be
targeted in the clinic.

2. Cellular Plasticity

Cellular plasticity is a fundamental characteristic of biological systems. It refers to the
ability of cells to change their original identity and transit between different cell states.

In the same way procaryotes can acquire different cellular characteristics through
horizontal gene transfer, eukaryotes evolved mechanisms enabling plasticity. However,
rather than permitting exchange of genetic material, eukaryotic cells maintain their
genome integrity and instead rely on processes such as epigenetic regulation or mMRNA
splicing to diversify cellular functions and acquire distinct phenotypic states (Torborg et
al., 2022).

Consistent with this notion, all cells within an organism harbour the genetic information
required for acquiring plasticity, what changes, in the end, is the gene expression pattern
and the epigenetic landscape that make a specific cell unique and specialised in a
determined cellular state.

A paradigmatic example of cellular plasticity is represented by embryonic stem cells
(ESCs). These cells are transiently present during embryonic development, and they are
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pluripotent, meaning that they have the potential to differentiate into every cell type of
the body. The progression of embryonic development is accompanied by an overall
decrease in differentiation potential and adult tissues only possess multipotent stem
cells, that are able to generate a limited number of terminally differentiated cell types.
Finally, terminally differentiated cells have specific functions and under most
circumstances, they maintain their cellular identity stable. Nevertheless, fully formed
adult tissues retain a certain degree of cellular plasticity. In fact, upon specific
environmental cues (i.e., upon tissue injury), adult cells can acquire plasticity transiting
between different cellular states, which allows tissue repair (Jopling et al., 2011; Raff,
2003; Rognoni and Watt, 2018). In this scenario, different kinds of conversion are
possible: on the one hand, differentiated cells can go back to a more dedifferentiated
state, through a process called dedifferentiation (Merrell and Stanger, 2016). On the
other hand, cells can be converted into another differentiated cell type through a process
named transdifferentiation, including the transition from epithelial phenotypes to more
mesenchymal ones and vice versa in the processes known as epithelial-to-mesenchymal
transition (EMT) and mesenchymal-to-epithelial transition (MET) (Merrell and Stanger,
2016) (Figure 4).

Differentiated cell

Ectoderm Mesoderm Endoderm

Figure 4. Cellular hierarchies and the conversions between them by cellular plasticity.
Adaptation of the Waddington landscape in which the differentiation stages and the possible
conversions between them are illustrated. The yellow and green arrows show the cellular
dedifferentiation processes, in which cells gain differentiation potential. This process can be
partial, generating a cell with limited potency (yellow arrow) or can generate a pluripotent stem
cell, which can differentiate into the three germinal layers (in this case the process is known as
cellular reprogramming, green arrow). The blue and red arrows represent the transdifferentiation
process, by which a terminally differentiated cell loses its cellular identity and is transformed into
a different somatic cell type (blue) or loses its epithelial characteristics to gain mesenchymal
features and vice versa (red arrows), in the processes of EMT and MET.
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2.1. Epithelial-mesenchymal plasticity (EMP)

Epithelial-mesenchymal plasticity (EMP) describes the capacity of cells to interconvert
between epithelial and mesenchymal phenotypes. During the EMT, epithelial cells lose
their defining characteristics, such as stable cell-cell junctions and apico—basal polarity,
and gain the capacity to migrate independently and invade through extracellular matrices
(Nieto et al., 2016). Additionally, cells that undergo EMT are characterised by cell cycle
arrest and cessation of proliferation (Kerosuo and Bronner-Fraser, 2012), while
increasing ribosome biogenesis to sustain their new protein synthesis needs (Prakash
et al., 2019).These drastic changes in the cell identity are possible thanks to a tightly
regulated transcriptional programme that is activated in different stages of the embryonic
development (Nieto et al., 2016; Thiery et al., 2009).

The EMT is a pleiotropic cellular response and a EMT molecular signature has been
difficult to establish. Among all the molecular changes, a consensus signature comprises
the following features: the loss of the epithelial junctional protein E-CADHERIN (CDH1)
and the increased expression of neural CADHERIN (N-CADHERIN; CDH2); increased
expression of the intermediate filament protein VIMENTIN (VIM); and the induction of
the EMT transcription factors SNAIL, SLUG, ZEB1, ZEB2 and TWIST1 (Figure 5) (Nieto
et al., 2016). Of note, beyond these effectors, other non-canonical transcription factors
have also been shown to regulate EMT (Stemmler et al., 2019). In fact, many signalling
pathways are known to induce or regulate EMT in different cellular contexts. Among
them, TGF-B is probably the most characterised inducer but also BMPs, EGF, FGF,
PDGF, Wnt, Sonic Hedgehog (Shh), Notch, and integrin signalling are well-known EMT
inducers (Al Moustafa et al., 2012; Espinoza and Miele, 2013; Gonzalez and Medici,
2014; Heldin et al., 2012; Katoh and Katoh, 2009; Taipale and Beachy, 2001) .

Epithelial EMT Mesenchymal
Cell-to-cell junctions MET Cell-to-cell dissociation
Apico-basal polarity Anterior-posterior polarity

No motility Increased motility
Main markers Main markers
CDH1, EPCAM, Z0O-1 SNAIL, SLUG, ZEBs,

VIMENTIN, CDH2

Figure 5. Main characteristics and markers associated with EMT/MET transitions.
Schematic view of the morphological, functional, and canonical gene expression changes
associated with the epithelial-to-mesenchymal transition (EMT) and with the mesenchymal-to-
epithelial transition (MET).

Of note, other signals from the ECM and hypoxic conditions have been demonstrated to
induce EMT as well (Philip et al., 2013).
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All these pathways signal through intracellular kinase cascades to induce the
transcription factors enumerated above and activate the expression of EMT-related
genes. In a very simplified picture, it is possible to distinguish two different activation
cascades: a SMAD-dependent (canonical) cascade, in which phosphorylated SMAD2/3
translocate to the nucleus and together with SMAD4 activate the transcription of EMT-
related genes (Massague, 2000). And a SMAD-independent (non-canonical) cascade,
which relies on the MEK-ERK signalling, PI3K-Akt and TAK1 that in turn can activate
NF-kB, JNK and p38-MAPK signalling pathways (Zhang, 2017) (Figure 6).

Importantly, even though we have tended to reduce the processes of EMT-MET to a
binary interconversion, nowadays it is clear that several partial EMT states exist (Jolly et
al., 2016; Jordan et al., 2011). Thus, the epithelial-mesenchymal plasticity (EMP) brings
into the equation the existence of intermediate hybrid epithelial and mesenchymal
phenotypes. According to this vision, EMT can be considered as a continuum, whereby
cells exhibiting epithelial, intermediate, and mesenchymal phenotypes coexist.
Importantly, although full reversibility of the EMT is achievable during embryonic
development (Nieto et al., 2016; Thiery et al., 2009) , it is not clear whether this also
occurs when the EMT programme is activated in an aberrant way during the adult life,
for instance in cancer and fibrotic disease.
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Figure 6. Signalling pathways inducing EMT. When the TGFf binds to its receptor, this
activates various signalling pathways. The canonical pathway is mediated by phosphorylation of
SMADZ2/3, the formation of a ternary complex with SMAD4, and the shuttle to the nucleus where
they control the transcription of EMT-related genes. The non-canonical pathway could be
mediated by Ras, which in turn activates ERK1/2, by PI3K-Akt which allows B-catenin
translocation to the nucleus and by TAK1 that could activate NF-«xB, JNK and p38 MAPK
pathways.
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2.1.1. EMP and Cancer

As mentioned above, although EMT is essential for development, it can have detrimental
consequences in the adult organism, promoting the progression of diseases such as
fibrosis and cancer. Since carcinomas are tumours that arise from epithelial tissues, the
progression from localised tumour to invasive carcinoma and distal metastasis requires
EMT. Importantly, while EMT is needed for metastasis, it must be reversed to colonise a
new organ through MET (Hanahan and Weinberg, 2011; Nieto et al., 2016).However,
according to the “EMP vision”, the conversion is not full and cancer cells can acquire
mesenchymal features while continuing to express epithelial traits, resulting in a selective
advantage during the metastatic process (Grigore et al., 2016). In fact, such phenotypic
plasticity and heterogeneity might provide cancer cells with increased adaptability and
resistance, enabling them to respond to the different cues they may encounter while
proceeding in the multiple steps of the metastatic cascade (Yang et al., 2020). For
example, various epithelial-mesenchymal hybrid phenotypes may provide a survival
advantage in distinct microenvironments, such as blood and lymphatic vessels as well
as primary and secondary tumour sites (Luond et al., 2021; Pastushenko et al., 2018).
Of note, EMP in cancer has been also associated with the acquisition of additional traits
that are not linked to the canonical EMT programme such as stemness features and
therapy resistance (Goossens et al., 2017; Puisieux et al., 2014). In line, EMT signature
establishment has been linked to the acquisition of stemness property in many tissues
and cancer types (Dongre and Weinberg, 2019). Thus, some properties commonly
attributed to cancer stem cells (CSCs), such as invasiveness and metastatic potential,
may be acquired by the EMP (Gupta et al., 2019).

Finally, EMP has also emerged as a contributor to therapy resistance. Particularly, EMP
could contribute to drug resistance by enhancing drug efflux, reducing cell proliferation,
evading apoptosis signalling pathways and immunoevasion (Dongre and Weinberg,
2019; Gupta et al., 2019)

Altogether, these observations point to a central and critical role of EMP in cancer. In the
next years the challenge will be to apply all the knowledge generated in the last decades
to the new model of epithelial-mesenchymal plasticity. Only in this way, we will be able
to specifically target the cells able to execute this programme and, thus, overcome
metastasis and therapy resistance, which are major challenges in cancer treatment.

2.2. Cellular Reprogramming

2.2.1. History of cellular reprogramming

Perhaps the most striking example of acquired cellular plasticity is the ability of the so-
called “Yamanaka factors” (OCT4, SOX2, KLF4, and c-MYC) to induce pluripotency
when overexpressed in differentiated cells, in a process named cellular reprogramming
(Takahashi and Yamanaka, 2006). Importantly, this amazing discovery that
revolutionised forever the stem cell field is the culmination of decades of research willing
to reprogramme terminally differentiated cells. In fact, this journey started at the end of
the 1950s, when John Gurdon demonstrated that an adult differentiated cell could be
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experimentally forced back to an embryonic state by transferring its nucleus into an
enucleated oocyte, a technique called somatic cell nuclear transfer (SCNT). That was
the first demonstration that cellular identity is determined epigenetically and it could be
changed (Gurdon et al., 1958). Another finding that contributed to the discovery of
reprogramming was the observation that lineage-associated transcription factors, which
help to establish and maintain cellular identity during development and in the adult life,
can change cell fate when ectopically expressed in certain heterologous cells. This
process, known as transdifferentiation, was formally demonstrated with the
interconversion of fibroblast cell lines into myofibers by the ectopic expression of the
skeletal muscle factor MyoD (Davis et al., 1987).

With those ideas in mind, Yamanaka and Takahashi designed a screen to identify
transcriptional regulators that can reprogramme adult cells into pluripotent cells, starting
with a pool of 24 pluripotency-associated candidate genes. The combination of 24
factors, co-expressed by retroviral vectors in embryonic mouse fibroblasts (MEFs),
indeed induced the formation of colonies with ESCs characteristics (Takahashi and
Yamanaka, 2006). Successive rounds of experiments eliminating individual factors led
to the identification of the minimally required core set of four genes comprising KLF4,
SOX2, c-MYC, and OCT4, known today as the Yamanaka factors or OSKM. Importantly,
these reprogrammed cells, named induced pluripotent stem cells (iPSCs), are
undistinguishable from ESCs. In fact, iPSCs can be maintained and propagated in a
pluripotent state (they self-renew), and they could also be differentiated into the three
germ layers: endoderm, mesoderm and ectoderm (Takahashi and Yamanaka, 2006).
Importantly, one year later cellular reprogramming was also achieved in human somatic
cells by using the combination of OCT4, SOX2, KLF4 and LIN28 pluripotency factors (Yu
et al., 2007) . Since then, a plethora of different cell types in several species have been
successfully reprogrammed to iPSCs (Aoi et al., 2008; Di Stefano et al., 2014; Seki et
al., 2010).

Of note, Yamanaka and Takahashi achieved the reprogramming to iPSCs in vitro, under
very controlled conditions, and this process was thought for a long time to be totally
artificial and not translatable to the in vivo context. However, in 2013, Maria Abad in the
laboratory of Manuel Serrano generated a transgenic mouse model that allows the
inducible expression of the four Yamanaka factors (hereafter abbreviated as i4F), and
demonstrated that in vivo conditions are also permissive to cellular dedifferentiation and
somatic cells within tissues can also acquire pluripotency (Abad et al., 2013). Even more
strikingly, they observed that in vivo generated iPSCs could also contribute to
trophectoderm lineage and that they were able to generate embryo-like structures that
express extra-embryonic markers, suggestive of totipotency features. Thus, the four
Yamanaka factors induce an even more de-differentiated and plastic phenotype when
ectopically expressed in vivo (Abad et al., 2013).

2.2.2. Molecular mechanisms governing cellular reprogramming

The reprogramming of somatic cells by the transduction of the OSKM pluripotency
factors is normally a poorly efficient process (Masip et al., 2010). More recently, it has
been demonstrated that the depletion of some factors, for instance Mbd3, a core member
of the Mbd3/NuRD repressor complex, can increase the reprogramming efficiency up to
almost one hundred percent (Rais et al., 2013) .

18



Introduction

In fact, cellular reprogramming implies the overcoming of the barriers that normally guard
cellular identity and the erasure of the epigenetic landscape in the reprogrammed cells.
Owing this limitation, a huge effort has been made in the last decades to dissect and
understand the molecular mechanisms underlying reprogramming.

Several models have been proposed to explain the molecular bases of reprogramming.
Among those, there is the stochastic-deterministic model. According to this model,
reprogramming can be divided in two phases. In the early phase, OSKM factors binds
many genomic loci to disrupt the somatic cell identity (Koche et al., 2011; Soufi et al.,
2012). For example, the fibroblast cell identity gene Thy1 is actively repressed (Stadtfeld
etal., 2008) and cells lose their mesenchymal features to undergo a MET (Li et al., 2010).
This phase is highly inefficient and stochastic, explaining the low efficiency observed in
most of the reprogramming protocols (Masip et al., 2010). In the second phase, late
pluripotency genes, such as telomerase and Nanog, and the novo DNA
methyltransferases (DNMT) are activated (Brambrink et al., 2008; Papp and Plath, 2013;
Polo et al., 2012). At this point, reprogrammed cells become stable and their chromatin
status resembles that of ESCs (Papp and Plath, 2013). Once the endogenous
pluripotency genes are re-expressed, the exogenous OSKM factors become silenced as
part of a general embryonic programme that shuts down retroviral promoters.
Additionally, iPSCs undergo several changes that make them more similar to ESCs than
their cells of origin. In fact, they show self-renewal capability and undergo a metabolic
switch that enables them to manage with their new energetic needs (Folmes et al., 2011;
Panopoulos et al., 2012; Teslaa and Teitell, 2015; Vander Heiden et al., 2009).

Although cell intrinsic factors have a direct impact on cellular reprogramming efficiency,
the microenvironment is an important determinant that has been demonstrated to affect
reprogramming in a non-cell autonomous manner. For example, the extracellular matrix
has been shown to play a role in offering the right mechano-transduction stimuli needed
to promote reprogramming (Gerardo et al., 2019). In addition, secreted factors have been
demonstrated to play a crucial role in cellular reprogramming. That is the case of IL-6, a
cytokine that has been shown to improve reprogramming both in vitro and in vivo (Brady
et al., 2013; Chiche et al., 2017; Mosteiro et al., 2016; Mosteiro et al., 2018). Importantly,
upon OSKM induction, IL-6 is secreted by cells that activate one of the barriers to
reprogramming: cellular senescence. This is an an irreversible, non-proliferative,
metabolically active state that plays a dual role in reprogramming: it acts as a barrier in
cell intrinsic context, whereas it favours reprogramming in a cell extrinsic manner (see
Section 2.2.2.2-3) (Chiche et al., 2017; Mosteiro et al., 2016; Mosteiro et al., 2018).

2.2.21. Molecular barriers to cellular reprogramming: the EMT

As briefly described above, the EMT and MET programmes are activated during
reprogramming into iPSCs. Thus, the epithelial or mesenchymal status of the cell
undergoing reprogramming may affect iPSC generation. In fibroblasts, which are
mesenchymal cells, the sequential introduction of OSKM showed that an initial EMT-like
state is induced and is beneficial for reprogramming (Liu et al., 2013). In line with these
data, during B cells reprogramming C/EBP-a transduction increases the efficiency of
OSKM-mediated reprogramming by inducing an early EMT (Di Stefano et al., 2014).
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Thus, itis possible that an initial EMT might synchronise or prime cells for reprogramming
(Pei et al., 2019).

Although some evidences highlight a beneficial role of EMT during the very first step of
reprogramming, it is known that it acts as a barrier at later stages (Li et al., 2010). In fact,
MET is required during cellular reprogramming in mouse embryonic fibroblasts (MEFs)
and human fibroblasts (Hoffding and Hyttel, 2015; Subramanyam et al., 2011) and its
blockade results in impaired reprogramming efficiency (Li et al., 2010).

During cellular reprogramming, SOX2, OCT4 and c-MYC suppress TGF-B—Snail
signalling, whereas KLF4 induces the epithelial programme, altogether downregulating
mesenchymal proteins and upregulating epithelial proteins (Li et al., 2010). In agreement
with these data, BMP-driven MET has also been described to improve reprogramming
(Samavarchi-Tehrani et al., 2010) whereas Tesk1 and Limk2, which promotes actin
polymerisation in fibroblasts, decreases reprogramming efficiency (Sakurai et al., 2014).
Importantly, MET-like changes are also observed during the reprogramming of other
somatic cell types. For instance, mouse B cells (Di Stefano et al., 2014), hematopoietic
stem cells and progenitors (Gao et al., 2016) and spermatogonial stem cells (An et al.,
2017) have all been demonstrated to undergo a MET during cellular reprogramming,
while EMT acts as a barrier.

Finally, EMT is a barrier to cellular reprogramming also in a non-cell autonomous
manner. In fact, it is known that the presence of TGF1, 2 and 3 cytokines is detrimental
for reprogramming, whereas the inhibition of TGFp pathway not only improves
reprogramming but also makes SOX2 and c-MYC dispensable during the process (Liu
et al., 2013; Maherali and Hochedlinger, 2009).

Taken together, these data clearly point to the acquisition of an epithelial-like status as
a prerequisite for cells to reach pluripotency (Figure 7).
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Figure 7. Sequential EMT-MET is required during cellular reprogramming. Schematic outline
of reprogramming progression while cells move in the EMT spectrum (adapted from (Pei et al.,
2019). The first step induces a mesenchymal phenotype, whereas stemness is acquired during
the MET phase.

2.2.2.2. Molecular barriers to cellular reprogramming: cellular senescence

Cellular senescence is a cellular programme characterised by a permanent cell cycle
arrest and a prominent secretory phenotype that is induced both in vitro and in vivo in
response to a plethora of stress stimuli (Sapieha and Mallette, 2018). It is possible to
distinguish two different types of senescence. On the one hand, replicative senescence
refers to the specific programme activated upon the progressive shortening of the
telomeres associated with cell division (Blasco et al., 1997; Harley et al., 1990). On the
other hand, cells can undergo premature senescence in response to several cues. For
instance, oncogene induced senescence (OIS) is a mechanism that blocks oncogenic
transformation and tumour growth when oncogenes are aberrantly activated in the cell,
but also other cues such as nutrient deprivation, genotoxic stress or irradiation can cause
the premature entry of cells into this programme (Kumari and Jat, 2021).

To date, it is well known that essentially all cell types can undergo senescence in
response to multiple stresses. For instance, also chemotherapy agents like doxorubicin
are known to induce senescence (Piegari et al., 2013).

Regarding the molecular players of cellular senescence, upon damage (i.e. DNA
damage) p53 is activated and stabilised, and induces cell cycle arrest via p21°""!, which
is a CDK inhibitor (Cazzalini et al., 2010). Another pathway that controls cellular
senescence is governed by the INK4a locus. Its two products, p16™K** and p19*~F (or
p142RF in human) (Quelle et al., 1995) can be upregulated by damage and block the cell
cycle through different mechanisms. While p16™¢** is a direct inhibitor of CDK4 and 6
(Serrano et al., 1993), p19°*F contributes to the stabilisation of p53 via inactivation of
MDM-2 (Chin et al., 1998).

Importantly, cellular senescence cannot be defined by a unique marker that distinguish
senescent cells from other non-senescent cells. Therefore, a combination of different
biomarkers needs to be studied in order to confidently identify senescent cells.
Senescent cells have high activity of lysosomal p-galactosidase due to the augmented
lysosomal content (Lee et al., 2006). This activity is known as senescence-associated (-
galactosidase (SA-BGal) (Dimri et al., 1995; Kurz et al., 2000; Lee et al., 2006) and it is
the property most exploited as a differential marker between senescent and non-
senescence cells. In vitro, senescence is accompanied by morphological changes; cells
become flatter, larger and highly vacuolised. Permanent cell cycle arrest is a key
characteristic of senescent cells; thus, they show high expression levels of the tumour
suppressor genes p16™K#A p15NKB  1n21CP1 and p27KP! and the activation of p53
(Campisi and d'Adda di Fagagna, 2007; Lin et al., 1998; Munoz-Espin and Serrano,
2014; Serrano et al., 1997). Finally, the characteristic that perhaps differentiates the most
senescent form quiescent cells is the acquisition of a prominent pro-inflammatory
secretory phenotype. In fact, senescent cells secrete many chemokines, cytokines,
proteases, ECM components and growth factors that are collectively known as SASP
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(senescence-associated secretory phenotype). We will further discuss the role of the
SASP in cellular reprogramming (see Section 2.2.2.3).

As mentioned before, cellular senescence acts as a barrier protecting from oncogenic
transformation. Importantly, each one of the OSKM factors has been demonstrated to
have oncogenic activity (Bass et al., 2009; Rodini et al., 2012; Saiki et al., 2009) and the
induction of the OSKM generates genotoxic stress in the reprogramming cells (Gonzalez
et al., 2013). Thus, in response to oncogene activation and genotoxic stress, tumour
suppressor genes are highly upregulated at early phases of cellular reprogramming.
Accordingly, the inactivation of Ink4a/Arf locus, Rb, p53 or p21 ©**! greatly increases the
reprogramming efficiency through avoiding cellular senescence response (Banito et al.,
2009; Hong et al., 2009; Kareta et al., 2015; Li et al., 2009; Marion et al., 2009; Utikal et
al., 2009) .

In summary, the activation of tumour suppressor genes and the induction of cellular
senescence act as a barrier for cellular reprogramming in a cell intrinsic manner, inducing
cell cycle arrest of cells expressing OSKM.

2.2.2.3. Cellular senescence: a double-edged sword in cellular
reprogramming

As explained above, one of the hallmarks of cellular senescence is the SASP. This is a
characteristic secretory phenotype associated with senescence that could have
autocrine and paracrine effects. Of note, although the panel of secreted molecules could
be different depending on the cell type and/or the senescent inducer (Hernandez-Segura
et al.,, 2017), SASP is always composed by the same categories of factors: soluble
signalling molecules, secreted proteases (PAI-1 and PAI-2), ECM components and pro-
infammatory signalling molecules such as interleukins, chemokines and growth factors.
Among the pro-inflammatory molecules, the key components are interleukin 6 (IL-6),
interleukin 8 (IL-8), interleukin 1a and B (IL1-a and IL1-B), monocyte chemoattractant
proteins (like CCL2, CCL5 or CCL20) and TGF (Coppe et al., 2010). Importantly, these
cytokines create an inflammatory microenvironment which recruits cells from the immune
system (Di Mitri et al., 2014; Eggert et al., 2016; Kang et al., 2011; Xue et al., 2007) and,
moreover, can induce senescence in neighbouring cells acting in a paracrine manner
(Acosta et al., 2013; Hubackova et al., 2012; Nelson et al., 2012).

Most of the SASP components are regulated by several signalling pathways. The most
important regulator is probably nuclear factor-kB (NF-xB) (Chien et al., 2011). However,
other factors such as C/EBP-$ (Flanagan et al., 2018; Kuilman et al., 2008), JAK-STAT
(Xu et al., 2015), p38/MAPK (Freund et al., 2011), mTOR (Herranz et al., 2015; Laberge
et al., 2015) and cGAS-STING pathways (Yang et al., 2017) have been described to
control part of the SASP or converge, in the end, to the NF-xB signalling. Remarkably,
while NF-kB suppression has a limited impact on the cell cycle arrest establishment in
senescent cells, it strongly impairs the SASP (Chien et al., 2011), thus corroborating its
role as a master regulator of the SASP phenotype in senescent cells.
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While the induction of senescence acts as a barrier for cellular reprogramming in a cell-
autonomous manner, the SASP has been demonstrated to promote de-differentiation
and reprogramming in a non-cell autonomous manner both in vitro and in vivo. It has
been shown that reprogramming always happens in close proximity to senescent cells.
The SASP, and in particular IL-6, were found to induce in vitro and in vivo reprogramming
in a cell extrinsic manner (Mosteiro et al., 2016; Mosteiro et al., 2018). In particular, the
OSKM expression induces wide tissue damage that, in turn, activates a senescence
response. While senescent cells themselves cannot reprogramme, the induction of the
SASP promotes reprogramming in the neighbour cells in a cell extrinsic manner. In
agreement with these data, tissue damage-associated senescence triggered by the
chemotherapy agent bleomycin is sufficient to induce in vivo reprogramming in the lung,
an organ normally refractory to in vivo reprogramming. Importantly, while the deletion of
the Ink4a/Arf locus has been described to increase reprogramming in vitro (Li et al.,
2009), it largely abolishes in vivo reprogramming due to the lack of senescence
response. In line with these results, the accumulation of senescence during accelerated
or physiological aging has been demonstrated to enhance in vivo reprogramming
(Mosteiro et al., 2016) also in organs normally refractory to reprogramming like skeletal
muscle in a cell extrinsic manner (Chiche et al., 2017).

Finally, even though the SASP has been generally reported to have a positive effect on
reprogramming, differences in its composition may lead to distinct outcomes in cellular
reprogramming. For example, Mahmoudi and collaborators showed that, while some
component of the SASP, such as IL-6, are beneficial for reprogramming, others might be
detrimental. In particular, they demonstrated that high level of TNFo and IL-1B in the
SASP decreases reprogramming efficiency in a non-cell autonomous manner.
Interestingly, these two cytokines correlate with an increased profibrotic activity and
wound healing (Mahmoudi et al., 2019). In the same line, TGFp is also a SASP
component (Coppe et al., 2010) and similarly to TNFa and IL-18 has a detrimental effect
on reprogramming (Liu et al., 2013; Maherali and Hochedlinger, 2009) and displays
profibrotic activity (Frangogiannis, 2020).

Concluding, while cellular senescence is a cell intrinsic barrier for reprogramming, it
promotes cellular reprogramming in a cell extrinsic manner via the SASP. (Figure 8). Of
note, the cell extrinsic component seems to be particularly important in the in vivo
context. Moreover, the heterogeneity of the SASP could lead to different reprogramming
outcomes, either improving or impairing it, depending on its main cytokine composition.
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Figure 8. The double role of cellular senescence in reprogramming. Scheme showing the
role of cellular senescence as a reprogramming barrier in a cell-autonomous manner and its role
as an inducer in a non-cell autonomous manner. While the SASP could act in an autocrine manner
reinforcing the senescence phenotype in neighbouring cells, it helps the de-differentiation process
in cells undergoing reprogramming.

3. Connections between Damage, Cellular Plasticity and
Cancer

3.1. Damage-induced dedifferentiation

As described above, there is a direct link between damage and the induction of cellular
dedifferentiation. Importantly, the axis damage-dedifferentiation is not restricted to the
artificial context of cellular reprogramming, but it has been shown to be an evolutionary
conserved mechanism that operate in several tissues upon injury to promote tissue
repair (Yao and Wang, 2020). For example, in Notophtalmus viridescens salamander,
after limb amputation cells dedifferentiate and form a pool of proliferating cells, known
as blastema, that fully regenerates the amputated limb (Iten and Bryant, 1973). In the
same line, in Zebrafish, upon heart injury, cardiomyocytes dedifferentiate and start
proliferating again to regrow cardiac muscle tissue (Jopling et al., 2010; Kikuchi et al.,
2010). In mammals, the process of dedifferentiation-driven regeneration can happen as
well, but to a limited extent. In mouse it has been observed that, upon damage, certain
secretory progenitor cells of the intestine can revert to stem cells in order to repair the
tissue (van Es et al., 2012). Additionally, if the stem cell compartment of the intestine is
genetically ablated, terminally differentiated enterocytes can dedifferentiate and
repopulate the stem cell compartment (Tetteh et al., 2016). Dedifferentiation also
happens in other tissues such as the lung where, similarly to the intestine, epithelial cells
can dedifferentiate and reconstitute the stem cell pool upon its ablation in vivo (Tata et
al., 2013). In line, damage-induced dedifferentiation and subsequently regeneration has
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also been observed in the liver, pancreas and nervous system (Kopp et al., 2016; Lin et
al., 2017; Painter et al., 2014; Sanges et al., 2013).

Importantly, there are growing evidence showing that senescence can play a key role in
the induction of dedifferentiation during regeneration in a cell extrinsic manner. For
example, oncogene-induced senescence has been reported to promote the expression
of stem cell markers and enhance the regenerative capacity of keratinocyte through the
SASP (Ritschka et al., 2017).

Altogether, these evidence reveal a link between damage and the acquisition of
dedifferentiation (or plasticity) in order to promote regeneration. Importantly, as
described in the case of reprogramming, cellular senescence may have a role by
providing an environment that promotes dedifferentiation and favours tissue
regeneration.

3.1.1. Damage-induced dedifferentiation in cancer

In the same way damage induces dedifferentiation in order to trigger tissue regeneration,
cancer cells hijack this process to acquire a more dedifferentiated phenotype and thus,
a selective advantage. In fact, several reports show that cancer cells dedifferentiate upon
chemotherapy treatment, which promotes therapy resistance and tumour relapse
(Filipponi et al., 2019; Raghavan et al., 2021; Xiong et al., 2019).

Importantly, some evidences show that damage induced dedifferentiation can also lead
to tumour initiation, as it is the case of gliomas (Friedmann-Morvinski et al., 2012) or
pancreatic adenocarcinoma (Guerra et al., 2007). Consistently, dedifferentiation induced
by transient activation of the OSKM reprogramming factors in vivo leads to tumour
development Abad et al., 2013,(Ohnishi et al., 2014).

Altogether these data suggest that while the acquisition of a certain degree of
dedifferentiation could lead to regeneration, if the damage chronically persists the
process could aberrantly lead to cancer development.

Of note, although cellular senescence is considered one of the most important cancer
protecting barriers (Collado et al., 2005), the SASP has been shown to induce the
acquisition of a dedifferentiated phenotype and stem-like properties in cancer cells (Cahu
et al., 2012; Milanovic et al., 2018; Parrinello et al., 2005), thus promoting cancer
progression and resistance to therapy (Dou and Berger, 2018).

Concluding, we can think about cancer as the result of an aberrant response to damage,
where the acquisition of a dedifferentiated phenotype, and therefore plasticity, leads to
cancer progression instead of regeneration. In fact, due to its importance in all the
phases of neoplastic disease, the acquisition of plasticity has been recently proposed as
an emergent hallmark of cancer (Hanahan, 2022).

3.1.2. Parallelism between neoplastic transformation and reprogramming

With the advances in the reprogramming field, it has become evident that cellular
reprogramming and cancer can be seen as parallel processes regulated by common
molecular mechanisms. Firstly, even though in some tumour types is not clear yet which
is the cell of origin, a great number of evidences points to a somatic, differentiated cell
that acquires unlimited proliferation as cell of origin (Friedmann-Morvinski and Verma,
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2014), like in the case of cellular reprogramming. Second, both processes require the
expression of oncogenes; as a matter of fact, the four Yamanaka factors have been
demonstrated to be bona fide oncogenes (Bass et al., 2009; Iglesias et al., 2017; Rodini
et al., 2012; Saiki et al., 2009). Additionally, both transforming cells and reprogramming
cells need to overcome the tumour suppressor barriers. Tumour suppressor genes are
upregulated at the early phases of cellular reprogramming and represent one of the most
important cell intrinsic barrier to the process, by triggering a wide array of cellular
responses such as cell-cycle arrest, apoptosis and senescence (Hong et al., 2009;
Kareta et al., 2015; Li et al., 2009; Marion et al., 2009). In the same line, in order for
oncogenic transformation to occur, the activation of one oncogene is not sufficient to
trigger transformation but the inactivation of tumour suppressor genes is needed
(DeNicola and Tuveson, 2009; Land et al., 1983).

Finally, the acquisition of unlimited proliferation capacity during both oncogenic
transformation and reprogramming requires a metabolic reprogramming. In particular,
reprogramming cells switch from an OXPHOS dependent status to a more glycolytic
phenotype, which suits better their energetic needs (Liu et al., 2019). In line, cancer cells
also shift to a more glycolytic metabolism, a phenomenon that has widely studied as the
Warburg effect (DeBerardinis and Chandel, 2020).
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Figure 9. Cell intrinsic mechanisms shared between cellular reprogramming and cancer.
Cellular reprogramming as well as neoplastic transformation starts from a population of somatic
cells with limited proliferation capacity and end up with an immortal population of cells that self-
renew. Additionally, both processes are triggered by oncogenic signals and are blocked by the
activation of tumour suppressor genes that protect cellular identity.

3.1.3. EMT-MET: a transition needed in cancer metastasis and cellular
reprogramming

Finally, the transition between mesenchymal and epithelial phenotypes is a common cell
plasticity feature in both cellular reprogramming and cancer metastasis.

As we discussed above, an EMT has been shown to be beneficial at the beginning of
the reprogramming process and is required to start the metastatic cascade (Liu et al.,
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2013; Ye and Weinberg, 2015). However, the retention of a mesenchymal phenotype
has been demonstrated to be detrimental in both cases. On the one hand,
reprogramming cells that do not undergo MET fail to reach the pluripotency state (Li et
al., 2010). Indeed, the loss of E-Cadherin in reprogramming cells drastically decreases
reprogramming efficiency, further corroborating the importance of MET during the
reprogramming process (Li et al., 2010; Redmer et al., 2011).

On the other hand, invasive cancer cells need to undergo a MET in order to colonise
distal organs in the metastatic process. As an example, it has been reported that the
ablation of the mesenchymal factor PRRX1 in cells that have undergone EMT allows
lung colonisation and metastatic outgrowth (Ocana et al., 2012). In agreement, E-
Cadherin has been recently shown to be essential for the metastatic process in several
model of breast cancer (Padmanaban et al., 2019)

Altogether these data show a requirement for a similar EMT-MET dynamics both in
cellular reprogramming and during the cancer metastatic cascade.

In summary, in our view, both cancer and cellular reprogramming are processes that
exploit common molecular mechanism for the acquisition of cellular plasticity. Therefore,
finding novel regulators of cellular plasticity may open new avenues for new therapeutic
interventions both in cancer as well as in regenerative medicine.
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Hypothesis & Objectives

The microproteome is an unexplored field that has opened a new
layer of biological complexity and may change current paradigms in
basic and clinical research. Our hypothesis is that the microproteome
could be a source of novel regulators of cellular plasticity with key
functions in cancer and tissue regeneration and, therefore, with
clinical potential.

To demonstrate this hyphothesis, we proposed the following specific
objectives:

1.

2.

Identify novel microproteins related with cancer cell plasticity.

Generate gain- and loss-of-function tools to study the most
interesting candidate.

Characterise the molecular functions of the microprotein, including
its subcellular localisation and the regulation of its expression.

Study the role of the microprotein in cancer and in cellular plasticity
assays, such as reprogramming.

Analyse the molecular mechanisms responsible for the
microprotein’s functions.
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1. Mouse experiments

Mice were housed at the Specific Pathogen-Free (SPF) barrier area of the Vall d’'Hebron
Institute of Oncology (VHIO). All animal procedures were approved by the Animal Care
unit and the Ethics Committee for Animal Experimentation (CEEA) of the Vall d’Hebron
Research Institute (VHIR), as well as by the Catalan Government, and were performed
according to the European legal framework for research animal use and bioethics.
Animals were monitored daily and euthanised upon signs of humane endpoints.

1.1. Mouse models
1.1.1. MMTV-PyMT mouse model

The MMTV-PyMT animals were nicely provided by Dr. Laura Soucek (Vall d’Hebron
Institute of Oncology). The MMTV-PyVT transgene (MMTV-PyMT) includes the mouse
mammary tumour virus (MMTV) long terminal repeat upstream of a cDNA sequence
encoding the Polyoma Virus middle T antigen (PyVT). Transgenic mice are viable, but
show loss of lactational ability coincident with transgene expression. Adenocarcinomas
arise in virgin and breeder females as well as males. Mice were crosses with the MIDORI
KO mouse strain.

1.1.2. Reprogrammable mouse (i4F) model

The reprogrammable mouse line known as i4F-B generated by Dr. Maria Abad (Abad et
al., 2013) was used to obtain i4F Mouse Embryonic Fibroblasts (MEFs) and to cross it
with MIDORI KO mouse strain. This murine model carries a ubiquitous doxycycline-
inducible OSKM transgene, abbreviated as i4F, inserted into the Pparg gene, and the
rtTA transcriptional activator under the control of the Rosa26 promoter.

1.1.3. MIDORI-deficient mouse model

This animal model was generated in collaboration with Dr. Sagrario Ortega (Head of the
Transgenic Mice Unit at CNIO, Madrid). It is a CRISPR-knock-in model, that was
developed using a homologous recombination template that includes the mutation of the
MIDORI start codon to a stop codon. With this strategy we aim to specifically impair
MIDORI translation without affecting the function of the Zeb2os IncRNA. Both, a plasmid
coding the Cas9 and the gRNA and the homologous recombination template were
delivered by microinjection in mouse embryos. The homologous template was designed
to include a Bcll restriction site, so the modified allele (Kl allele) could be detected by
enzymatic digestion. Briefly, DNA was extracted from the tail and Zeb2os locus was
amplified by PCR using Zeb2os_locus amplification pair of primers (Table 2). Once
amplified, the PCR product was incubated with Bcll restriction enzyme (New England
Biolabs) overnight at 37°C and run in agarose gel to test digestion. Separately, the PCR
product was treated with ExoSAP-IT™ PCR Product Cleanup Reagent (Thermo Fisher
Scientific) following manufacturer instructions and sequenced by Sanger Sequencing to
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confirm the modification. The successfully modified animals were used as founders to
generate MIDORI deficient colony (MIDORI KO).

1.1.4. Mice genotyping

DNA was extracted from ear-punch tissue fragments and genotyped by PCR using
specific primer pairs (Table 2). For MIDORI-KO colony, specific forward primers were
designed to detect wildtype and knock-in alleles (SALgenmismatch1WT_FW and
SALgenmismatch1_FW) together with a common reverse primer (SALgenWT_RW).
Reprogrammable (i4F) mice were genotyped using OSKM (ORF2 primers) and rtTA
(125B, 126B and 127B) pair of primers, while MMTV-PyMT mice were genotyped using
a specific set of primers pair (MMTV-PyMT-F and MMTV-PyMT-R).

1.2. In vivo experiments

1.2.1. i4F; MIDORI-KO mouse model and induction of in vivo reprogramming

The two mouse models described above were crossed to obtain i4F; MIDORI-KO mice.
To perform in vivo reprogramming experiments, 1 mg/ml or 0,2 mg/ml of doxycycline
(Sigma Aldrich) was added to the drinking water supplemented with 7.5% of sucrose
either for 1 week or 3 weeks, respectively. Doxycycline was refreshed every two days.
Reprogramming experiments were performed with 10-12-weeks old mice of both sexes.

1.2.2. MMTV-PyMT; MIDORI-KO mouse model and the study of breast cancer
tumour and metastasis

The two mouse models described above were crossed to obtain MMTV-PyMT; MIDORI-
KO mice. Given that the mice show a mixed background, breast tumours start to appear
around 12-14 weeks of age in female mice. Tumour size was evaluated weekly by
calliper measurements and tumour volume calculated using the following formula:
volume = (length x width x width) x 1/6 ©. Once the sum of the tumours reached 1200
mm?, mice were euthanised by CO? asphyxiation and breast tumours as well as lungs
were processed for further histological analyses.

1.2.3. Folic acid-induced acute kidney injury

Male mice (8-10 weeks old) were intraperitoneally injected with a single dose of vehicle
(300 mM NaHCO3) or folic acid (250 mg/Kg). At the end of the experiment, 30 days after
the injection, mice were euthanised by CO? asphyxiation and the kidneys were collected
for molecular biology and histological analyses.
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1.2.4. In vivo wound healing

Mice of both sexes (4 weeks old) were used in the experiments before the hair growing
started to be asynchronized. Mice were anesthetised by Isoflurane inhalation (5% for
induction and 2% for the maintenance during the surgery) and shaved in the back. A 6-
mm diameter biopsy punch was used to create a circular wound in the shaved area. The
closure of the wound was monitored every day and measured by calliper. Wounded area
was calculated using the following formula: area = (length/2 x width/2) x =.

1.2.5. Model of lung colonisation by tail vein injection

Immune-compromised NMRI nu/nu mice (6-8 weeks old females by Janvier) were
injected with 100.000 MDA-MB-231cells constitutively expressing MIDORI or the empty
vector as a control. 100 pl of cells in PBS were injected into the dorsal tail vein. The
injection was followed by IVIS imaging. The progression of lung colonisation was
monitored every week by IVIS imaging until week 10 post injection. When the majority of
control mice showed lung tumours (confirmed by at least three repetitive detections of
lung signal by IVIS), we ended the experiment. Mice were euthanised by CO?
asphyxiation and the lungs were harvested and used for further histological analyses. In
the case of the survival analysis, mice were euthanised when reaching the human end
point.

1.2.6. Model of breast cancer with surgical resection and metastatic spread

Immune-compromised NMRI nu/nu mice (6-8 weeks old females by Janvier) were
injected with a suspension 1:1 of Matrigel mixed with 1.5 million of MDA-MB-231cells
constitutively expressing MIDORI or the empty vector as a control in PBS. 50 pl of the
obtained cell suspension was injected between the fourth and the fifth right mammary fat
pad. Before surgery, mice were anesthetised by Isoflurane inhalation (5% for induction
and 2% for the maintenance during the surgery). Air flow was set at 0.8 L/min. Tumour
size was evaluated weekly by calliper measurements and tumour volume calculated
using the following formula: volume = (length x width x width) x 1/6 =. When tumours
reached around 400-500 mm?3, they were surgically resected. The evolution of
metastases was followed weekly by IVIS imaging. At the endpoint of the experiment,
when all control mice developed metastases (confirmed by at least three repetitive
detections of lung signal by IVIS), mice were euthanised by CO? asphyxiation and ex
vivo IVIS scan was performed. Organs that were positive for luciferase activity were
collected and used for further histological analyses.

1.2.7. Orthotopic model of cutaneous skin squamous-cell carcinoma

Immune-compromised NOD/SCID gamma mice (6-8 weeks old females by Janvier) were
injected with a cell suspension containing 1.5 million of ¢cSSC11 cutaneous skin
squamous cell carcinoma cells (Bernat-Peguera et al., 2021; Bernat-Peguera et al.,
2019) expressing a vector for the doxycycline-inducible expression of MIDORI or the
empty vector as a control in PBS. 100 pl of the cell suspension was injected in the right
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and left flank of each mouse. Before the injection, mice were anesthetised by Isoflurane
inhalation (5% for induction and 2% for the maintenance during the surgery). Air flow
was set at 0.8 L/min. Doxycycline was administered in the drinking water at 1 mg/ml
supplemented with 7.5% of sucrose every two days throughout all the experiment.
Tumour size was evaluated weekly by calliper measurements and tumour volume
calculated using the following formula: volume = (length x width x width) x 1/6 ©. The
evolution of the tumours and eventual metastases was followed weekly by IVIS imaging.
At the endpoint of the experiment, when all the mice developed tumours around 1200
mm?®, mice were euthanised by CO? asphyxiation and tumours were collected and used
for further histological and molecular biology analyses.

1.2.8. IVIS and uCT imaging

IVIS studies were performed with a Xenogen IVIS Spectrum (Perkin Elmer) and micro-
computed tomography (uCT) studies were performed with a Quantum GX microCT
Imaging System (Perkin Elmer). Acquisition and analysis were carried out by the
Preclinical Imaging Platform staff at VHIR.

For IVIS imaging, mice were injected intraperitoneally with a D-luciferin solution (150
mg/Kg in PBS) 5-10 minutes prior to acquisition. For both IVIS and uCT, mice were
anesthetised with isoflurane (5% for induction and 2% during acquisition). Air flow was
set at 0.8 L/min. IVIS data were analysed with Living Image® software (Perkin Elmer).
Study analysis consists in a light radiance quantification. Signals from the light sources
were detected and characterised. Working units were photons/sec/cm?/sr, which allow
the comparison between images obtained by different acquisition parameters.

uCT reconstructions were performed with the Quantum GX microCT software and
ADIME software was used for the analysis (http://amide.sourceforge.net).

1.2.9. Lung tumours quantification

At the endpoint of the experiments, lungs were perfused with 4% buffered formaldehyde
and washed with PBS. Lungs were then fixed for 24 hours in buffered 4% formaldehyde,
transferred to 70% ethanol and embedded in paraffin. The whole lung was sectioned and
serial sections in four different planes were stained with H&E. H&E staining was
performed on 3 um paraffin sections in a Robust carousel tissue stainer (Slee Medical)
according to common method. Metastatic foci were counted and their area measured
with ImageJ.

1.2.10. Immunohistochemistry

Immunohistochemistry was performed on paraffin-embedded mouse tissues. For 21
staining, paraffin blocks were sliced into 3 um sections, deparaffinised with xylene
(Fisher Scientific, Waltham, MA, United States) and rehydrated with decreasing
concentrations of ethanol in water. Heat-mediated antigen retrieval was done in citrate
buffer containing 0,05% Tween at pH 6.0 and endogenous peroxidase was blocked.
Slides were first incubated with p21 primary antibody (Table 1) overnight at 4°C and then
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with the secondary antibody anti-goat (Abcam Ab6697) (1:200 in goat serum) conjugated
with horseradish peroxidase for 1h at room temperature. Immunohistochemical reaction
was developed using 3,30-diaminobenzidine tetrahydrochloride (DAB) as a chromogen
and nuclei were counterstained with haematoxylin. Lastly, the slides were dehydrated,
cleared, and mounted using DPX as mounting medium for microscopic evaluation.

For Ki67 and MIDORI staining, paraffine sections underwent antigenic

exposure process into the Discovery Ultra (Ventana) system with CC1 buffer for 64
minutes at 95°C. Anti-MIDORI antibody was incubated for 1 hour at RT (Table 1). Next,
slides were incubated with the secondary antibody Discovery UltraMap anti-Rabbit HRP
(Ventana).

1.2.11. Sirius red staining

To evaluate collagen deposition, kidney tissues were fixed 24 hours in buffered 4%
formaldehyde, transferred to 70% ethanol and embedded in paraffin. Paraffin blocks
were sliced into 3 uym sections, deparaffinised with xylene, rehydrated through graded
series of ethanol: Once hydrated, sections were stained with Sirius red (saturated
aqueous solution of picric acid containing 0.2% Direct Red 80) (Sigma-Aldrich) and
counterstained with 0,2% Fast Green (Sigma-Aldrich) in 1% acetic acid.

1.2.12. Sirius red, H&E and immunohistochemistry quantification

To quantify the collagen deposition in the kidney, the percentage of dysplastic area in
the pancreas and the percentage of KI67 and p21 positive cells in tissues, slides were
scanned using a Nano Zoomer pathology scanner. The areas of collagen deposition and
the number of positive cells in the immunohistochemistry were measured using Qu Path
software.

2. General cell culture and treatments

2.1. Cell culture conditions

Human Embryonic Kidney (HEK) 293T, primary Mouse Embryonic Fibroblasts (MEFs),
IMR90 human fibroblasts and MDA-MB-231 triple negative breast cancer cells were
cultured in DMEM with GlutaMAX supplemented with 10% of Foetal Bovine Serum (FBS)
and 1% of Penicillin-Streptomycin (P/S) (Gibco). NMuMG breast epithelial cells were
cultured with the same condition but supplementing the medium with human Insulin
(Sigma 11061-68-0) diluted 1:1000. BxPC-3 human pancreatic cancer cells were
cultured in RPMI supplemented with 10% of Foetal Bovine Serum (FBS) and 1% of
Penicillin-Streptomycin (P/S) (Gibco). Mouse PDAC and Cancer associated fibroblasts
(CAFs) were kindly provided by Dr. Laura Soucek (Vall d’'Hebron Institute of Oncology)
and were cultured in DMEM-F12 with GlutaMAX supplemented with 10% of Foetal
Bovine Serum (FBS) and 1% of Penicillin-Streptomycin (P/S) (Gibco). MMTV-PyMT; WT
and MIDORI KO were cultured in cultured in DMEM-F12 with GlutaMAX supplemented
with 10% of Foetal Bovine Serum (FBS), 1% of Penicillin-Streptomycin (P/S) and ITS
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Liquid Media Supplement (100x%) (Gibco). Finally, during reprogramming experiments,
reprogramming cells were cultured in DMEM GlutaMax supplemented with 15% KO
serum replacement (Gibco), 50 mM B-mercaptoethanol, 1% NEAA (Invitrogen), 1% P/S
and 1000 U/ml LIF (ESGRO, Chemicon).

Cells were maintained in a humidified incubator at 37°C with 5% CO2. Cultures were
routinely tested for mycoplasma and were always negative.

2.2. lIsolation of primary Mouse Embryonic Fibroblasts (MEFs)

Mouse embryos were extracted at 13.5 d.p.c. and suspended in PBS. The head and
foetal liver were removed and then, embryos were chopped and incubated in 0.2%
Trypsin for 20 minutes at 37°C in a cell culture incubator, pipetted up and down 15 times,
and incubated for 20 more minutes at 37°C. Trypsin was inactivated adding DMEM
GlutaMAX supplemented with 10% FBS and 1% P/S and cells were cultured in normal
conditions or were frozen after one passage.

2.3. Isolation of primary MMTV-PyMT breast cancer cell lines

Tumours were extracted from MMTV-PYMT; WT and MIDORI KO mice when they
reached 1200 mm? and susopended in PBS. Tumours were chopped and incubated with
the digestion medium (DMEM-F12 with GlutaMAX supplemented with 2,5% of Foetal
Bovine Serum (FBS), 1% of Penicillin-Streptomycin (P/S), Collagenase Il (5 mg/ml) and
Dispase (1.25 mg/ml) (Gibco) for 2 hours at 37°C in a cell culture shaker. Then, the
digestion was inactivated by adding DMEM-F 12 with GlutaMAX supplemented with 10%
of Foetal Bovine Serum (FBS) and 1% of Penicillin-Streptomycin (P/S) to the reaction.
Cells were spun down for 5 minutes at 300 g and finally resuspended and cultured in
DMEM-F12 with GlutaMAX supplemented with 10% of Foetal Bovine Serum (FBS), 1%
of Penicillin-Streptomycin (P/S) and ITS Liquid Media Supplement (100x%) (Gibco).

2.4. Treatments

To induce the expression of Tet-ON inducible systems, cells were treated when indicated
with Doxycycline (Sigma Aldrich) at 1 ug/ml. For EMT induction and NF-xB Western blot,
cells were treated with human recombinant TGFB1 and human recombinant TNFa
(Peprotech) at a final concentration of 5 ng/ml in the cell culture medium. Doxorubicin
and Tunicamycin (Selleckchem) were used at a final concentration of 1uM while control
cells were treated with the vehicle, DMSO, as a control. For senescence experiments,
Palbociclib was added to the culture medium at a final concentration of 2uM while the
vehicle, DMSO, served as control.
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3. Cloning procedures

MIDORI mouse (long and short) and human ORFs were synthesised (IDT technologies)
fused with a flexible linker (3xGGGGS) and an HA tag epitope at the C-terminal part of
the microprotein and flanked by EcoRI and Xhol enzyme restrictions sites at the two
ends (Complete Sequences can be found in Table 4) After enzymatic digestion,
constructs were ligated into the pMSCV retroviral vector and pENTR1A vector
(Addgene). For the lentiviral vectors, the MIDORI-HA tag construct was obtained by
recombining the donor pENTR1A-MIDORI-HA vector with the lentiviral inducible system
pINDUCER20 (Invitrogen) using the Gateway Cloning Technology LR clonase
(Invitrogen), following manufacturer’s instructions.

4. Viral infections

HEK293T cells were used as packaging cells and transfected with the lentiviral and
packaging plasmids indicated in Table 3 using Polyethylenimine (PEI) (Polyscience
Europe GmbH) reagent following the manufacturer instructions. Viral supernatants were
collected twice a day on two consecutive days starting 36 hours after transfection, filtered
through a 0.45 pm syringe filter, supplemented with 8 pug/ml of polybrene and used to
infect the previously plated cells of interest. Successfully infected cells were established
by geneticin (Gibco) selection at 400-600ug/ml (pINDUCER-20) or puromycin (VWR)
selection 1-2 pg/ml (pPMSCV).

5. Protein analysis by Western blotting

Cells were homogenized in 2% SDS lysis buffer (50 mM Tris-HCI, pH 8.0, 1mM EDTA,
2% SDS) or medium-salt lysis buffer (150 mM NaCl, 50 mM Tris pH 8, 1% NP40)
supplemented with protease (Roche) and phosphatase (Sigma Aldrich) inhibitors
cocktails. Protein concentration was determined using the Pierce™ BCA Protein Assay
Kit (Thermo Fisher). A total protein amount of 50 ug were loaded in 12% Bis-Tris
acrylamide gels and transferred to nitrocellulose membranes. Primary antibodies were
incubated overnight at 4°C. Secondary HRP-conjugated antibodies were incubated the
following day for 1h at room temperature, and ECL Prime Western Blotting Detection
Reagent (Fisher Scientific) or SuperSignal™ West Dura Extended Duration Substrate
were used as a chemiluminescent reagent for protein detection. Antibodies and dilutions
are listed in Table 1.

5.1. Subcellular Fractionation

Cells were homogenized in Buffer A (HEPES pH 7.8 (10mM), MgCl. (1.5 mM), KCI (10
mM) and DTT). The homogenate was incubated on ice for ten minutes and then, 10%
Triton-X was added to favour cellular disruption. Samples were centrifuged at 11000 rpm
for one minute at 4°C and supernatant (Cytoplasmic extract, CE) was separated from
the pellet (Nuclear extract, NE). CE supernatant was washed with Buffer B (HEPES pH
7.8 (0.3 mM), MgCl. (1.4 mM) and KCI (30 mM)), followed by centrifugation at 15000 g
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for 15 minutes at 4°C. The collected supernatant was used as final cytoplasmic extract
and the pellet was washed with Buffer B and disrupted using Buffer C (HEPES pH 7.8
(20 mM), MgCl2 (1.5 mM), NaCl (0.42 mM), EDTA (0.2 mM), glycerol (25%) and DTT).
After thirty minutes of ice-incubation and centrifugation at 15000 g for fifteen minutes at
4°C, supernatant was used as final nuclear extract. Finally, the remaining pellet was
disrupted in SDS lysis buffer (Tris-HCI pH 8.0 (50 mM), EDTA (1 mM), SDS 2%) and
sonicated to obtain the chromatin bound extract.

6. mMRNA analysis by quantitative real-time PCR (QRT-PCR)

Total RNA was extracted with Trizol Reagent (Invitrogen), chloroform and isopropanol
following the manufacturer protocol. 1 ug of total RNA was retrotranscribed into cDNA
using the iScriptTM Reverse Transcription Supermix Kit (BioRad). Gene expression was
analysed by gRT-PCR using PowerUp SYBR Green Master Mix (Thermo Fisher
Scientific) in the 7900HT Fast Real-Time PCR System (Applied Biosystems). Gene-
specific primers are listed in Table 2.

7. Immunofluorescence

Cells were seeded in fibronectin-coated (Sigma Aldrich) or collagen I-coated (Corning)
coverslips. When cells reached the desired confluency, cells were fixed in 4%
paraformaldehyde for fifteen minutes and permeabilized with 0.2% Triton X-100 in PBS
for ten minutes at room temperature. Blocking step was made in 3% Bovine

Serum Albumin (BSA) for one hour. Cells were incubated overnight at 4°C with the
primary antibody diluted in the blocking buffer. The day after, secondary antibodies were
incubated for one hour at room temperature in the dark. Antibodies and dilutions are
listed in Table 1. Finally, coverslips were mounted on the slides using Prolong Mounting
Medium with DAPI (Invitrogen), and images were taken in Nikon C2 Plus Confocal
Microscope. For quantification, at least 200 cells per staining were counted using ImageJ
software.

In the case of the immunofluorescence with cytoskeletal buffer (CSK) extraction, cells
were incubated with the CSK buffer (25mM HEPES pH7.4, 50mM NaCl, 3mM MgCl,,
300mM sucrose and 0.5% Triton X-100) 10 minutes at room temperature prior to the
fixation step.

8. Cell proliferation analysis
Cells were seeded into 24-well cell culture plates at density 5x10° cells/well. Cells

were trypsinised and counted using a Neubauer chamber every day. When using
MIDORI-inducible cell lines, doxycycline was added every two days.
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9. Cell migration assay

Cells were seeded in a 6-well cell culture plates and cultured until confluence was
reached. A pipette tip was used to scratch the surface of the cell monolayer, forming a
wound. An Olympus CellR microscope equipped with a Hamamatsu C9100 camera was
used to follow the closure of the wound up to the indicated timepoints.

The wound closure was measured by ImageJ software.

10. Cell invasion assay

2x10* cells were seeded in the upper compartment of a Boyden chamber in a Corning
cell culture insert coated with Matrigel (Corning). In the bottom compartment, culture
medium supplemented with 10% FBS, conditioned medium from MDA-MB-231 cells or
2x10° mCAFs were seeded as attractant for the invading cells. Cells were then incubated
for 24 hours at 37°C in a cell culture incubator in order to invade through the Boyden
chamber membrane. Then, culture inserts were fixed in methanol for 5 minutes and
stained using Crystal Violet during 20 minutes at room-temperature. Pictures were taken
using an Olympus CellR microscope. Cells were counted using ImageJ.

11. Matrix degradation assay

Gelatine from pig skin Oregon green 488 conjugate (Molecular probe life technologies)
was used to coat glass coverslips. In brief, coverslips were coated with the fluorescent
gelatine solution in the dark for 20 minutes. Coverslips were washed three times in PBS
before cross-linking with a 0.5% solution of glutaraldehyde for 40 minutes followed by
three washes in PBS. Before plating cells, coverslips were incubated with Collagen |
(Corning) during 4 hours at 37°C in a cell culture incubator. After washing with normal
culture medium, MDA-MB-231 cells were plated at a density of 2x10* on top of the
coverslips for 24 before fixation in 4% PFA. Gelatine degradation was measured by
quantifying the mean area of nonfluorescent pixels per field using a manual threshold in
ImagedJ (National Institutes of Health). 10—-15 random fields were imaged per condition,
and each independent experiment was performed at least three times and averaged.

12. In vitro transcription/translation

LncRNA Zeb20s CDS was cloned in a pcDNA-3.1 (+) vector under the control of the T7
promoter and incubated for one hour with rabbit reticulocyte-coupled
transcription/translation system (Promega) in the presence of [35S] methionine. After
incubation, translated product was resolved by 15% SDS-polyacrylamide gel
electrophoresis (PAGE) and detected by autoradiography.
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13. Ribosome profiling analysis

We retrieved a public ribosome profiling dataset from mouse brain (ArrayExpress
accession number E-MTAB-7247) (Wang et al., 2020) and we adapted a computational
approach to identify translated sORFs (Ruiz-Orera et al., 2018). In brief, read adapters
were trimmed and reads mapping to annotated ribosomal and transfer RNAs were
filtered out. Resulting reads were mapped to the assembled mouse genome (mm10).
Next, mapped reads from experimental replicates were merged and we used the
riboORF algorithm (Ji et al., 2015) to predict translated sORFs with significant read
uniformity and frame periodicity (score 20.7), as this feature is indicative of active ORF
translation.

14. Cellular reprogramming

MEFs were transduced with Tet-O-FUW-OSKM inducible lentiviral vector together with
rnTA vector. FUGW-GFP vector was used as transduction control. Transduction
efficiency was assessed by Flow Cytometry using the FUGW-GFP infected cells. To
study the effect of MIDORI on cellular reprogramming, MEFs were infected with the
pINDUCERZ20 doxycycline-inducible lentiviral vector expressing either long mMIDORI or
short mMIDORI together with the Tet-O-FUW-OSKM inducible lentiviral vector. MEFs
transduced with the pINDUCER20 empty and the Tet-O-FUW-OSKM served as control.
After infection, different MEFs cell lines derived from 3 embryos were plated in a 6-well
plate at 10° cells/well. Once attached, OSKM cassette was induced by treating with
doxycycline at 1 ug/ml in the cellular reprogramming medium, which was changed every
other day for 12 days, until iPSC colonies were evident.

For reprogramming experiments using i4F MEFs, different MEFs cell lines derived from
3 embryos were directly seeded at 5-10° cells/well and induced with doxycycline at
1ug/ml in the cellular reprogramming medium. The medium was changed every other
day for 12 days, until iPSC colonies were well defined. To determine cellular
reprogramming efficiency in both cases, iPSC colonies were quantified manually after
staining for alkaline phosphatase (AP) activity (Promega) following manufacturer
instructions. In the case of the cellular reprogramming time course, cells were harvested
at different timepoints and subsequently processed for protein and RNA extraction.

15. Generation of MEFs-conditioned medium (CM)

To produce conditioned medium (CM), 3.5x10° WT, MIDORI KO, MIDORI
overexpressing and MIDORI KO overexpressing MEFs were seeded in 15-cm-diameter
plates and cultured with reprogramming medium. After 3 days, the conditioned medium
was collected and centrifugated for 10 minutes at 500 g. After the centrifugation, the
conditioned medium was supplemented with doxycycline at 1 ug/ml and used to culture
i4F MEFs in a reprogramming experiment, as previously described.
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16. MEFs-secretome preparation

The CM, produced as described above, was spun down at 200 x g for 5min, the
supernatants were collected, and filtered through a Millex-GP 0.22 ym pore syringe
driven filter (Millipore, Ireland). Then secretomes were first concentrated using a 10000
MWCO Millipore Amicon Ultra (Millipore) at 4000 g at room temperature until a final
volume of 250 pl, and then using a 10000 MWCO Microcon (Amicon) at 14000 g until a
final volume of 50 pl. Protein concentration was determined with a Pierce BCA protein
assay kit (Thermo Scientific).

17. Secretome analysis by mass spectrometry

All samples were in-solution digested previous to HPLC-MS analysis. Fifteen
micrograms of each secretome preparation were first dissolved in 15 pl of 50% 2,2,2-
Trifluoroethanol and reduced with tris (2-carboxyethyl) phosphine hydrochloride to a final
concentration of 5 mm for 1 h at 60 °C and 700 rpm, and alkylated in 10 mm of lodoacetic
acid at 25 °C for 20min at 700 rpm in the dark. Before trypsin digestion, samples were
diluted with 50 mm AB (ammonium bicarbonate) to a final concentration of 10% 2,2,2-
Trifluoroethanol, and then proteins were digested in a ratio of 1:20 (w/w) with trypsin for
5 h at 37 °C. The reaction was stopped with formic acid (FA) to give a final concentration
of 0.4% FA in the digested solution. After digestion samples were cleared at 10000 rpm
for 10 minutes, dried, and re-dissolved in 30% acetonitrile, 0.1% FA to a final
concentration of 1 pg/ul before liquid chromatography (LC)-MS analysis. Samples were
analysed using an linear ion trap Velos-Orbitrap mass spectrometer (Thermo Fisher
Scientific, Bremen, Germany). Instrument control was performed using Xcalibur software
package, version 2.1.0 (Thermo Fisher Scientific, Bremen, Germany). Peptide mixtures
were fractionated by on-line nanoflow liquid chromatography using an EASY-nLC system
(Proxeon Biosystems, Thermo Fisher Scientific) with a two-linear-column system.
Digests were loaded onto a trapping guard column (EASY-column, 2 cm long, ID 100
pum and packed with Reprosil C18, 5 um particle size from Proxeon, Thermo Fisher
Scientific) at a maximum pressure of 160 Bar. Then, samples were eluted from the
analytical column (EASY-column, 10 cm long, ID 75 ym and packed with Reprosil, 3 um
particle size from Proxeon, Thermo Fisher Scientific). Separation was achieved by using
a mobile phase from 0.1% FA (Buffer A) and 100% acetonitrile with 0.1% FA (Buffer B)
and applying a linear gradient from 5 to 35% of buffer B for 60 min at a flow rate of 300
nL/min. lons were generated applying a voltage of 1.9 kV to a stainless-steel nano-bore
emitter (Proxeon, Thermo Fisher Scientific), connected to the end of the analytical
column.

The LTQ Orbitrap Velos mass spectrometer was operated in data-dependent mode. A
scan cycle was initiated with a full-scan MS spectrum (from m/z 300 to 1600) acquired
in the Orbitrap with a resolution of 30,000. The 20 most abundant ions were selected for
collision-induced dissociation fragmentation in the linear ion trap when their intensity
exceeded a minimum threshold of 1000 counts, excluding singly charged ions.
Accumulation of ions for both MS and MS/MS scans was performed in the linear ion trap,
and the AGC target values were set to 1x10° ions for survey MS and 5000 ions for
MS/MS experiments. The maximum ion accumulation time was 500 and 200 ms in the
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MS and MS/MS modes, respectively. The normalised collision energy was set to 35%,
and one microscan was acquired per spectrum. lons subjected to MS/MS with a relative
mass window of 10 ppm were excluded from further sequencing for 20 s. For all
precursor masses a window of 20 ppm and isolation width of 2 Da was defined. Orbitrap
measurements were performed enabling the lock mass option (m/z 445.120024) for
survey scans to improve mass accuracy. XCalibur 2.05 software (Thermo Fisher
Scientific) was used to generate RAW files of each MS run. The .RAW files were
processed using Proteome Discoverer 1.2 (Thermo Fisher Scientific). All cancer cell line
secretomes MS/MS were searched against the human database Swiss-Prot 2010.11
(20332 sequences). In all cases the search engine used was MASCOT (Matrix Science,
London, U.K.; version 2.2.04). The data was searched with fragment ion mass tolerance
of 0.8 Da and a parent ion tolerance of 10 ppm. Oxidation of methionine and
carbamidomethylation of cysteins were specified in Mascot as dynamic and static
modification respectively, and one missed cleavage was allowed for tryptic cleavage. For
the SILAC data, 13C6-I-Lysine and 13C615N4-I-Arginine modifications were specified in
Mascot as dynamic or static modification depending on the experiment. The files
generated from MASCOT (.DAT files) were then uploaded into Scaffold (version 3 00 07;
Proteome software, Inc., Portland, OR) resulting in a nonredundant list of identified
proteins per sample. Peptide identifications were accepted if they could be established
at a PeptideProphet probability greater than 95% (18). Protein identifications were
accepted if they could be established at greater than 95% probability and contained at
least two identified spectra. Using these filters we always achieve a protein false
discovery rate (FDR) under 1.0%, as estimated by a search against a decoy database.
Protein isoforms and members of a protein family would be identified separately only if
peptides that enable differentiation of isoforms had been identified based on generated
MS/MS data. Otherwise, Scaffold would group all isoforms under the same gene name.
Different proteins that contained similar peptides and which were not distinguishable
based on MS/MS data alone were grouped to satisfy the principles of parsimony.

Relative label-free protein quantification analysis was performed on the different samples
analysed using spectral counting. The “Number of assigned spectra” function of Scaffold
software, which provides the total number of spectra that matched to a protein identified
in each sample was used. Scaffold files containing all of the spectral counts for each
sample and its replicates of a given experiment was generated and then exported to R
software for normalisation and statistical analysis. The data from a MS/MS experiment
was assembled in a matrix of spectral counts where the different conditions are
represented by the columns, and the identified proteins are represented in the rows of
that matrix. The need for normalisation was assessed by comparing the total spectral
counts (SpC) in technical replicates of each sample. As the quantity of substance for
each sample, in each experiment, was the same, any substantial deviation was corrected
by normalizing to the median total sample counts. An exploratory data analysis by means
of principal components analysis (PCA) and hierarchical clustering of the samples on the
SpC matrix was performed to find potential outliers and patterns in the data. Dealing with
counts precludes the use of statistical tests and procedures based on the normal
distribution, and restricts the appropriate methods to those in the general frame of the
Generalized Linear Models (GLM) (Agresti A. (2010) Analysis of Ordinal Categorical
Data, John Wiley & Sons Inc) with discrete distributions. As no substantial biological
variability is expected from cell line data, according to our experience, a Poisson
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regression was used for significance testing throughout this work. The GLM model based
on the Poisson distribution was used as a significance test throughout our work. Finally,
we used the Benjamini and Hochberg multitest correction to adjust the p values with
control on the FDR (Benjamini Y., et al. 1995).

18. Senescence-associated B-galactosidase staining

Cells seeded in 6-well plates were washed with PBS and fixed using the fixation solution
(0.2% glutaraldehyde and 2% formaldehyde in PBS) for 15 minutes at room temperature.
After washing with PBS, cells were incubated overnight at 37°C with the staining solution
containing 1 mg/ml X-Gal, 40 mM citric acid/phosphatase buffer at pH 6.0, 2 mM MgClo,
150 mM NaCl, 5 mM KsFe(CN)s and 5 mM KsFe(CN)s. Afterwards, cells were washed in
PBS and pictures were taken using bright-field microscopy. 3 representative fields per
well were counted and averaged to quantify the percentage of SA-B-Gal+ cells.

19. MIDORI interactome analysis by mass spectrometry

MDA-MB-231 cells overexpressing MIDORI-HA or the Empty vector for 24 hours were
lysed in a buffer containing 50 mM Tris-HCI pH 7.5-8, 150 mM NacCl, 1%Triton X-100
and protease and phosphatase inhibitors and homogenised for 30 min in a rotor wheel.
5 mg of lysates were immunoprecipitated with 5 ug of monoclonal HA-tag antibody
(Sigma) overnight at 4°C. Immunocomplexes were collected using PureProteome™
Protein A Magnetic Beads (MERCK) and eluted by competition incubating with synthetic
HA peptide (Sigma) 5 hours at room temperature. Eluate was digested with trypsin and
analysed by liquid chromatography-mass spectrometry on an Orbitrap Fusion Lumos™
Tribrid (Thermo Scientific). A twin database search was performed with two separated
softwares, Thermo Proteome Discoverer v2.3.0.480 (PD) and MaxQuant v1.6.6.0 (MQ).
The search engine nodes used were Sequest HT for PD and Andromeda for MQ. The
databases used in the search was SwissProt Human (released 2019_05) including
contaminants and the user proteins.

The search was run against targeted and decoy databases to determine the false
discovery rate (FDR). Search parameters included trypsin enzyme specificity, allowing
for two missed cleavage sites, oxidation in methionine and acetylation in protein N-
terminal as dynamic modifications and Carbamidomethylation in cystein as static
modification. Peptide mass tolerance was 10 ppm and the MS/MS tolerance was 0.6 Da.
Peptides with a g-value lower than 0.01 and a FDR < 1% were considered as positive
identifications with a high confidence level. For the quantitative analysis, contaminant
identifications were removed and unique peptide spectrum matches of protein groups
identified with Sequest HT and Andromeda were analysed with SAINTexpress-spc v3.11
(SAINTe) (Teo et al., 2014). SAINTe compares the prey control spectral counts with the
prey test spectral counts for all available technical replicates. For each available bait and
for each available replicate, as prey count the maximum count result between PD and
MQ was taken. Once obtained this combined dataset, SAINTe algorithm was run. High
confidence interactors were defined as those with Bayesian false discovery rate BFDR
<0.02 and fold change FC = 3.
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19.1. Validation of MIDORI’s interactors

For the validation of interactome analysis, MDA-MB-231 overexpressing MIDORI-HA or
the Empty vector for 24 hours were used in a MIDORI pull-down, as described above,
and the resulting IP output was incubated with the interactor antibody.

In alternative, U20S cells or HEK293T cells were co-transfected with MIDORI-HA and
ITGB1BP1-FLAG plasmids or in the case of MYBBP1A-HA it was transfected alone. The
immunoprecipitation was performed as explained before. SDSPAGE

was used to visualise by anti-HA MYBBP1A or MIDORI-HA and anti-Flag proteins. When
MYBBP1A was immunoprecipitated using anti-HA antibody, MIDORI was detected using
the polyclonal custom-antibody (Proteogenix).

20. In silico analyses

20.1. Codon conservation

ZEB2-AS1 and Zeb2os coding potential was assessed using PhyloCSF (Lin etal., 2011),
a comparative genomics algorithm that analyzes a multispecies nucleotide sequence
alignment and score it according to phylogenetic codon conservation.

20.2. LncRNA structure prediction

Zeb2os secondary RNA structure was predicted using MFold web-server software
(Zuker, 2003) using the cDNA sequence.

20.3. Protein features prediction

The different characteristics of the protein were predicted using publicly available
prediction software in different web-servers. Using the amino acid sequence of human
and the two mouse MIDORI, the three-dimensional protein-structure prediction was
obtained i-Tasser software (Yang and Zhang, 2015). The subcellular protein localisation
prediction was determined using DeepLoc 1.0 software (Almagro Armenteros et al.,
2017). Finally, the prediction of a nuclear localisation signal (NLS) was carried out using
the cNLS Mapper software (Kosugi et al., 2009).

20.4. Generation of Kaplan-Meier Plots

Kaplan-Meier (KM) plots were generated for survival analysis using KM plotter
database (http://kmplot.com/analysis), a website database based on resources from
TCGA database. The final prognostic KM plots were presented with a hazard ratio (HR),
95% confidence interval (Cl) and log-rank P value. P value < .05 was considered
statistically significant.
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21. Statistical analysis

Data are presented as mean + standard deviation (SD) or standard error of the mean
(SEM) when working with mice. Differences between groups were analysed using two-
way ANOVA or Student’s T-test, or Fisher's Exact as specified. Differences were
considered statistically significant based on p-value (*p<0.05, ** p<0.01, *** p<0.001, ****
p<0.0001). All statistical tests were two-sided and performed using GraphPad Prism
(GraphPad Software Inc., San Diego, CA, United States).

22. Ethical statement

The animal studies in this work comply with the European, Spanish and Catalan
Regulations for the Protection of Vertebrate Animals used for Experimental and other
Scientific Purposes (Directive 2010/63; Spanish BOE RD 53/2013; Catalan DOGC
214/1997). All studies were carried out in the "Lab Animal Service Campus Vall d'Hebron
(LAS-CVH)", registered and accredited at the Department de Medi Ambient i Habitatge
by Generalitat of Catalonia government with register number B9900062. The
experiments performed for this manuscript were linked to a project approved by Vall
d’Hebron Ethics Committee, and the Commission of Animal Experimentation of
Generalitat of Catalonia government.
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23. Table 1. Antibodies

Target Reference Di:’l\‘,téon D"l:;ion Di::t(i;on
HA-Tag Ab9110, Abcam 1:2500
HA-Tag H6908, Sigma 1:150
GAPDH AMA300, Thermo FIsher | 1:10000
MIDORI Proteogenix 1:500 1:100 1:500
SNAIL 3879, Cell Signaling 1:1000
p53 SC-126, Santa Cruz 1:1000
Hugo291 Ab107799, No
p21 Abcam dilution
B-TUBULIN SC-32293, Santa Cruz 1:1000
B—CATENIN GTX633010, GeneTex 1:100
E-CADHERIN 610182, BD 1:1000 1:100
58K NB600-412SS, NovusBio 1:100
LAMP-2 NBP2-22217SS, NovusBio 1:100
H3-HISTONE Ab18521, Abcam 1:10000
Phalloidin-TRITC P1951, Sigma-Aldrich 20 pg/ml
pERK1/2 9101, Cell Signaling 1:1000
Total ERK1/2 4695, Cell Signaling 1:1000
pSMAD2 18338, Cell Signaling 1:1000
pNF-kB 3033, Cell Signaling 1:1000
Total NF-kB 8242, Cell Signaling 1:1000
Acetyl-NF-kB 3045, Cell Signaling 1:500
Flag-Tag F1804, Sigma 1:2000
HMGA1 Vilanueva (vhio) | 11000
pS6 4858, Cell Signaling 1:1000
Total S6 14467, Cell Signaling 1:1000
24. Table 2. Primers
Human primers for RT-qgPCR analysis
Primer Name Forward Reverse
GAPDH GGACTCATGACCACAGTCCATGCC TCAGGGATGACCTTGCCCACAG
hmMIDORI CAGCTCCCGGAGCAAACTG TCCGGCACATCATACGGATA
ZEB2-AS1 ATGAAGAAGCCGCGAAGTGT CACACCCTAATACACATGCCCT
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SNAIL ACCACTATGCCGCGCTCTT GGTCGTAGGGCTGCTGGAA
SLUG TCGGACCCACACATTACCTT ATGAGCCCTCAGATTTGACCT
ZEB1 GCACCTGAAGAGGACCAGAG TGCATCTGGTGTTCCATTTT
ZEB?2 CGCTTGACATCACTGAAGGA CTTGCCACACTCTGTGCATT
CDH1 GTTTTCCACCAAAGTCACGC TGTGAGCAATTCTGCTTGGA
CDH?2 CTGCACAGATGTGGACAGGA CCACAAACATCAGCACAAGG
TWIST1 GGACAAGCTGAGCAAGATTCA CGGAGAAGGCGTAGCTGAG
VIMENTIN GACAATGCGTCTCTGGCACGTCTT | TCCTCCGCCTCCTGCAGGTTCTT
FIBRONECTIN ATCCCTGGTGCTGATGGAC ACCTTGTTTGCCAGGTTCAC
COLLAGEN | ATGTCTAGGGTCTAGACATGTTCA CCTTGCCGTTGTCGCAGACG
MMP-2 CTCATCGCAGATGCCTGGAA TTCAGGTAATAGGCACCCTTGAAGA
MMP-9 ACGCACGACGTCTTCCAGTA CCACCTGGTTCAACTCACTCC
pre45S CCGTCCGTCCGTCGTCCTCCTCGC | TGTACCGGCCGTGCGTACTTAGAC
18S CGGCTACCACATCCAAGG TACAGGGCCTCGAAAGAGTC
28S CTAAATACCGGCACGAGACC TTCACGCCCTCTTGAACTCT
5.8S ACTCTTAGCGGTGGATCACTC AAGCGACGCTCAGACAGG
IL1a GAATGACGCCCTCAATCAAAGT TCATCTTGGGCAGTCACATACA
IL13 CTGAAAGCTCTCCACCTCCA CCAAGGCCACAGGTATTTTG
IL6 GGTACATCCTCGACGGCATCT GTGCCTCTTTGCTGCTTTCAC
TNFo CTCTTCTGCCTGCTGCACTTTG ATGGGCTACAGGCTTGTCACTC
CCL2 CCCCAGTCACCTGCTGTTAT TGGAATCCTGAACCCACTTC
CCL5 GAGTATTTCTACACCAGTGGCAAG TCCCGAACCCATTTCTTCTCT
CCL20 CCAAGAGTTTGCTCCTGGCT TGCTTGCTGCTTCTGATTCG
CXcL10 TGGCATTCAAGGAGTACCTCTC GGACAAAATTGGCTTGCAGGA
SERPINE1 GATTCATCATCAATGACTGGGTG GCCGTTGAAGTAGAGGGCAT
aSMA CTGAAGAGCATCCCACCCT ACATGGCTGGGACATTGAAA
Mouse primers for genotyping
Primer Name Forward Reverse
MIDORI WT allele AGTTTTGGCCAGAAATGGTG AATTATCCCTCCCCACAAAG
MIDORI KO allele TAGTTTTGGCCAGAATGATC AATTATCCCTCCCCACAAAG
ZebZ20s locus amp. CATGAAGAAGCCGCGAAGTG GCGTTTGCGGAGACTTCAAG
ORF2 (OSKM) GGATGGAGTGGGACAGAGAA GTGCCGATCCGTTCACTAAT
125B (RTTA) AAAGTCGCTCTGAGTTGTTAT
126B (RTTA) GCGAAGAGTTTGTCCTCAACC
127B (RTTA) GGAGCGGGAGAAATGGATATG
MMTV-PyMT GGAAGCAAGTACTTCACAAGGG GGAAAGTCACTAGGAGCAGGG

Mouse primers for RT-qPCR analysis

Primer Name Forward Reverse
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Gapdh TGTGTCCGTCGTGGATCTGA TTGCTGTTGAAGTCGCAGGAG
hmMIDORI TAGTTTTGGCCAGAATGATC AATTATCCCTCCCCACAAAG
Zeb20s AAGAGTGTCTGGAGGCAGG TGGAGAAGGGAGGGAGGG
Zeb2o0s isoform1 TCTGCTTAGAAAACAGCCTTCTC | CATTTCTGGCCAAAACAAATTCG
Zeb20s isoform2 CGCTGTGCCTCGAGGATTAG AGACAATAGGTGCAGGGTGTAG
Snail AAGATGCACATCCGAAGCCA CTCTTGGTGCTTGTGGAGCA
Slug AAGGCTTTCTCCAGACCCTG GTGCCCTCAGGTTTGATCTG
Zeb1 GGCCTTCAAGTACAAACACCA AGGAGCCAGAATGGGAAAAC
Zeb2 AGGCATATGGTGACGCACAA CTTGAACTTGCGGTTACCTGC
Cdh1 CCGGGACTCCAGTCATAGG CAGCTCTGGGTTGGATTCAG
Cdh2 GAAGGTGGAGGAGAAGAAGACC TCGTCTAGCCGTCTGATTCC
Twist1 GGACAAGCTGAGCAAGATTCA CGGAGAAGGCGTAGCTGAG
Vimentin CCAACCTTTTCTTCCCTGAA TGAGTGGGTGTCAACCAGAG
Fibronectin ATCCCTGGTGCTGATGGAC ACCTTGTTTGCCAGGTTCAC
Collagen | ATGGATTCCCGTTCGAGTACG TCAGCTGGATAGCGACATCG
Mmp-2 AACCCAGATGTGGCCAACTA TTCAGGGTCCAGGTCAGGT
Mmp-9 TAGCTACCTCGAGGGCTTCC GCTGTGGTTCAGTTGTGGTG
aSma CTGAAGAGCATCCCACCCT ACATGGCTGGGACATTGAAA
Ink4a CGTACCCCGATTCAGGTGAT TTGAGCAGAAGAGCTGCTACGT
Arf GCCGCACCGGAATCCT TTGAGCAGAAGAGCTGCTACGT
Mo AAGTCTCCAGGGCAGAGAGG CTGATTCAGAGAGAGATGGTCAA
g AAAAGCCTCGTGCTGTCG AGGCCACAGGTATTTTGTCG
116 GTTCTCTGGGAAATCGTGGA GGTACTCCAGAAGACCAGAGGA
Tnfa GCCTCTTCTCATTCCTGCTT CTCCTCCACTTGGTGGTTTG
Ccl2 TCTCTCTTCCTCCACCACCA TCATTGGGATCATCTTGCTG
Ccl5 TGCCCACGTCAAGGAGTATTTC AACCCACTTCTTCTCTGGGTTG
Tofp ACCATGCCAACTTCTGTCTGGGA | ATGTTGGACAACTGCTCCACCTTG

25. Table 3. Plasmids

Retroviral packaging vectors

pCL-Ampho

pCL-Eco

Retroviral vectors

pMSCV-hMIDORI_Cterm

pMSCV-mMIDORI_short

pMSCV-mMIDORI_long

pMSCV-empty
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Lentiviral packaging vectors

pLP1
pLP2
pLP- VSVG

Lentiviral vectors

pFUW-TetO-OSKM

pFUGW

pFUW-RTTA
pINDUCER20-empty
pINDUCER20-hMIDORI
pINDUCER20-mMIDORI_short
pINDUCER20-mMIDORI_long

26. Table 4. Overexpression constructs

Construct Name Sequence

taagcaCTCGAGCGCCACCATGGTGAGAAGAAAAAGCATGAAGAAGCC
GCGAAGTGTGGGGGAGAAAAAGGTGGAAGCGAAGAAACAGCTCCCG
GAGCAAACTGTACAAAAACCTCGCCAAGAGTGTCGGGAGGCAGGACC
hMIDORI_HA GTTATTCCTGCAGAGCAGGAGAGAGACGAGAGACCCTGAAACACGCG
CCACCTATCTTTGTGGGGAGGGAGGCGGTGGTGGCAGTGGTGGCGG
AGGAAGCGGTGGGGGAGGCAGCTATCCGTATGATGTGCCGGATTATG
CGTGAGAATTctgctt
taagcaGAATTCCTCGAGCGCCACCATGCAAACTGTAACACAAGGGCCA
TTAACCCTTTCTCTGCCGCCCAGCACGCCCAGTCCCTACACCCTGCAC
CTATTGTCTCCGGTGCCACAAGCTTTGCGGAAAACCTGGAAATTTTGG
CCAGAAATGGTGAGAAGAAAAAGCATGAAGAAGCCGCGAAGTGTGGG
Long mMIDORI_HA GGAGAAAAAGGTGGAGGCGAAGAAACAGCTCCCGGAGCAAACTGAA
— CAAAACCTCGCCAAGAGTGTCTGGAGGCAGGACCGTTATTCCTGCCG
AGCAGGGGAGAGAAGAGAGACCCTGAAACACGCGCCACCTATCTTTG
TGGGGAGGGATAATGGCGGTGGTGGCAGTGGTGGCGGAGGAAGCG
GTGGGGGAGGCAGCTATCCGTATGATGTGCCGGATTATGCGTGAGAA
TTctgctt
taagcaGAATTCCTCGAGCGCCACCATGGTGAGAAGAAAAAGCATGAAG
AAGCCGCGAAGTGTGGGGGAGAAAAAGGTGGAGGCGAAGAAACAGC
TCCCGGAGCAAACTGAACAAAACCTCGCCAAGAGTGTCTGGAGGCAG
Short mMIDORI_HA | GACCGTTATTCCTGCCGAGCAGGGGAGAGAAGAGAGACCCTGAAACA
CGCGCCACCTATCTTTGTGGGGAGGGATAATGGCGGTGGTGGCAGTG
GTGGCGGAGGAAGCGGTGGGGGAGGCAGCTATCCGTATGATGTGCC
GGATTATGCGTGAGAATTctgctt
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Results

1. Identification of MIDORI microprotein

1.1. ZEB2-AS1IncRNA encodes for a 64-amino acid microprotein

To identify novel microproteins relevant for cancer cell plasticity we followed a
computational approach. Among the “assumed” non-coding regions that could encode
for microproteins we focused in INcRNAs, given that most of them are annotated and in
many cases their expression and regulation is characterised. We generated a list of
IncRNAs deregulated in cancer and in cellular differentiation-dedifferentiation processes
and analysed their coding potential (Figure 10A). For that we used PhyloCSF, a
comparative genomics algorithm that analyses codon substitution frequencies across 35
vertebrate species to predict coding sequences based in phylogenetic conservation (Lin
et al., 2011). Following this approach, we identified a previously unrecognised sORF in
the INcRNA ZEB2-AS1, that we have named MIDORI (Figure 10A).

IncRNAs IncRNAs
dysregulated involved in
in cancer cell plasticity

MIDORI sORF

Human ATGGTGAGAAGAAAAAGCATGAAGAAGCCGCGAAGTGTGGGGGAGAAAAA

CEVEPPEEPEEEEEREE R R TP e

Mouse ATGGTGAGAAGAAAAAGCATGAAGAAGCCGCGAAGTGTGGGGGAGAAAAA

PhyloCSF
n TCoding Human GGTGGAAGCGAAGAAACAGCTCCCGGAGCAAACTGTA! CCTCGCC
FECEPETEEEEE PR e e e e e e ey« e ey
Mouse GGTGGAGGCGAAGAAACAGCTCCCGGAGCAAACTGAA CCTCGCC
Human AAGAGTGTCGGGAGGCAGGACCGTTATTCCTGCAGAGCAGGAGAGAGACG
R FECEPEEEEEEEEE e e e e e e e e e Ferer e« |
)() Mouse AAGAGTGTCTGGAGGCAGGACCGTTATTCCTGCCGAGCAGGGGAGAGAAG
C )
¥ ~ |
" )\,_2 S/ (e Human AGAGACCCTGAAACACGCGCCACCTATCTTTGTGGGGAGGGATAA-—-—
/( FECEPEEEEEEEEEE e e e e e e
o Mouse AGAGACCCTGAAACACGCGCCACCTATCTTTGTGGGGAGGGATAATTGA
ZEB2-AS1
Zeb2o0s
MIDORI
C . .
MIDORI amino acid sequence
Human MVRRKSMKKPRSVGEKKVEAKKQLPEQTVQ-======= KPRQECREAGPLFLQSRRET-========= RDPETRATYLCGEG
FEVPEEEEE PP EEEr | soloa | ] Sl .
Mouse MVRRKSMKKPRSVGEKKVEAKKQLPEQTEQNLAKSVWRQDRYSCR-AG-=——-. ERRETLKHAPPIFVGRDN-====—=e—ee——

Figure 10. Identification of MIDORI sORF in ZEB2-AS1. (A) Strategy for the discovery of novel
microproteins involved in cancer cell plasticity. (B) Alignment of human and mouse MIDORI sORF
nucleotide sequence. In primates occurred a single nucleotide deletion that is highlighted with the
black box. Start codons are marked in green while stop codons are in red.

Phylogenetic analyses showed that MIDORI is conserved across placental mammals.
However, in primates occurred a single nucleotide deletion that led to a frameshift and
changed the amino acid sequence of the C-terminal part of MIDORI (Figure 10B-C). We
analysed in detail the human and mouse locus. In humans, MIDORI sORF span exons
3 and 4 of the ZEB2-AS1 transcript and potentially produces a 64-amino acid
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microprotein that is totally conserved through primates (Figure 11A). In mouse, the
orthologue locus (Zeb20s) produces two main splicing isoforms that differ in the first exon
(Figure 11B). PhyloCSF analysis revealed that the murine locus could encode two
MIDORI protein isoforms: one of 65 amino acids (short MIDORI) that starts in a
methionine in exon 2, and other of 107 amino acids (long MIDORI) coming from an
upstream methionine only present in exon 1 of Isoform 1 (long MIDORI) (Figure 11B).
Since the two starting methionines are in frame, both microproteins share most of the

sequence, and long MIDORI contains short MIDORI (Figure 11B).
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e N
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4 N
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N

.
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Gorilla MVRRKSMKKPRSVGEKKVEAKKQLPEQTVQKPRQECREAGPLFLOSRRETRDPETRATYLCGEG
Orangutan MVRRKSMKKPRSVGEKKVEAKKQLPEQTVQKPRQECREAGPLFLQSRRETRDPETRATYLCGEG
Rhesus MVRRKSMKKPRSVGEKKVEAKKQLPEQTVQKPRQECREAGPLFLQSRRETRDPETRATYLCGEG
MVRRKSMKKPRSVGEKKVEAKKQLPEQTVQKPRQECREAGPLFLQSRRETRDPETRATYLCGEG

Baboon

Marmoset MVRRKSMKKPRSVGEKKVEAKKQLPEQTVQKPRQECREAGPLFLQSRRETRDPETRATYLCGEG

Lemur MVRRKSMKKPRSVGEKKVEAKKQLPEQTVQKPRQECREAGPLFLQSRRETRDPETRATYLCGEG
Mouse

I - |sOform 1
1
- . (soform 2

1
Codin91 N sl S~
7 T +1
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! Rat
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; Dolphin
Alpaca
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Walrus ¥
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Bat AKKQLPEQTV AKSVGRQDRYSCGAGER~ETLKHAPPIFVGRDN

Figure 11. ZEB2-AS1 and Zeb2os are evolutionarily conserved at the aminoacidic level. (A)
(Top) Analysis of codon conservation in human ZEB2-AS1 locus by PhyloCSF software, which
shows a positive deflection in the first and second reading frame corresponding to MIDORI sORF
(highlighted in green). (Bottom) Human MIDORI sORF amino acidic conservation across
primates. (B) (Top) Analysis of codon conservation in the murine Zeb20s locus by PhyloCSF
software, which shows a positive deflection (green) in the first reading frame corresponding to
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short mouse MIDORI. An additional peak in the third reading frame corresponds to the upstream
methionine of long mouse MIDORI localised in the first exon of Zeb20s Isoform 1 (long and short
MIDORI sORF are highlighted in green). (Bottom) Short mouse MIDORI and long mouse MIDORI
sORFs amino acidic conservation across vertebrates.

ZEB2-AS1is described as a IncRNA antisense to ZEB2 gene that is involved in the TGF(
pathway. Its expression is directly controlled by SNAIL, and it is known to allow ZEB2
translation by regulating its splicing (Beltran et al., 2008). In fact, the expression of this
IncRNA is required for the progression through the Epithelial-to-Mesenchymal Transition
(EMT) (Beltran et al., 2008) (Figure 12A). In agreement, high expression of ZEB2-AS1
has been correlated with tumour metastasis and worse prognosis in bladder cancer
(Zhuang et al., 2015) as well as in hepatocellular carcinoma (Lan et al., 2016). We have
corroborated these data by extending the study to other cancer types (Figure 12B).
ZEB2-AS1 IncRNA high expression significantly correlates with reduced overall survival
(OS) of patients with breast cancer (Log rank test p=1.3e, HR=2.24), pancreatic
adenocarcinoma (PDAC) (Log rank test p=0.0023, HR=2.24) and ovarian cancer (Log
rank test p=1.5e%, HR=1.81).

A
TGFB
ZEB2-AS1
Zeb2os
ZEB2
EMT
B
Breast cancer PDAC Ovarian cancer
. ot - . .
2 HR =2.24 (1.61 - 3.14) B HR =2.24 (1.32 - 3.8) = R HR = 1.81 (1.38 - 2.38)
logrank P = 1.3e~06 Q logrank P = 0.0023 ,‘:\ logrank P = 1.5e~05
o | o | 1 0| Y
c c W c y \\
% . \
> © | ‘\ e >®© LR > © \
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Figure 12. Role of ZEB2-AS1 in cancer. (A) Scheme summarising the role of ZEB2-AS1 in the
TGFp pathway and EMT. (B) Kaplan-Meier curves showing the correlation between ZEB2-AS1
expression and patient overall survival in the indicated tumour types.

Of note, ZEB2-AS1 has not only been described to be dysregulated in cancer, but it also

plays a role in cellular reprogramming and in the maintenance of pluripotency (Bernardes
de Jesus et al., 2018). In particular, Zeb20s (ZEB2-AS1 mouse orthologue) has been
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showed to be upregulated in mouse aged fibroblasts and acts as a barrier for cellular
reprogramming to iPSCs (Figure 13A). Consistently, knock-down of Zeb2o0s increases
cellular reprogramming and prevents mouse embryonic stem cells (MESCs)
differentiation (Bernardes de Jesus et al., 2018). Importantly, we have confirmed that
ZEB2-AS1 is also upregulated in IMR90 human fibroblasts upon replicative senescence
(Figure 13B).
A B
AGING ZEB2-AS1in IMROO
5

*

E

w

ZEB2-AS1
Zeb2o0s

N

Relative mMRNA expression

CELLULAR REPROGRAMMING

0
Control Replicative

OSKM senescence

Figure 13. ZEB2-AS1 is upregulated during aging and impairs cellular reprogramming. (A)
Scheme summarising the regulation of ZEB2-AS1 in aging and its role in cellular reprogramming.
(B) mRNA expression of ZEB2-AS1 in low passage human IMR90 fibroblasts and upon replicative
senescence. Expression is normalized to GAPDH and relativized to the control. N=3 of three
technical replicates. Error bar represents the mean + SD. *P < 0.05 using Student’s t-test.

Altogether, this evidence points to ZEB2-AS1 at the perfect overlay between cancer and
cellular plasticity and encouraged us to pursue the functional characterization of MIDORI,
its encoded microprotein.

First of all, we wanted to validate the translation of MIDORI sORF into a protein. We
analysed publicly available data of ribosome profiling experiments performed in mouse
hippocampus (Wang et al., 2020) using RiboORF, a software that identifies regions of
active translation based on read distribution features such as codon periodicity and
uniformity (Ruiz-Orera et al., 2018). Importantly, RiboORF analysis showed that Zeb2o0s
is translated with a codon periodicity that corresponds to the sORFs predicted by the
phylogenetic analysis (Figure 14A). Of note, ribosomes were found to bind from the first
methionine of Zeb2os Isoform 1, demonstrating that long MIDORI is in fact translated,
although we cannot distinguish if short MIDORI is also translated from the second
methionine in exon 2. To further validate the coding potential of Zeb20s, we performed
in vitro translation using the full length Zeb20s isoform 1 in presence of 35°-methionine;
we obtained a peptide product of ~12 kDa that fits long MIDORI’s molecular weight (12.5
kDa) and a secondary band that matches the size of short MIDORI (7.5 kDa) (Figure
14B). Altogether, we conclude that ZEB2AS1 is a transcript misannotated as a IncRNA
that actually codes for MIDORI microprotein.

Both analyses -RiboORF and in vitro translation- strongly support the coding potential of

ZebZ2os at the experimental level. However, with these approaches we were not able to
decipher which one is the main protein product of the murine Zeb2os locus. Since
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Zeb20s is known to be upregulated by TGFp (Beltran et al., 2008), we measured the
expression of the two transcripts by using isoform-specific primer pairs (Figure 14C).
Although the two transcripts seem to have some level of basal expression, we saw that
only ZebZ2os transcript 1 is significantly upregulated after TGFp treatment. Taking into
account that normally ribosomes start translating the first methionine of a transcript, this
result suggests that long MIDORI isoform might be the prevalent isoform in mouse.

A Zeb2os locus

Translated | n— A S |SsOform 1
. N |SOform 2

ZebZ2o0s isoform1 Zeb2o0s isoform2

0.0025 0.000025

*k

0.0020 0.000020

25 —

0.0015 0.000015

15 —
0.0010 0.000010

Long mMIDORI

_—

Short mMIDORI 10 ]|

_

0.0005 0.000005

mRNA expression relative to Gapdh

mRNA expression relative to Gapdh

0.0000 0.000000

Untreated TGFB Untreated TGFR

Figure 14. Experimental evidences of Zeb2os translation. (A) Representation of Ribo-Seq
data performed in mouse hippocampus and analysed with RibORF (B) Zeb2o0s in vitro translation.
(C) mRNA expression of Zeb2os isoforms in mouse embryonic fibroblasts (MEFs) in basal
conditions and upon 24 hours of TGFp treatment. Values are represented as mean + SD of three
technical replicates normalised to Gapdh. **P < 0.01 using Student’s t-test.

Then, we performed different in silico analyses to predict the main features of MIDORI.
On the one hand, we predicted the 3D structure of the microprotein by i-TASSER
software (Yang and Zhang, 2015) (Figure 15A), and observed that some short helices
are predicted with low confidence score (-4.11, where the lowest score is -5 and the
highest +2), but MIDORI is essentially predicted to be an unstructured protein. On the
other hand, using the DeepLoc 1.0 software (Almagro Armenteros et al., 2017), we
observed that both human MIDORI (hMIDORI) and the two mouse MIDORI (mMIDORI)
isoforms are predicted to be located in the nucleus (Figure 15B). In agreement with this
prediction, a nuclear localisation signal (NLS) was found in MIDORI’s sequence (Figure
15C) using the cNLS Mapper software (Kosugi et al., 2009), further suggesting a nuclear
localisation of MIDORI microprotein.
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Figure 15. In silico characterisation of MIDORI microprotein. (A) Predicted tertiary structure
of hMIDORI, long mMIDORI and short mMIDORI by i-TASSER. (B) Predicted nuclear localisation
of hMIDORI (as an example of the three isoforms) using DeepLoc 1.0. Numbers in the branches
indicate the confidence score of the protein being at that compartment (0.911 in the case of both
human and mouse MIDORI) (C) Nuclear localisation signal (NLS, shown in green) prediction by
cNLS Mapper software in MIDORI’s sequence.

1.2. Generation of the tools to study MIDORI microprotein

1.2.1. Generation of MIDORI overexpression vectors

To functionally characterise MIDORI microprotein we used gain-of-function and loss-of-
function approaches. To study MIDORI gain-of-function, we generated MIDORI-
overexpressing vectors by cloning the sORF of the human and murine MIDORI (short
and long isoforms) tagged with an HA into the pMSCV constitutive retroviral vector and
into the pINDUCER20 doxycycline-inducible lentiviral vector. To minimise the possible
effect of the tag over MIDORI, we separated the microprotein and the HA by a linker of
low interacting amino acids (3xGGGGS) (Figure 16A).

We transduced human and murine breast cell lines (MDA-MB-231, NMuMG), a human
PDAC cell line (BxPC-3), murine CAFs and primary mouse embryonic fibroblasts (MEFs)
with the different expression vectors: the human cell lines with hMIDORI, the murine cells
with the two mMIDORI isorforms. Importantly, we detected hMIDORI and the two
mMIDORI isoforms by immunoblotting against the HA-tag in all the analysed conditions
(Figure 16B), showing that MIDORI microproteins can be expressed and are stable in
cellular conditions. Additionally, we performed immunofluorescence (IF) to detect the
exogenous MIDORI using an antibody against the HA-Tag (Figure 16C-D). Both
hMIDORI and mMIDORI isoforms are detected by IF in the cytoplasm and in the nucleus.
To further study MIDORI’s localisation, we carried out subcellular fractionation in
hMIDORI-overexpressing MDA-MD-231 cells and analysed the different fractions by
Western blot. Exogenous hMIDORI was detected in cytoplasmatic, nuclear and
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chromatin fractions suggesting that, at least when overexpressed, MIDORI seems to be
an ubiquitous microprotein in the cell (Figure 16E).

Although all the experiments with MIDORI have been performed with the two murine
isoforms, given that our results suggest that in mouse long MIDORI is the predominant
isoform (Figure 14) and for the sake of simplicity, in this work from now we show the
results obtained with human MIDORI (in human cells) and with mouse long MIDORI (in
murine cells). However, after the end of each section we show that we can corroborate
the main observed phenotypes also with short MIDORI (see below).
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C MDA-MB-231

Control

hMIDORI

D NMuMG
Control Short mMIDORI ‘ Long mMIDORI

E Cytosol Nucleus Chromatin
Control hMIDORI Control hMIDORI Control hMIDORI

HA-Tag cuzes

0. TUBULIN | ™=

17 KDa

411 KDa

TBP

H3 HISTONE

Figure 16. Generation and validation of MIDORI gain-of-function expression vectors. (A)
Design of the constitutive and the doxycycline-inducible MIDORI-overexpressing constructs. (B)
Detection of human and mouse MIDORI overexpression in the indicated cells lines after retroviral
transduction and selection (in the case of constitutive systems) or after 48 hours of doxycycline
induction (1 ug/ml) (in the case of inducible systems). Control cells were transduced with the
empty backbone. Protein expression was detected by immunoblot using an anti-HA-tag antibody.
(C-D) Representative immunofluorescence images of exogenous MIDORI detected by using an
anti-HA-Tag antibody (green) in control and hMIDORI-overexpressing MDA-MB-231 breast
cancer cells (C) and mMIDORI-overexpressing NMuMG breast epithelial-like cells (D). Nuclei are
counterstained with DAPI. Scale bars=25um. (E) WB of subcellular fractionation of cytosol,
nucleus, and chromatin fractions in MDA-MB-231 cells. MIDORI overexpression was detected by
anti-HA-Tag antibody while a-Tubulin, TBP and H3 histone are markers for cytoplasmatic, nuclear
and chromatin fractions, respectively.
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1.2.2. Generation of a MIDORI-deficient mouse strain

To assess MIDORI loss-of-function, we generated a MIDORI-deficient mouse strain
using CRISPR-Cas9 technology. Since the secondary and tertiary structure of IncRNAs
is known to be important for their function (Johnsson et al., 2014; Zampetaki et al., 2018),
we sought to disrupt MIDORI translation without affecting the folding and function of
Zeb20s IncRNA. To do so, instead of disrupting the locus with indels, we used a
homologous recombination template in which we substituted short MIDORI start codon
by a stop codon and mutated the PAM sequence to avoid recognition by the gRNA-Cas9
complex once the genomic region has been modified. We decided to mutate short
MIDORI start codon because this way we can disrupt both MIDORI isoforms. On the one
hand, if the expressed Zeb2os isoform is the 1, only a truncated form of the long MIDORI
lacking the majority of the microprotein sequence would be translated. On the other
hand, if the expressed Zeb20s isoform is the 2, the microprotein translation would be
completely abolished. In addition, while mutating the PAM, we introduced a GTC>CTA
mutation to generate a restriction site in order to be able to detect the recombination by
enzymatic digestion. Finally, since MIDORI has an additional methionine 16 nucleotides
downstream the start codon we also mutated it (ATG>TTG) to avoid downstream
translation (Figure 17).

ZebZ2os locus
—>

—GAA |ATGGTGAGAAGAAAAAGCATG —— WT
PAM

—

—GAA ITGA AGAAGAAAAAGCTTG ——Mutant
Bcel |

Figure 17. Strategy for the generation of a MIDORI-deficient mouse strain using CRISPR-
Cas9 technology. Image showing the MIDORI WT allele and the MIDORI-KO allele. We
substituted the start codon (green) by a stop codon (red), mutated the PAM sequence,
introduced GTC>CTA mutation to include a restriction site (in yellow) and mutated the second
downstream MIDORI start codon (in blue).

We analysed the wild type and the mutated Zeb2os transcript sequences using Mfold
IncRNA structure predictor (Zuker, 2003), and we observed a change in the ATG loop
but not in the overall IncRNA structure and the mutations did not significantly affect the
stability of the entire molecule (Fig 18).
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Figure 18. Zeb20s engineering did not significantly affect RNA stability or structure. Left,
structure of wild type and mutated Zeb2os predicted by Mfold software. Right, detail of the
modification in the RNA structure with the minimum free energy of both WT and mutated
molecules. The arrows indicate the modified ATG codons.

In collaboration with Sagrario Ortega (Head of the Transgenic Mice Unit at the CNIO),
we delivered the Cas9, gRNA and the homologous recombination template in mice
embryos by microinjection and we successfully obtained the desired modification in
some mice that we used as founders to establish a colony of MIDORI deficient mice (Fig
19A-B). Once the colony was established, we isolated WT and KO mouse embryonic
fibroblasts (MEFs) and we analysed Zeb2os mRNA expression in basal conditions and
upon TGFp (Figure 19C). We observed that the INncRNA is similarly expressed in both
WT and KO MEFs in basal conditions and, more importantly, it is upregulated following
TGFp treatment. Therefore, we have disrupted the translation of MIDORI microprotein
without affecting the regulation of Zeb20s IncRNA.

We performed a histological analysis of many organs in WT and MIDORI-KO mice, and
we did not observe any clear difference or alteration in any of the analysed tissues (data
not shown). Additionally, MIDORI-KO mice show normal behaviour, are fertile and the
offspring analysis showed that there is not any allelic skewing, suggesting that MIDORI
deficiency does not induce embryonic lethality. Therefore, we concluded that, at least in
homeostatic conditions, MIDORI deficiency does not have any profound effect in adult
mice.
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Figure 19. Zeb20s engineering does not affect the regulation of the Zeb2os IncRNA. (A)
Genotyping of the engineered mice to detect the desired modification by Bcll restriction enzyme
digestion. (B) Result of the sequencing of Zeb2os locus in one of the founders carrying the
modification in heterozygosis. The changes introduced in the locus are highlighted in green: start
codon substitution, mutation of the PAM sequence, introduction of a restriction site for genotyping
and mutation of the downstream ATG. (C) mRNA expression of Zeb2os in MEFs in basal
conditions and after 24 hours of TGFp treatment. Values are represented as mean + SD of two
biological replicates normalised to Gapdh and relativised to the untreated WT control.

1.2.3. Generation of an anti-MIDORI antibody

Finally, in order to detect the expression of the endogenous MIDORI microprotein we
generated a custom rabbit polyclonal antibody. We commissioned the generation of the
antibody to the company Proteogenix, which synthesised hMIDORI microprotein and
used it to immunise two rabbits. The purified antibody has been used throughout this
thesis.

1.3. Analysis of the regulation of MIDORI expression and its
subcellular localisation

1.3.1. ZEB2-AS1 and MIDORI expression in tissues

Many IncRNAs are expressed in a tissue-specific manner (Cabili et al., 2011). To study
the expression in human tissues, we analysed public data retrieved from the GTEX
database, and observed that ZEB2-AS1 is expressed at low levels in all the analysed
tissues (Fig 20A). We studied the Zeb20s expression in a set of mouse organs by qRT-
PCR. Similarly to what we observed in human, Zeb20s is expressed at low or very low
levels in the analysed organs (Figure 20B). Thus, we did not observe a clear pattern of
specific tissue expression in basal conditions.

67



Results

ZEB2-AS1
A
1.0+
— 08-
<
= 0.6
=
2 0.4
(@))]
S
0.2+
OC 1 1 \l 1 b| 1 6| 1 b| 1 1 1 1 b| 1 1 1 1 1 1 1
L QDD P P @ O R @ P 2% QA NS @ % P
2 SO B N SR A, R OB AP SN0 P
EIRNONC) '\‘?'Q)Qy\goqc‘a\o’\ &e”*‘\)\%@f‘&@\ RO EENANAS
eeé = soo\ @'ﬁo \(b&\\ T & <®
g NS X
B S Zeb20s
&
& 05;
o
:2 0.4
©
3 0.3
5
‘% 0.2
(9}
D
S 0.1
(O]
<
E 0.0- N
@ 2RO QLT N QL oA S
(O O L (P O o 2 D@2 S
E @ @é‘o@ ¥ \/"o“%q\e’ B &Q&&‘Qe}\ o@'boox\& S S
NI & T K «©
@00 o 00% R

Figure 20. ZEB2-AS1 and Zeb2os are expressed at low levels in several human and mouse
tissues in basal conditions. (A) Violin plot of ZEB2-AS1 expression in human tissues. Data
extracted from Gtex database. (B) mRNA expression levels of Zeb20s in 8-12 weeks old mouse
tissues analysed by qRT-PCR. Bars represent mean expression £+ SEM of n=6 mice normalised
to Gapdh.

We then analysed the expression of endogenous MIDORI microprotein by Western Blot
using our custom-made polyclonal antibody in the same battery of mouse organs
analysed by RT-gPCR. In this experiment, MIDORI KO organs were used as a negative
control for the antibody. We only obtained clear results in kidney, where we observed a
band that could correspond to MIDORI according to the molecular weight, whereas no
signal was observed in MIDORI KO kidneys (Figure 21A). Of note, we obtained similar
results using our polyclonal antibody in immunohistochemistry (IHC) (Figure 21B),
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supporting the observation that endogenous MIDORI is expressed in kidney.
Interestingly, MIDORI is expressed in the tubular epithelium at the interface between the
kidney cortex and the medulla, showing a dotted pattern that is mostly cytoplasmatic.
Finally, we checked the level of Zeb20s expression and observed that WT and MIDORI
KO kidneys show similar expression level of the IncRNA (Figure 21C), corroborating that
our knock-out strategy does not affect Zeb2os expression but it does affect MIDORI
translation.
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Figure 21. MIDORI is expressed in mouse kidney. (A) Western blot analysis showing MIDORI
expression in WT and MIDORI KO mouse kidney. Protein expression was detected by
immunoblot using an anti-MIDORI polyclonal custom-made antibody. (B) Representative
immunohistochemistry images of MIDORI in WT and MIDORI KO kidneys derived from 10-week-
old mice. MIDORI was stained using an anti-MIDORI polyclonal custom-made antibody. Two
different magnifications of the kidney are shown: left pictures, scale bar=2mm; right pictures, scale
bar=100um. (C) mRNA expression levels of Zeb2o0s in kidneys isolated from 8-10 weeks old WT
and MIDORI KO mice analysed by qRT-PCR. Each dot represents a single animal, bars represent
mean expression + SEM of n=4 mice normalised to Gapdh.

1.3.2. MIDORI is upregulated upon damage at the mRNA and protein level

It is known that the expression of some INcCRNAs is regulated by different cues (i.e. under
stress conditions) rather than in a tissue-specific manner (Valadkhan and Valencia-
Hipolito, 2016). This is the case of ZEB2-AS1, whose expression is very low in basal
conditions but it is known that certain stimuli such as TGF or the process of ageing
upregulate the IncRNA both in human and in mouse (Beltran et al., 2008; Bernardes de
Jesus et al., 2018) (Figure 12A and 13). Therefore, we sought to investigate the
regulation of ZEB2-AS1 and MIDORI protein expression by different stimuli. We treated
MDA-MB-231 cells with the chemotherapeutic agent Doxorubicin (DOXO) to induce
genotoxic stress and we observed an upregulation of the IncRNA, even if less
pronounced than after TGFf treatment (Figure 22A). Using our anti-MIDORI custom-
made antibody, we then tested MIDORI protein levels in those samples and observed
that MIDORI protein expression increases upon TGFB and DOXO treatment (Figure
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22B). As we do not have a human MIDORI KO cell line, we used a lysate from MIDORI-
HA overexpressing cells as a positive control for the antibody. Of note, we tested other
types of stress and found that also Tunicamycin, a drug known to induce endoplasmic
reticulum (ER) stress (Guha et al., 2017), induces an increase in MIDORI protein levels
in human cells (Figure 22C). We conclude that MIDORI is upregulated by genotoxic and
ER stress.
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Figure 22. ZEB2-AS1 and MIDORI are upregulated upon TGFp, genotoxic and ER stress.
(A) mRNA expression levels of ZEB2-AS1 in MDA-MB-231 breast cancer cells after 48 hours of
TGFp treatment and 24 hours of DOXO treatment (1uM), analysed by qRT-PCR. Bars represent
mean expression + SD of three technical replicates normalised to GAPDH and relativised to no
treated cells. (B) Western blot analysis showing MIDORI endogenous expression in MDA-MB-
231 breast cancer cells after 48 hours of TGFp treatment and 24 hours of DOXO treatment.
Protein expression was detected by immunoblot using an anti-MIDORI polyclonal custom-made
antibody. (C) Western blot analysis showing MIDORI endogenous expression in MDA-MB-231
breast cancer cells after 48 hours of TGFf treatment and 24 hours of Tunicamycin treatment
(1uM). Protein expression was detected by immunoblot using an anti-MIDORI polyclonal custom-
made antibody.

1.3.3. MIDORI subcellular localisation

We performed IF experiments using our anti-MDORI custom-made antibody in MDA-
MB-231 cells in basal conditions and upon TGF or DOXO treatment (Figure 23A). We
observed that endogenous MIDORI is predominantly detected in the cytoplasm, where
it shows a punctuated perinuclear pattern that in many cells acquired a spheroidal shape
(Figure 23B). Consistent with previous results, treatment with TGFf or with DOXO
increases MIDORI protein expression. We performed co-staining experiments to
determine the precise subcellular localisation but we did not observe colocalisation either
with the Golgi apparatus or the lysosomes (Figure 24). We plan to perform stainings to
test colocalization with ER or mitochondria.
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Figure 23. Endogenous MIDORI detection by IF. Representative immunofluorescence images
of MIDORI (green) in untreated MDA-MB-231 cells and upon TGF or DOXO, scale bar=25um.
MIDORI was stained using an a-MIDORI polyclonal custom-made antibody. Nuclei were
counterstained with DAPI. (B) Digital zoom showing untreated and TGFp treated MDA-MB-231
cells stained using an a-MIDORI polyclonal custom-made antibody, scale bar=56pm. Nuclei were
counterstained with DAPI.
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Figure 24. Endogenous MIDORI does not seem to colocalise with lysosomes or Golgi
apparatus. Representative immunofluorescence images performed in TGFp treated MDA-MB-
231 cells, scale bar=40um. MIDORI was stained using an a-MIDORI polyclonal custom-made
antibody, LAMP2 lysosomal marker and 48K Golgi marker are shown in red. Nuclei were
counterstained with DAPI.

Next, we performed subcellular fractionation followed by WB analysis with the anti-
MIDORI antibody and observed that upon treatment with TGFp or DOXO MIDORI is
detected in the nucleus and not in the cytoplasm (Figure 25A), in line with the localisation
prediction by DeepLoc 1.0 (Figure 15B). Given the apparent controversy with previous
results, to validate the nuclear localisation we performed IF experiments washing out the
cytoplasmatic signal by adding a pre-cytoplasmatic extraction step, avoiding this way
diluting the nucleus signal with the noise coming from the cytoplasm. Using this
approach, we did detect endogenous MIDORI in the nucleus (Figure 25B). Concluding
this part, our results suggest that endogenous MIDORI localise both, in the nucleus and
in the cytoplasm.
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Figure 25. Endogenous MIDORI is detected in the nucleus. (A) Subcellular fractionation of
cytosol, nucleus, and chromatin fractions in MDA-MB-231 cells. a-Tubulin, Lamin B and H3
histone are markers for cytoplasmatic, nuclear and chromatin fractions, respectively. MIDORI was
detected using an o-MIDORI polyclonal custom-made antibody. (B) Representative
immunofluorescence images after cytoplasmatic extraction of MIDORI (green) in control MDA-
MB-231 cells and upon TGF, scale bar=25 um. MIDORI was stained using an a-MIDORI
polyclonal custom-made antibody. Nuclei were counterstained with DAPI.

2. MIDORI is a negative regulator of the EMT

2.1. MIDORI overexpression downregulates the mesenchymal
programme

Since ZEB2-AS1 is known to promote the EMT, we started the functional
characterisation of MIDORI by analysing the impact of MIDORI overexpression on the
EMT transcriptional programme in primary cells and established cell lines of mouse and
human origin. To our surprise, we observed that MIDORI induces a downregulation of
EMT-related genes, including EMT transcription factors (such as SNAIL, SLUG and ZEB
proteins), mesenchymal markers (as VIMENTIN and aSMA in fibroblasts), ECM proteins
(such as COLLAGEN | and FIBRONECTIN) and ECM remodelling factors as MMP-9
(Figure 26). Of note, in MDA-MB-231 and NMuMG breast cell lines the downregulation
of EMT markers is accompanied by an upregulation of the epithelial marker E-
CADHERIN. Altogether these data suggest that MIDORI, contrary to the activator role of
ZEB2-AS1, might act as a negative regulator of the EMT programme.
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Figure 26. MIDORI downregulates EMT transcriptional programme in primary and cancer
cell lines. mMRNA expression analysis of the indicated genes in the indicated cell lines by RT-
gPCR. mRNA expression was evaluated 4 days post induction with doxycycline in the case of cell
lines transduced with the inducible construct (IMR90, MDA-MB-231 and NMuMG) or 4 days post
transduction in the case of cell lines transduced with the constitutive construct (nCAFs, BxPC-3
and mPDAC). Values are relativised to GAPDH and normalised to cells expressing the empty
vector as a control. *P < 0.05, **P<0.01, ***P<0.001, ****P<0.0005 using Student’s t-test for
statistics. Bars represent mean expression + SD of three technical replicates.
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To further characterise MIDORI-induced phenotype we performed a set of in vitro assays
in our MIDORI-overexpressing cancer cell lines. Firstly, we checked the proliferation rate
in human breast and pancreatic cancer cells and we did not observe significant
differences in the proliferation rate upon MIDORI overexpression (Figure 27), suggesting
that MIDORI does not have a role in cell proliferation.
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Figure 27. MIDORI does not affect cell proliferation in vitro. (A) Proliferation curve of the
indicated cell lines. Proliferation curve analysis was started 4 days post-induction with doxycycline
and it was refreshed every 48 hours during the experiment. Error bars represent mean expression
+ SD of three technical replicates.
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Then, we studied the migration and invasion capability of MIDORI-overexpressing cells
by performing scratch and Matrigel-coated Boyden chamber assays, respectively. We
observed that MIDORI-overexpressing cells are less migratory (Figure 28A) and
significantly less invasive (Figure 28B-C) compared to control cells.

1 Control [l MIDORI

Relative # of invasive cells

BxPC-3 MDA-MB-231

Figure 28. MIDORI reduces migration and invasion in vitro. (A) Cell migration assay of
MIDORI-overexpressing BxPC-3 pancreatic cancer cells and control. Pictures were taken at 0
hours and different time points post scratch. Cell migration was assessed by recover of the
scratch. Migration assay was started 4 days post-induction with doxycycline and it was refreshed
every 48 hours during the assay. (B) Invasion of the indicated cell lines transduced with inducible
MIDORI or empty vector across matrigel-covered transwells. Representative pictures of invading
cells 24 hours after seeding. Invasion assay was performed 4 days doxycycline post-induction
and it was refreshed every 48 hours during the assay. (C) Relative number of invading cells. Bars
represent mean expression = SD of three technical replicates relativised to invading cells in the
empty vector condition. *P < 0.05, using Student’s t-test for statistics.

Moreover, MIDORI overexpression is sufficient to significantly reduce the matrix
degradation capacity of MDA-MB-231 cells, triple negative breast cancer cells known to
be highly invasive (Kang et al., 2003; Minn et al., 2005) (Figure 29A-B).
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Figure 29. MIDORI reduces MDA-MB-231 matrix degradation capacity. (A) Representative
pictures of matrix degradation assay performed with MIDORI-overexpressing MDA-MB-231 cells.
After 4 days of doxycycline induction, cells were seeded on top of Collagen | and fluorescent
gelatine coated coverslips and let degrade the matrix during 24 hours. Nuclei were counterstained
with DAPI and cells were visualised by phalloidin staining that specifically binds to filamentous
actin, scale bar=25um. (B) Quantification of the degraded area per cell. Bars represent mean
expression + SD of three biological replicates relativised to the degraded area per cell in the
empty vector condition. *P < 0.05, using Student’s t-test for statistics.

In addition, MIDORI-overexpressing MDA-MB-231 cells display a different morphology
compared to controls (Figure 30A). While control cells are spindle-shaped and they do
not form clusters (regardless of the confluency), MIDORI-overexpressing cells look
bigger, less refringent and they often form clusters. Therefore, we studied if MIDORI-
overexpressing MDA-MB-231 were able to form cell-to-cell junctions. Since we saw that
MIDORI induces an upregulation of E-CADHERIN, we firstly checked if we could see E-
CADHERIN at the cell membrane by immunofluorescence, but we did not detect a
membranous pattern (data not shown). We then analysed another component of
adherent junctions, B-CATENIN (Figure 30B-C). In this case, we could see that while in
control cells B-CATENIN signal is absent or diffuse in the cytoplasm, MIDORI-
overexpressing MDA-MB-231 cells assemble B-CATENIN at cell membrane, suggesting
that MIDORI overexpression can, at least partially, revert the mesenchymal phenotype
of MDA-MB-231 cells. Altogether these data suggest that MIDORI impairs the
mesenchymal programme at the transcriptional and functional level.
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Figure 30. MIDORI overexpression induces morphological changes in MDA-MB-231 and B-
CATENIN assembly on the cell membrane. (A) Representative bright-field microscopy images
of MIDORI-overexpressing cells and control cells expressing the empty vector. Pictures were
taken with 10X (upper) or 20X (bottom) magnification. (B) Representative immunofluorescence
images of B-CATENIN (red) and HA-Tag (green) in control and MIDORI-overexpressing MDA-
MB-231 cells 4 days after doxycycline induction, scale bar=25um. Nuclei were counterstained
with DAPI. (C) Percentage of cells with membranous 3-CATENIN pattern per field. Bars represent
mean = SD in 5 different fields. At least 200 cells were counted per condition. ****P < 0.0005,
using Student’s t-test for statistics.
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2.2. MIDORI impairs TGFB-induced EMT in vitro

Since MIDORI overexpression decreases the mesenchymal properties in fibroblasts as
well as in cancer cells lines with different degrees of mesenchymal traits, next we sought
to determine if MIDORI overexpression is also capable of inhibiting the mesenchymal
programme when cells are forced to undergo EMT. To do so, we treated MDA-MD-231
and NMuMG cells with TGFp. Importantly, we saw that while control cells treated with
TGFB upregulate mesenchymal markers, MIDORI overexpression prevents or
significantly reduces the transcriptional upregulation of EMT markers (Figure 31).
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Figure 31. MIDORI overexpression impairs the upregulation of EMT markers upon TGFj
treatment. mRNA expression analysis of the indicated genes in the indicated cell lines by RT-
gPCR. mRNA expression was evaluated 4 days post doxycycline induction (with the last two days
(MDA-MB-231) or one day (NMuMG) adding or not TGFf to the culture medium). Values are
relativised to GAPDH and normalised to cells expressing the empty vector as a control. *P < 0.05,
**P<0.01, ***P<0.001 using Student’s t-test for statistics. Bars represent mean expression + SD
of three technical replicates.

Next, we analysed the presence of adherent junctions in NMuMG as a readout of their
mesenchymal state, given that this mouse epithelial cell line is known to undergo a robust
EMT upon TGF treatment (Vincent et al., 2009). Remarkably, while in control cells the
membranous B-CATENIN and E-CADHERIN staining is totally lost after 24 hours of
TGFB treatment, both proteins are mostly retained at cell membrane of MIDORI-
overexpressing cells (Figure 32A-B-C), suggesting that MIDORI prevents them to
undergo an EMT.
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Figure 32. MIDORI-overexpressing NMuMG cells retain adherent junctions after TGFj
treatment. (A) Representative immunofluorescence images of B-CATENIN and E-CAHERIN
stainings in control and MIDORI-overexpressing NMuMG cells (4 days post doxycycline
induction) after 24 hours of TGFf treatment, scale bar=25um. Nuclei were counterstained with
DAPI. (B) Percentage of cells presenting a membranous B-CATENIN pattern per field. Bars
represent mean expression + SD in four different fields. At least 300 cells were counted per
condition. ****P < 0.0005, using Student’s t-test for statistics. (C) Percentage of cells presenting
a membranous E-CADHERIN pattern per field. Bars represent mean expression + SD in four
different fields. At least 300 cells were counted per condition. ****P < 0.0005, using Student’s t-
test for statistics.
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In addition, by performing Western blot in these cells we observed that MIDORI
overexpression induces an increase of E-CADHERIN protein expression, in basal
conditions and upon TGFp (Figure 33).
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Figure 33. MIDORI overexpression increases the expression of E-CADHERIN in NMuMG
cells undergone EMT. (A) Western blot analysis showing E-CADHERIN expression in MIDORI-
overexpressing NMuMG cells or control (4 days post doxycycline induction) after 24 hours of
TGFp treatment.

At the functional level, MIDORI significantly decreases the invasion capability of both
MDA-MB-231 and NMuMG cell lines when stimulated with TGFp (Figure 34A-
B), confirming that, at least in vitro, MIDORI overexpression retains epithelial identity
even when cells are forced to acquire a mesenchymal phenotype.
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Figure 34. MIDORI overexpression decreases cell invasion in cells undergone EMT. (A)
Invasion of the indicated cell lines transduced with MIDORI or empty vector across matrigel-
covered transwells. Invasion assay was performed 4 days post doxycycline induction, and 2 days
(MDA-MB-231) or 1 day (NMuMG) after adding or not TGFp to the culture medium.
Representative pictures of invading cells 24 hours after seeding. (C) Relative number of invading
cells. Bars represent mean expression + SD of three technical replicates relativised to invading
cells in the empty vector condition. *P < 0.05, **P < 0.01 using Student’s t-test for statistics.
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2.3. MIDORI impairs the proinflammatory secretome

Another feature of mesenchymal cells is their secretory phenotype, which include the
secretion of ECM remodelling factors, cytokines and chemokines. These factors have a
paracrine effect on the neighbour cells, that in the context of cancer can make them more
invasive (Scheel et al., 2011), escape from the immune system (Kudo-Saito et al., 2009)
or even help them to prepare the metastatic niche (Pein et al., 2020). By qRT-PCR
analyses we observed that MIDORI overexpression decreases the expression of
proinflammatory cytokines and chemokines in basal conditions and when treating the
cells with TGFp (Figure 35A). To corroborate the role of MIDORI inhibiting the pro-
infammatory secretome, we tested the effect of MIDORI overexpression on senescent
cells, a paradigmatic example of secretory and pro-inflammatory cells. We treated the
MDA-MB-231 cells with the CDK4/6 inhibitor Palbociclib, a known senescence inducer
(Dickson, 2014), and observed that senescent cells upregulate several cytokines as part
of the SASP. Remarkably, MIDORI overexpression impairs the upregulation of the
SASP, with the exception of IL-6 that in fact is increased in MIDORI-overexpressing cells
(Figure 35B). We then looked at the activation of NF-xB and mTOR pathway (measuring
activation of S6), both known to control the expression of the SASP (Salminen et al.,
2012) (Herranz et al., 2015). While we did not observe any change in the phosphorylation
status of S6, we did observe a decreased phosphorylation of NF-kB, meaning less
activation, in senescent cells overexpressing MIDORI (Figure 35C). Thus, MIDORI
impairs the expression of proinflammatory cytokines and chemokines possibly by
impairing the activation of NF-xB. Importantly, NF-xB is known to be activated as an
alternative branch of TGFp pathway (Fernandez-Gonzalez, 2021; FreudlIsperger et al.,
2013).
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Figure 35. MIDORI overexpression decreases the expression of proinflammatory cytokines
and chemokines. (A) mRNA expression analysis of the indicated genes in MDA-MB-231 cell line
treated with TGF[ during 48 hours after 4 days of doxycycline induction by RT-gPCR. Values are
relativised to GAPDH and normalised to cells expressing the empty vector as a control. *P < 0.05,
***P < 0.001 using Student’s t-test for statistics. Bars represent mean expression + SD of three
technical replicates. (B) mRNA expression analysis by RT-qPCR of the indicated genes in MDA-
MB-231 cells overexpressing control vector or MIDORI, and after inducing senescence with
Palbociclib. Cells were treated 1 week with Palbociclib to induce senescence and, afterwards,
MIDORI was induced during 4 days by adding doxycycline to the culture medium. Values are
relativised to GAPDH and normalised to cells expressing the empty vector as a control. *P < 0.05,
***P<0.001 using Student’s t-test for statistics. Bars represent mean expression + SD of three
technical replicates. (C) Western blot analysis against the indicated proteins in MDA-MB-231 cells
after the induction of senescence by Palbociclib. Cells were treated as in (B).

We then wanted to test if MIDORI overexpression has an impact in a paracrine way. To
test this hypothesis, we took the conditioned medium (CM) from control and MIDORI-
overexpressing MDA-MB-231 cells treated or not with TGFf3 and we used it as attractant
for MDA-MB-231 in Boyden chamber assay (Figure 36A). As expected, the CM of
TGFp-treated cells induced the invasion of recipient cells, but MIDORI overexpression
did not have a significant effect (Figure 36B-C) suggesting that, at least in MDA-MB-231
cells, MIDORI does not seem to impact cell invasion in a cell extrinsic manner. However,
when we performed the invasion assay seeding at the bottom of the chamber competent
secretory cells, as cancer associated fibroblasts, over mouse pancreatic cancer cells
(Figure 36D), we saw that the CM of MIDORI-overexpressing mCAFs decreases the
invasion of mPDAC cells (Figure 36E-F). Thus, MIDORI decreases the pro-invasive
activity of CAFs, probably by modulating their secretome.

A
25 Il Control TGFB
-1 [l MIDORI - MIDORI + TGFB
B @ - *
© 8 20
wT = o =
MDA MB 231 MDA-MB-231 c 2
2 S 15
0D OQQOCK £
HJIIHIIIH [lIIIH]IIl |1||I|| 018101 ‘c
Control CM MIDORI CM * 10
2
B
& 0.5
MDA-MB-231
D 15 Il Control
» 2] MIDORI
g *
g
WT PDAC WT PDAC ® 1.0
>
KO OO OCK) O OO OCK) E
LT TECTTETITIEL LR EETETIIIEL o
CAFs Control CAFs MIDORI E 05
2
Q
14
0.0

mPDAC

Figure 36. MIDORI-overexpressing mCAFs CM decreases cancer cell invasion. (A) Scheme
of invasion assay performed with MDA-MB-231 overexpressing MIDORI or the empty vector CM.
The CM was generated incubating the culture medium during 3 days after inducing MIDORI
expression 4 days by doxycycline induction, while WT MDA-MB-231 cells were seeded in the top
of the matrigel-covered transwell. (B) Invasion of the WT MDA-MB-231 cells exposed to CM of
MDA-MB-231 cells transduced with MIDORI or empty vector across matrigel-covered transwells.
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Representative pictures of invading cells 24 hours after seeding. (C) Relative number of invading
cells. Bars represent mean expression + SD of three technical replicates relativised to invading
cells in the empty vector condition. *P < 0.05, using Student’s t-test for statistics. (D) Scheme of
invasion assay performed with mCAFs overexpressing MIDORI or the empty vector as a control.
CAFs constitutively expressing MIDORI construct or the empty vector as a control were seeded
on the bottom compartment of the Boyden chamber, while WT PDAC cells were seeded in the
top of the matrigel-covered transwell. (E) Invasion of the WT mPDAC cells exposed to CM of
mCAFs transduced with MIDORI or empty vector across matrigel-covered transwells.
Representative pictures of invading cells 24 hours after seeding. (F) Relative number of invading
cells. Bars represent mean expression + SD of three technical replicates relativised to invading
cells in the empty vector condition. *P < 0.05, using Student’s t-test for statistics.

2.4. MIDORI is a negative regulator of TGFj pathway

Our previous results showed that MIDORI impairs the activation of NFkB, which is known
to be induced by TGFp (Fernandez-Gonzalez, 2021; Freudisperger et al., 2013). To
expand this analysis to other TGFp signalling effectors, we performed Western blot in
both MDA-MB-231 and NMuMG cells overexpressing MIDORI and treated or not with
TGFpB. We observed that MIDORI reduces the expression of SNAIL in basal conditions
and upon TGFp treatment, confirming that the decrease observed at the mRNA level
(Figure 26 and 31) is also accompanied by a decrease in the protein levels. Of note, we
also observed that MIDORI overexpression decreases the phosphorylation of SMAD2
and ERK1/2 (Figure 37A). Together with the result showing the effect on NF-«xB (Figure
35C), these data indicate that MIDORI might actually act as a negative regulator of
TGFpB pathway upstream of ZEB2-AS1 (Figure 37B).
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Figure 37. MIDORI overexpression decreases the activation of TGFf pathway effectors. (A)
Western blot analysis showing the indicated proteins in MDA-MB-231 and NMuMG cells
overexpressing MIDORI or the empty vector as a control (4 days post doxycycline induction) after
48 and 24 hours of TGFp treatment, respectively. (B) Scheme showing how MIDORI could act
upstream of ZEB2-AS1 as a negative regulator of TGFf pathway.

2.4. Short MIDORI phenocopies long MIDORI

As mentioned in section 1.2.1., although we simplified the reading of this thesis showing
first the results obtained with long MIDORI, we have performed all the gain-of-function
experiments with the two murine MIDORI isoforms. Here we show the results of the most
informative experiments performed with short MIDORI.

As in the case of the long isoform, we observed that short MIDORI downregulates the
expression of EMT transcription factors, ECM proteins and remodelling factors both, in
primary and cancer cell lines (Figure 38A). The transcriptional downregulation of the
EMT programme is also accompanied by a decreased invasion capability (Figure 38B-
C), suggesting that short MIDORI also act as a negative regulator of mesenchymal
features.
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Figure 38. Short MIDORI overexpression downregulates EMT markers and decreases cell
invasion. (A) mRNA expression analysis of the indicated genes in the indicated cell lines by RT-
gPCR. mRNA expression was evaluated 4 days post induction with doxycycline in the case of cell
lines transduced with the inducible construct (NMuMG) or 4 days post transduction in the case of
cell lines transduced with the constitutive construct (nCAFs, and mPDAC). Values are relativised
to Gapdh and normalised to cells expressing the empty vector as a control. ***P<0.001,
****P < 0.0005 using Student’s t-test for statistics. Bars represent mean expression + SD of three
technical replicates. (B) Invasion of the NMuMG transduced with short MIDORI or empty vector
across matrigel-covered transwells after 4 days of doxycycline induction. Representative pictures
of invading cells 24 hours after seeding. (D) Relative number of invading cells. Bars represent
mean expression + SD of three technical replicates relativised to invading cells in the empty vector
condition. *P < 0.05, using Student’s t-test for statistics.

We next wanted to address the effect of short MIDORI when forcing cells to undergo
EMT. We observed that short MIDORI overexpression prevents Zeb1 and Zeb2
upregulation upon TGFp treatment (Figure 29A), recapitulating in part long MIDORI
phenotype. We then looked at TGFp pathway effectors and observed a decreased
phosphorylation of SMAD2 upon TGFp, but no significant difference in the case of
ERK1/2 (Figure 39B). Although the decrease in the EMT markers and TGFp signalling
effectors activation is not fully recapitulated, we did see a significant decrease in the
invasion capability of short MIDORI-overexpressing cells upon TGFp treatment (Figure
39C-D), suggesting that short MIDORI overexpression can functionally mimic long
MIDORI.
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Figure 39. Short MIDORI overexpression decreases the activation of TGFp pathway
effectors and decreases cell invasion in cells undergone EMT. (A) mMRNA expression analysis
of the indicated genes in the indicated cell line by RT-gPCR. mRNA expression was evaluated 4
days post doxycycline induction (with the last day adding or not TGFp to the culture medium).
Values are relativised to Gapdh and normalised to cells expressing the empty vector as a control.
*P < 0.05, ***P < 0.001 using Student’s t-test for statistics. Bars represent mean expression + SD
of three technical replicates. (B) Western blot analysis showing the indicated proteins NMuMG
cells after 4 days of doxycycline induction and 24 hours of TGFf treatment. (C) Invasion of the
indicated cell lines expressing short MIDORI or empty vector ( 4 days of doxycycline induction)
across matrigel-covered transwells. Representative pictures of invading cells 24 hours after
seeding. (D) Relative number of invading cells. Bars represent mean expression + SD of three
technical replicates relativised to invading cells in the empty vector condition. *P < 0.05, using
Student’s t-test for statistics.

Of note, short MIDORI overexpression in NMuMG cells also induced an increase in E-
CADHERIN expression (Figure 39B), and prevented the loss of adherent junctions upon
treatment with TGF (Figure 40 A-C), further suggesting a similar role of both isoforms.
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Figure 40. Short MIDORI-overexpressing NMuMG retain B-CATENIN and E-CADHERIN at
cell membrane after TGFpB treatment. (A) Representative immunofluorescence images of -
CATENIN and E-CAHERIN (red) in control and short MIDORI-overexpressing NMuMG cells after
4 days of doxycycline induction and 24 hours of TGF treatment, scale bar=25um. Nuclei were
counterstained with DAPI. (B) Percentage of cells with B-CATENIN staining per field. Bars
represent mean expression + SD of the cell counting of four different pictures. At least 300 cells
were counted per condition. ***P < 0.001, ****P < 0.0005, using Student’s t-test for statistics. (C)
Percentage of cells with E-CADHERIN staining per field. Bars represent mean expression + SD
of the cell counting of four different pictures. At least 300 cells were counted per condition. **P <
0.01, ***P < 0.0005, using Student’s t-test for statistics.

Finally, we also tested if short MIDORI has a decreased pro-invasive cell-extrinsic
capacity. As observed for long MIDORI, we saw that the CM of short MIDORI-
overexpressing mCAFs decreases the invasion capability of WT mPDAC cells (Figure
41A-B).
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Figure 41. Short MIDORI-overexpressing mCAFs CM decreases cancer cell invasion. (A)
Invasion of the WT mPDAC cells exposed to CM of mCAFs constitutively expressing short
MIDORI or empty vector across matrigel-covered transwells. Representative pictures of invading
cells 24 hours after seeding. (B) Relative number of invading cells. Bars represent mean
expression + SD of three technical replicates relativised to invading cells in the empty vector
condition. *P < 0.05, using Student’s t-test for statistics.

Concluding, even if the downregulation of EMT markers is not totally recapitulated by the
overexpression of short MIDORI, all the functional analyses let us conclude that the two
microproteins phenotypically behave in the same way regarding the regulation of
mesenchymal properties.

2.5. Analysis of MIDORI interactome

In order to understand the molecular mechanisms behind MIDORI’s function, we studied
MIDORI’s interactome. We overexpressed MIDORI in MDA-MB-231 cells and performed
MIDORI immunoprecipitation (using an anti-HA antibody) followed by mass-
spectrometry. This analysis revealed several interactor candidates. We ranked the
candidates according to their fold change detection in the MIDORI-overexpressing
condition (FC) and the Bayesian false discovery rate (BDFR) obtained from the spectra
(Fig 42A). There were 89 of candidates with a FC >3 and an BDFR < 0.02. Surprisingly,
we observed that the vast majority of MIDORI’s interactor candidates are proteins whose
function is related with RNA translation and ribosome biogenesis (Figure 42A). We
performed Gene Ontology analysis (GO analysis) of MIDORI’s interactome and, in fact,
we found an enrichment in GO terms related with rRNA processing, ribosome biogenesis
and translation, as well as with the ribosomal or nucleolar subcellular components
(Figure 42C-D). Interestingly, the most enriched term was “Regulation of cell-substrate
adhesion”, which is consistent with the role of MIDORI inhibiting migration, invasion and
matrix degradation.
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Figure 42. MIDORI’s interactome candidates. (A) Graphical representation of the interaction
candidates identified by mass-spectrometry, represented according to the Fold change (FC>3)
(Y axis) and its BDFR score (BDFR<0.02) (X axis). (B) GO molecular function analysis of
MIDORI’s interactors using PantherGO tool. (C) GO cellular component analysis of MIDORI'’s
interactors using PantherGO tool. (D) Table showing the subcellular localisation of MIDORI’s
interactor candidates in different compartment.

We validated some interactor candidates that we found particularly interesting by co-
immunoprecipitation experiments. The first candidate we validated is ITGB1BP1 (Figure
43A). This protein, also known as ICAP1, is an INTEGRINB1 binding protein (Chang et
al., 1997) and it is known to inhibit the Rho GTPase CDC42 by blocking its binding to
GTP (Degani et al., 2002). This way ITGB1BP1 impairs the formation of focal adhesions
and consequently, negatively regulate cell spreading through the ECM and cell migration
(Bouvard et al., 2003; Degani et al., 2002) (Figure 43B). Thus, it is possible that MIDORI
interacts with ITGB1BP1 enhancing its function, which in turn impairs the cell interaction
with the matrix, cell migration and invasion.
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Figure 43. MIDORI interacts with ITGB1BP1. (A) Validation of the interaction of MIDORI with
ITGB1BP1 by co-immunoprecipitation using an anti-HA antibody in 293T cells transiently
transduced with MIDORI-HA or the empty vector as control and Flag-ITGB1BP1, followed by
Western blot. (B) Scheme of ITGB1BP1 mechanism of action.

The second validated candidate is HMGA1 (Figure 44A). This is a chromatin-associated
protein involved in the regulation of gene transcription associated to many cellular
processes (Cleynen and Van de Ven, 2008), as well as in ribosome biogenesis (Hall et
al., 2006). Of note, HMGA1 can also be secreted, for example upon TGFf signalling
(Zhong et al., 2017), and it has been demonstrated to increase cell invasion and breast
cancer metastasis (Mendez et al., 2018).
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Figure 44. MIDORI interacts with HMGA1 and decreases its secretion upon TGFp treatment.
(A) Validation of the interaction of MIDORI with HMGA1 by co-immunoprecipitation using an anti-
HA antibody in MDA-MB-231 cells overexpressing exogenous MIDORI-HA (one day of
doxycycline induction), followed by Western blot. (B) Western blot analysis performed in the
subcellular fractionations cytosol, nucleus, chromatin and in the concentrated conditioned
medium of MDA-MB-231 cells overexpressing MIDORI or the empty vector after 4 days of
doxycycline induction, treated or not with TFGf during 48 hours. a-Tubulin, Lamin B and H3
histone are markers for cytoplasmatic, nuclear and chromatin fractions, respectively. The
absence of a-Tubulin in the secretome was used as a quality control of the secreted fraction.

Given the role of the HMGA1 in breast cancer invasion and metastasis, we sought to
investigate if MIDORI overexpression alters its expression, localisation or its secretion.
Of note, we found that HMGA1 is enriched in the chromatin fraction upon MIDORI
overexpression, but it decreases in the secreted fraction upon TGFp treatment (Figure
44B). Importantly, these results are in line with the role MIDORI reducing breast cancer
invasion.

The last candidate that we validated is MYBBP1A, the top one in our list according to its
FC and BDFR (Figure 45A). MYBBP1A is a corepressor normally located in the
nucleolus. However, upon several stresses, such as genotoxic stress or ribosomal
stress, it shuttles to the nucleoplasm where it acts inhibiting a plethora of transcription
factors (Felipe-Abrio and Carnero, 2020). In fact, it is reported to be a negative regulator
of MYB protein, it inhibits RNA POL | blocking ribosomal RNA (rRNA) transcription and
ribosome biogenesis, it favours the acetylation and stabilisation of p53 and, finally, it
inhibits the transcriptional activity of NF-xB (Felipe-Abrio and Carnero, 2020).
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Figure 45. MIDORI interacts with MYBBP1A and decreases rRNA transcription upon TGFj
treatment. (A) Validation of the interaction of MIDORI with MYBBP1A by co-immunoprecipitation
using an anti-HA antibody in 293T cells transiently transduced with MYBBP1A-HA or the empty
vector as control, followed by Western blot. MIDORI was detected using our custom-made
antibody. (B) mRNA expression analysis of the indicated genes in MDA-MB-231 cells
overexpressing MIDORI or the empty vector as a control after 4 days of doxycycline induction,
with or without 48 hours of TGFp treatment by RT-gPCR. Values are relativised to GAPDH and
normalised to cells expressing the empty vector as a control. ***P <0.001, ****P < 0.0005 using
Student’s t-test for statistics. Bars represent mean expression + SD of three technical replicates.
(C) Western blot analysis showing the indicated proteins in MDA-MB-231 breast cancer inducible
cells after 4 days of doxycycline induction and 48 hours of TGFp treatment or 24 hours of TNFa.
treatment.

Given rRNA transcription is known to increase during EMT (Prakash et al., 2019), we
tested if MIDORI might have an effect in this process. Similarly to what is reported for
MYBBP1A, we saw a significant decrease in rRNAs transcription when overexpressing
MIDORI upon TGFp treatment (Figure 45B). Finally, it is known that MYBBP1A reduces
NF-«B transcriptional activity by competing with p300, reducing in turn NF-xB acetylation
(Owen et al., 2007). Remarkably, we observed that MIDORI overexpression induces a
decrease in the acetylation of NF-xB (Figure 45C). Taken together, these data could
suggest that MIDORI may be acting as a negative regulator of NF-xB through MYBBP1A.
As a last note, we observed that MIDORI overexpression reduces the expression of
SNAIL upon TGFp but also upon TNFa (Figure 45C), suggesting that MIDORI might be
acting also as a negative regulator of TNFa-induced EMT.

In conclusion, we validated three interactors that could help explaining the functions of
MIDORI at the molecular level. However, further analyses are needed to define the
molecular mechanisms behind the role of MIDORI as a negative regulator of the EMT
programme.
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3. Analysis of the role of MIDORI in EMT-related processes

Given that our in vitro results strongly supported an inhibitory role of MIDORI in EMT, we
sought to investigate the function of MIDORI in processes where the EMT is known to
play a role such as cancer metastasis, wound healing, fibrosis and cellular
reprogramming.

3.1. Role of MIDORI in cancer

3.1.1. MIDORI overexpression impairs breast cancer metastasis in vivo

As we demonstrated that MIDORI overexpression is sufficient to prevent cells from
undergoing EMT, we sought to investigate if it could also prevent metastasis, a process
known to require partial EMT (see Introduction). To study MIDORI’s role in metastasis
we used two different experimental settings using human MDA-MB-231 breast cancer
cell line, overexpressing or not human MIDORI in a constitutive manner. On the one
hand, we performed a metastatic colonisation assay by injecting intravenously MDA-MB-
231 cells in mice tail vein. We followed up metastases’ appearance in the lungs by the
detection of a luciferase reporter and we finally compared the number of metastatic foci
at the experimental endpoint (Figure 46A). On the other hand, we used an orthotopic
model that resembles better the metastatic process. We orthotopically injected control
or MIDORI-overexpressing MDA-MB-231 cells in the mammary fat pad, we resected the
primary tumours when they reached a volume of 400-500 mm?®and we followed up the
appearance of metastases by the luciferase reporter (Figure 46B).

-

Control MIDORI Tail vein injection Lung tumours analysis

MDA-MB-231 luciferase

MDA-MB-231 luciferase

Control MIDORI Orthotopic injection Primary tumour removal  Metastasis analysis

Figure 46. In vivo experimental settings for studying MIDORI’s role in metastasis. (A)
Schematic representation of the lung colonisation experiment. (B) Schematic representation of
the orthotopic tumours and metastasis experiment.

In the first experimental setting we observed that mice bearing MIDORI-overexpressing
cells show less lung colonisation over time compared to controls (Figure 47A-B). To
better analyse lung lesions, we also performed micro-computed tomography (uCT) of
the thoracic cavity of these mice 9 weeks after the injection. Lung metastasis burden was
measured and the percentage of healthy tissue volume per mouse was calculated
(Figure 47C-D). Performing this analysis, we confirmed that mice bearing MIDORI-
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overexpressing cells display healthier lungs. Consistently, when we analysed the lungs
at the endpoint of the experiment, we observed a reduction in the number of metastatic
foci in mice inoculated with MIDORI-overexpressing cells (Figure 47E-F).
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Figure 47. MIDORI-overexpressing MDA-MB-231 cells display an impaired capacity of lung
colonisation. (A) Luciferase activity measured weekly by IVIS imaging as bioluminescence (BLI)
intensity in mice inoculated with MIDORI-overexpressing MDA-MB-231 cells compared to control
mice. Error bars represent mean + SEM of n=8 mice per group. (B) Luminescence images
representative of 5 mice inoculated with MDA-MB-231 cells expressing the empty vector or
MIDORI in a model of lung colonisation upon tail vein cells injection. (C) Percentage of healthy
lung volume per mouse measured from uCT images. Each single dot represents a single animal
of the group. Error bars represent + SEM of n=8 mice per group. **P <0.01 using Student’s t-test
for statistics. (D) Representative uCT images of two mice bearing MDA-MB-231 cells expressing
the empty vector as a control or MIDORI nine weeks after tail vein injection. (E) Number of
metastatic foci per mouse in mice inoculated with MDA-MB-231 cells overexpressing MIDORI or
the empty vector as a control. Each dot represents an animal. Error bars represent mean + SEM
of n=7 mice per group (Control) and n=8 mice per group (MIDORI). (F) Representative H&E
pictures of lungs from mice bearing MIDORI-overexpressing MDA-MB-231 or control, scale
bar=2mm.

We repeated the tail vein injection experiment performing a survival study. Mice bearing
MIDORI-overexpressing cells show an increased metastasis-free survival and lung
metastasis-free survival compared to the controls, demonstrating that MIDORI inhibits
the metastatic colonization process in vivo (Figure 38A-B).
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Figure 48. MIDORI overexpression increases metastasis-free survival. (A) Kaplan-Meier
graph showing the metastasis free survival of mice inoculated with MIDORI-overexpressing MDA-
MB-231 or control cells. P=0.058 using Mantel-Cox test for statistics (n=10 mice per group). (D)
Kaplan-Meier graph showing the lung metastasis free survival of mice bearing MIDORI-
overexpressing MDA-MB-231 or control. P=0.0038 using Mantel-Cox test for statistics (n=10 mice

per group).

To support these data, as mentioned above, we also performed orthotopic injection of
MDA-MB-231 cells in the mammary fat pad. Importantly, MIDORI overexpression does
not affect the growth of primary tumours (Figure 49A), in agreement with our data that
shows that MIDORI does not affect cell proliferation in vitro (Figure 27). We resected the
primary tumours, we let metastases appear and we analysed the number of organs with
metastasis at the end of the experiment, when mice reached the human endpoint (see
Materials and Methods). We did not observe a clear effect in the distribution pattern of
metastases in the different organs (Figure 49B), but we saw a significant decrease in the
number of colonised organs (Figure 49C) and a decrease metastasis signal per organ in
mice inoculated with MIDORI-overexpressing cells (Figure 49D-E).

Therefore, we conclude that MIDORI acts as a negative regulator the EMT programme
also in vivo impairing the metastatic process.
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Figure 49. MIDORI significantly impairs metastasis formation after primary tumour
resection. (A) Primary tumour growth curve of mice bearing MDA-MB-231 cells overexpressing
MIDORI or the empty vector as a control. Error bars represent mean + SEM of n=10 mice per
group. (B) Metastasis distribution pattern in the indicated organs in mice bearing MIDORI-
overexpressing MDA-MB-231 or control cells (n=10 mice per group). (C) Number of organs with
metastasis per mouse in mice bearing MIDORI-overexpressing MDA-MB-231 or control cells.
Each dot represents an animal. Error bars represent mean + SEM of n=10 mice per group.
*P<0.05 using Fisher's exact test for statistics. (D) Representative luminescence images of
organs with metastases isolated from mice bearing MDA-MB-231 cells expressing the empty
vector as a control or MIDORI in a model of orthotopic cell injection and metastatic colonisation.
(E) Quantification of the luminescence signal in the indicated organs by IVIS at the end of the
experiment. Each dot represent an animal. Error bars represent mean + SEM of n=10 mice per

group.

3.1.2. MIDORI downregulates the mesenchymal programme and impairs the
growth of cSCC tumors in vivo

To assess the effect of MIDORI overexpression in other cancer types, we selected a
patient-derived cutaneous skin squamous cell carcinoma (cSSC) cell line, cSSC11, that
grows in spheres and shows robust mesenchymal properties (Figure 50A) (Bernat-
Peguera et al., 2021; Bernat-Peguera et al., 2019). Indeed, the overexpression of
MIDORI in these cells (Figure 50B) downregulates the expression of EMT-related genes
(Figure 50C), consistently with our previous observations.
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Figure 50. MIDORI reduces the expression of EMT markers in cSSC11 patient-derived cell
line. (A) Representative bright-field microscopy picture of cSSC11 patient-derived cell line taken
using a 10X magnification. (B) Analysis of exogenous MIDORI expression in the cSSC11 cell line
after 48 hours of doxycycline induction (1 pg/ml). Control cells were transduced with the empty
backbone. Protein expression was detected by immunoblot using an anti-HA-tag antibody. (C)
MRNA expression analysis of the indicated genes in ¢cSSC11 cells 4 days post doxycycline

97



Results

induction by RT-gPCR. Values are relativised to GAPDH and normalised to cells expressing the
empty vector as a control. *P < 0.05, **P<0.001, ****P<0.0005 using Student’s t-test for
statistics. Bars represent mean expression + SD of three technical replicates.

We generated PDXs by injecting cSSC11 cells subcutaneously in immunocompromised
mice and, to our surprise, we observed that MIDORI overexpression significantly impairs
primary tumour growth in this model (Figure 51A-B).
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Figure 51. MIDORI impairs ¢SSC11 tumour growth and downregulates EMT markers in
vivo. (A) Primary tumour growth curve of mice bearing MIDORI-overexpressing cSSC11 or
control. Error bars represent mean + SEM of n=18 tumours per group. **P < 0.01, ****P <0.0005
using Student’s t-test for statistics. (B) Luminescence images representative of 4 mice bearing
cSSC11 cells expressing the empty vector as a control or MIDORI. (C) Kaplan-Meier graph
showing the tumour free survival of mice bearing MIDORI-overexpressing cSSC11 or control.
P=0.0006 using Mantel-Cox test for statistics (n=9 mice per group). (D) Detection of MIDORI
overexpression by RT-gPCR in cSSC11 tumours. Each dot represents a single tumour. Error bars
represent mean + SEM of n=18 tumours per group. ***P<0.0005 using Student’s t-test for
statistics. (E) mMRNA expression analysis of the indicated genes in cSSC11 primary tumours by
RT-gPCR. Values are relativised to GAPDH and normalised to tumours expressing the empty
vector as a control. **P < 0.01, ***P<0.001, using Student’s t-test for statistics. Bars represent
mean expression + SEM of eighteen biological replicates.

Since we had to euthanise the mice due to the primary tumors at different timepoints
(Figure 51C), we could not reach any conclusion regarding metastasis using this
experimental model. However, we checked the expression of EMT markers in the
primary tumours. Similarly to what observed in vitro, we also saw a significant decrease
in the expression of EMT markers in MIDORI-overexpressing cSSC11 tumours (Figure
51E). Thus, we conclude that MIDORI overexpression can reduce the mesenchymal
programme in vivo also in a patient-derived cSCC model.

98



Results

3.1.3. Analysis of the effect of MIDORI deficiency in breast cancer

To study MIDORI loss-of-function in cancer we crossed our MIDORI-KO mouse with the
MMTV-PyMT mouse model (Figure 52A). This transgenic mouse strain expresses the
polyomavirus middle T-antigen (PyMT) in the mammary gland epithelium under the
control of the MMTYV promoter. It spontaneously develops breast cancer and progresses
from adenocarcinoma until the stage of metastatic breast cancer (Guy et al., 1992). We
analysed the onset of breast tumours and the overall survival of these mice, but we did
not observe any difference of MIDORI-KO versus MIDORI WT mice (Figure 52B). In fact,
we found no metastasis in the lungs of these mice, which are the organs most affected
by metastasis in this model (data not shown). Since it is known that metastasis
appearance is really compromised when the MMTV-PyMT alleles are carried in a mixed
background (Attalla et al., 2021), we are currently backcrossing our animal to the FVB
genetic background before analysing the effect of MIDORI deficiency in metastasis.

In the meanwhile, we isolated breast cancer cell lines from tumours that arose in MIDORI
WT and MIDORI-KO mice (Figure 52C) and we used them to perform migration assays
(Figure 53A).
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Figure 52. Study of MIDORI loss-of-function in vivo using the MMTV-PyMT; MIDORI-KO
mouse strain. (A) Scheme of the crossing between MIDORI-KO and MMTV-PyMT mouse
strains. (B) Kaplan-Meier graph showing the survival of MMTV-PyMT; MIDORI-KO mice or WT
(n=13 mice per group). (C) Representative bright-field microscopy picture of the breast cancer
cell lines isolated from MIDORI WT and MIDORI KO; MMTV-PyMT mouse models using 10X
magnification.

We saw that MIDORI-KO breast cancer cells migrate faster compared to the WT
counterpart (Figure 53B), suggesting that MIDORI deficiency could enhance the
migration capability of cancer cells.
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Figure 53. MIDORI deficiency increases breast cancer cell migration. (A) Cell migration
assay of WT and MIDORI-KO MMTV-PyMT breast cancer cells. Pictures were taken at 0 hours
and different time points post-scratch. Cell migration was assessed by the measurement of the
scratch closure. (B) Quantification of the wound healing assay as percentage of open wound area
at the indicated timepoints. Error bars represent mean expression + SD of two biological replicates
relativised to the area at 0 hours post scratch. *P < 0.05, using two-way ANOVA test for statistics.

3.2. Role of MIDORI in in vivo wound healing

We next wanted to assess the role of MIDORI in other processes related with the
activation EMT, as wound healing (Nieto et al., 2016). We carried out wound healing
experiments in vivo by performing cutaneous wounds in the back skin of WT and
MIDORI-KO mice and scored wound closure (Figure 54A). We saw that MIDORI-KO
mice heal significantly faster compared to their WT counterpart (Figure 54B), additionally
pointing to an increased EMT activation when MIDORI expression is lost.
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Figure 54. MIDORI loss-of-function increases in vivo wound healing. (A) Representative
pictures of WT and MIDORI-KO mice at the indicated timepoints of in vivo wound healing. (B)
Quantification of the wound healing assay as percentage of open wound area at the indicated
timepoints. Error bars represent mean expression + SEM of n=5 mice per group relativised to the
area at 0 hours post wound. *P < 0.05, ***P < 0.001 using multiple non-parametric T-Test for
statistics.

3.3. Role of MIDORI in renal fibrosis

It is known that EMT is also activated in the process of fibrosis (Grande et al., 2015;
Nieto et al., 2016). Of note, we saw that MIDORI acts as a negative regulator of Collagen
| expression (Figure 26 and 38A), a major component of the fibrotic scar (Wells, 2022).
Altogether, these observations made us wonder whether MIDORI deficiency has an
effect in fibrosis, and we focused in kidney fibrosis, given that endogenous MIDORI
seems to be translated in kidney (Figure 21). To investigate that, we induced acute
kidney injury by administering folic acid intraperitoneally to our mice (Figure 55A). We
then analysed the kidneys thirty days after the injection, when kidney fibrosis has already
occurred. First, we looked at the expression of EMT markers (Figure 55B) and
proinflammatory cytokines (Figure 55C) that are known to be upregulated upon renal
fibrosis (Grande et al., 2015).
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Figure 55. MIDORI loss-of-function does not affect acute kidney fibrosis. (A) Scheme of
acute kidney fibrosis induction in WT and MIDORI KO mice. (B-C) mRNA expression analysis of
the indicated genes by RT-qPCR. Values are relativised to Gapdh and normalised to WT
untreated mice as control. Bars represent mean expression + SEM of n=8. (D) Representative
pictures of Sirius Red staining in WT and MIDORI KO kidneys. Scale bar = 200um. (E)
Quantification of the percentage of fibrotic area per kidney. Each dot represents a single animal.
Bars represent mean expression + SEM of n=8 control mice and n=7 MIDORI-KO mice.

Although fibrotic MIDORI-KO kidneys showed an increase in the expression of Slug and
Vimentin, we did not observe significant changes in gene expression between MIDORI-
KO and its WT counterparts. We then performed Sirius Red staining to measure the
fibrotic area in the kidneys, and we did not observe any difference between WT and
MIDORI-KO mice (Figure 55D y E).

Concluding, even if MIDORI deficiency seems to have a positive effect on wound healing,
so far we have not observed any effect on acute kidney fibrosis. However, since the
induction of fibrosis with this protocol is very fast, in future experiments we will examine
earlier timepoints, before the fibrosis is already established, when perhaps is more
difficult to see significant differences.
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3.4. Functional characterisation of MIDORI in  cellular
reprogramming

It is well established that MET is a critical step during reprogramming to iPSCs (Li et al.,
2010; Samavarchi-Tehrani et al., 2010). However, it has been reported that having a
more mesenchymal phenotype at the early stage of the process could facilitate the cell
fate transition, and a sequential EMT-MET enhances significantly reprogramming
efficiency (Di Stefano et al., 2014; Liu et al., 2013) (Figure 56A).

Given the role of MIDORI inhibiting EMT we wanted to study the possible role of MIDORI
as a regulator of cellular reprogramming.

3.4.1. Endogenous MIDORI is transiently expressed at the early stages of
cellular reprogramming

Firstly, we wanted to assess whether endogenous MIDORI is naturally expressed during
cellular reprogramming of MEFs to iPSCs by Oct4, Sox2, Kif4 and c-Myc (hereafter
OSKM). For that, we transduced MEFs with a doxycycline-inducible lentiviral vector
encoding OSKM, and treated the infected cells with doxycycline until iPSC colonies were
apparent and fully formed.
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Figure 56. MIDORI is upregulated in the first stages of cellular reprogramming. (A) Scheme
showing EMT and MET sequential activation during cellular reprogramming. (B) mRNA
expression of Zeb2os in WT MEFs during the cellular reprogramming process, measured by qRT-
PCR. Values are represented as mean = SD of three technical replicates normalised to Gapdh
and relativised to day 0. (C) Western blot showing endogenous MIDORI protein expression at
indicated timepoints during cellular reprogramming.
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At the mRNA level, we saw that Zeb2o0s IncRNA expression is transiently upregulated
during the reprogramming process, reaching its maximum expression on day 2 and
decreasing afterwards (Figure 56B). This resultis in line with the activation of EMT during
the first stages of cellular reprogramming and its shutdown at later stages. At the protein
level, we observed by using our custom-made antibody that endogenous MIDORI
expression is transiently detected at the early stages of reprogramming, reaching its
maximum on day 4 (Figure 56C). Indeed, the fact that the expression of the microprotein
is induced during the reprogramming process suggests that it might be required for
cellular reprogramming.

3.4.2. Effect of MIDORI overexpression in cellular reprogramming

To test MIDORI’s role in cellular reprogramming, we reprogrammed MEFs by
transducing them with a doxycycline-inducible lentiviral vector encoding the OSKM
factors together with an inducible-vector encoding murine MIDORI or the empty control.
We found that iPSCs colonies appear faster in MIDORI-overexpressing MEFs (Figure
57A) and they produce more iPSCs colonies at the end of the process (Figure 57B-C),
indicating that MIDORI overexpression accelerates cellular reprogramming and
significantly improves reprogramming efficiency. This is consistent with the role of
MIDORI as a negative regulator of EMT.
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Figure 57. MIDORI overexpression increases cellular reprogramming efficiency. (A)
Representative bright-field microscopy images of the formation of iPSCs colonies derived from
MEFs transduced with a doxycycline-inducible lentiviral vector encoding the OSKM factors
together with the murine MIDORI-inducible vector or the empty as control. Pictures were taken
on days 5, 7 and 9 post doxycycline induction to induce reprogramming with 20X magnification.
(B) Representative iPSCs colonies positive for alkaline phosphatase (AP) staining at day 12 of
reprogramming. (C) AP staining quantification performed at day 12 of reprogramming. Each dot
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represents a single biological replicate. Bars represent the mean + SD of three biological
replicates. *P<0.05 using Student’s T-Test for statistics.

Given the role of MIDORI modulating the secretome, and the fact that reprogramming is
regulated by cytokines and secreted factors we wanted to test if the improved
reprogramming efficiency is due to a cell-autonomous or non-cell-autonomous effect.
We collected the CM from MEFs constitutively expressing MIDORI or the empty vector
as a control and we used them to reprogramme MEFs isolated from reprogrammable
mice (from now on i4F mice), which ubiquitously express OSKM in a doxycycline-
inducible manner (Abad et al., 2013). Strikingly, the CM derived from MIDORI-
overexpressing cells increases very significantly the efficiency of cellular reprogramming
to iPSCs (Figure 58A-C).

These results indicate that MIDORI might be increasing cellular reprogramming in a cell
extrinsic manner, probably by modulating the cell secretome.
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Figure 58. The conditioned medium of MIDORI-overexpressing cells increases cellular
reprogramming efficiency. (A) Representative bright-field microscopy images of the formation
of iPSCs colonies derived from i4F MEFs reprogrammed using MIDORI-overexpressing MEFs
CM or from control cells. Pictures were taken on days 4, 6 and 7 post doxycycline induction in i4F
MEFs with 10X magnification. (B) Representative iPSCs colonies positive for alkaline
phosphatase (AP) staining at day 12 of reprogramming. (C) AP staining quantification performed
at day 12 of reprogramming. Each dot represents a single biological replicate. Bars represent the
mean * SD of three biological replicates. ***P<0.001 using Student’s T-Test for statistics.
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3.4.3. MIDORI deficiency dramatically impairs cellular reprogramming

Next, we wanted to address whether MIDORI is required for cellular reprogramming by
using a loss-of-function approach. We reprogrammed WT and MIDORI-KO MEFs by
transducing them with a doxycycline-inducible lentiviral vector encoding the OSKM
factors. We found that MIDORI deficiency delays the appearance of iPSCs colonies
(Figure 59A) and dramatically reduces the reprogramming efficiency (Figure 59B-C),
suggesting that MIDORI is required for cellular reprogramming.
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Figure 59. MIDORI deficiency significantly decreases reprogramming efficiency. (A)
Representative bright-field microscopy images of the formation of iPSCs colonies derived from
control or MIDORI-KO MEFs lentivirally transduced with OSKM. Pictures were taken on day 5
with 20X magnification. (B) Representative alkaline phosphatase (AP) staining of iPSCs colonies
derived from WT and MIDORI-KO MEFs at day 12 of reprogramming. (C) Quantification of AP
staining performed at day 12 of reprogramming. Each dot represents a single biological replicate.
Bars represent the mean + SD of three biological replicates. *P<0.05 using Student’'s T-Test for
statistics.

We then studied the effect of MIDORI deficiency in reprogramming in a cell extrinsic
context. We collected the CM from WT and MIDORI-KO MEFs and used it to
reprogramme i4F MEFs. We observed that cells receiving MIDORI-KO MEFs CM show
a decreased reprogramming efficiency (Figure 60A-C), although this decrease is not as
pronounced as when reprogramming MIDORI-KO MEFs.

Thus, MIDORI deficiency impairs cellular reprogramming, but this effect does not seem
to rely only on the secretome.
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Figure 60. MIDORI-KO cells conditioned medium decreases cellular reprogramming
efficiency. (A) Representative bright-field microscopy images of the formation of iPSCs colonies
derived from i4F MEFs reprogrammed using CM from MIDORI-KO or WT MEFs. Pictures were
taken on day 7 of reprogramming with 20X magnification. (B) Representative alkaline
phosphatase (AP) staining of iPSCs colonies generated using the conditioned medium of
MIDORI-KO or WT MEFs. The staining was performed at day 12. (C) AP staining quantification
performed at day 12 of reprogramming. Each dot represents a single experiment performed with
three biological replicates. Bars represent the mean = SD of three experiments performed with
three biological replicates.

Of note, the expression of exogenous MIDORI in MIDORI-KO MEFs rescues the
phenotype both, in a cell intrinsic manner (Figure 61A-B) and in a cell extrinsic manner
(Figure 61C-D), suggesting that MIDORI overexpression is sufficient to overcome the
barrier that prevents MIDORI-KO MEFs to reprogramme, and it restores the secretome
which enhances reprogramming in a paracrine manner.
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Figure 61. MIDORI exogenous expression in MIDORI-KO MEFs rescues cellular
reprogramming in cell intrinsic and cell extrinsic manner. (A) Alkaline phosphatase (AP)
staining of iPSCs colonies derived from WT and MIDORI-KO MEFs transduced with a
doxycycline-inducible lentiviral vector encoding the OSKM factors together with the murine
MIDORI-inducible vector or the empty as control at day 12 of reprogramming. (B) AP staining
quantification at day 12 of reprogramming. Each dot represents a single biological replicate. Bars
represent the mean + SD of three biological replicates. ***P<0.001 using Student’s T-Test for
statistics. (C) Representative iPSCs colonies positive for alkaline phosphatase (AP) staining in
i4F MEFs receiving CM from control, MIDORI-KO and MIDORI-KO overexpressing MIDORI (OE)
MEFs at day 12 of reprogramming. (D) AP staining quantification at day 12 of reprogramming.
Each dot represents a single biological replicate. Bars represent the mean + SD of three biological
replicates. .*P<0.05, ***P<0.001 using Student’s T-Test for statistics.

3.4.4. Study of MIDORI’s molecular mechanisms in cellular reprogramming

3.44.1. MIDORI deficiency dysregulates the expression dynamics of EMT
factors and the Ink4a/Arf locus during cellular reprogramming

To find out the molecular mechanisms behind the observed phenotype, we analysed the
expression of several genes known to act as barriers for cellular reprogramming. We
performed a time course reprogramming experiment with WT and MIDORI-KO MEFs in
which cells were collected at different time points and processed for transcriptomic
analysis. As expected, in WT MEFs the expression of Snail and Slug was upregulated
at the early phase of reprogramming -to undergo an early EMT- and subsequently
downregulated to proceed with the reprogramming process (Liu et al., 2013). However,
MIDORI-KO MEFs show a significantly higher expression of Snail and Slug at the
intermediate stage (days 6 to 8) of reprogramming compared to WT MEFs (Figure 62A).

108



Results

A
Snail - W Slug Tgfp1
257 @ wr 2,07  MIDORFKO 157 @ wr
% MIDORIKO & MIDORI-KO
& 20 S 5
8~ 315 8
s * s g 1.0
E} 1.5 3 kk 5
g *hkk
§ % 10 *kk % Fkkk
€ 1.0 £ £
2 2 2 05 *k
kst B 05 5
2 05 ] &
0 0.0 0.0
DO D2 D4 D6 D8 D10 D12 DO D2 D4 D6 D8 D10 D12 DO D2 D4 D6 D8 D10 D12
Arf p16
B
41 = wT *kkK 4 mwr -
% MIDORIFKO & MIDORFKO
[=4 c *
o =}
g £
% *kk g S
22 22
' 4
£ €
2 2
&1 81
Q [7}
o o
0 0
DO D2 D4 D6 D8 D10 D12 DO D2 D4 D6 D8 D10 D12
Tnfo
C
107 = wr
4% MIDORI-KO
5
S g
3 *kk
S
3 6
<
z
o
E 4 *
o
=
s
e 2

0
DO D2 D4 D6 D8 D10 D12

Figure 62. MIDORI deficiency dysregulates EMT dynamics and Ink4a/Arf locus expression
during cellular reprogramming. (A) Snail, Slug, and Tgf31, (B) Arfand p16 and (C) Tnfa mRNA
levels in WT and MIDORI-KO MEFs measured by gqRT-PCR at the indicated time points during a
time-course reprogramming experiment. Values are represented as mean + SD of three technical
replicates, normalised to Gapdh and relativised to day 0. Statistical significance was assessed
using Two-way ANOVA. *p<0.05, ** p<0.01, *** p<0.001, **** p<0.0001.

Moreover, we also found that Tgf871, whose expression is detrimental for cellular
reprogramming (Liu et al., 2013), is significantly upregulated at the same days in
MIDORI-KO MEFs (Figure 62A). These results indicate that, in the absence of MIDORI,
MEFs are not able to downregulate mesenchymal genes properly, suggesting an active
role of MIDORI shutting down the expression of EMT-related factors to induce a MET.

On the other hand, it is well established that the activation of the tumour suppressor
locus Ink4a/Arf represents a cell intrinsic barrier to cellular reprogramming by inducing
cellular senescence (Li et al., 2009). We also assessed the expression dynamics of
p19Arf and p16ink4a during cellular reprogramming. Of note, MIDORI-KO MEFs
transiently upregulate these genes at the intermediate phases of the reprogramming
process (Figure 62B), pointing to cellular senescence as a potential additional barrier for
reprogramming in MIDORI-KO MEFs. Finally, we observed that MIDORI-KO MEFs,
already in basal conditions, express high levels of Tnfa (Figure 62C), and it has been
recently described that high levels of this cytokine are detrimental for reprogramming
(Mahmoudi et al., 2019).
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Altogether, these results suggest that MIDORI is a key regulator of cellular
reprogramming, acting in a cell-autonomous manner by inducing a MET and regulating
the expression of tumour suppressor genes (such as p76 and p719Arf), but also acts in a
cell extrinsic manner, possibly in part by regulating the expression of Thfa and Tgf31.

3.44.2. MIDORI-deficient MEFs are prone to enter in cellular senescence

Given the significant upregulation of the Ink4a/Arf locus detected during reprogramming
in MIDORI-KO MEFs (Figure 62B), we tested the effect of MIDORI loss-of-function in
cellular senescence. We assessed the induction of senescent cells by staining for
senescence-associated-B-galactosidase (SA-B-Gal) activity in  WT, MIDORI-
overexpressing and MIDORI-KO MEFs in basal conditions and after treating them with
Palbociclib, a CDK4/6 inhibitor known to induce cellular senescence (Dickson, 2014).
Of note, we found that MIDORI-KO MEFs cultures show a significantly higher number of
senescent cells compared to WT and MIDORI-overexpressing MEFs, in basal conditions
and after treatment with Palbociclib (Figure 63A-B). MIDORI overexpression does not
seem to have any effect in basal conditions (Figure 63A-B), but we observed a decrease
in the number of SA-B-Gal positive cells upon Palbociclib treatment (although not
statistically significant).

These data suggest a possible role of MIDORI as a negative regulator of cellular
senescence.
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Figure 63. MIDORI deficiency increases senescence in basal conditions and upon
Palbociclib treatment. (A) Representative images of SA-B-Gal staining under bright-field
microscopy with 10X magnification in the no treated (DMSO, top) and the treated (Palbociclib at
2um, bottom) condition of WT control cells expressing the empty vector (left), MIDORI-
overexpressing (center) and MIDORI-KO (right) MEFs after 7 days. (B) Percentage of the SA-B-
Gal positive cells. Each point represents a single biological replicate (n=3). *P<0.05, ** P<0.01
and **** P<0.0001 using two-way ANOVA test for statistics.

3.44.3. MIDORI prevents the onset of cellular senescence during
reprogramming

We next wanted to address if the increased cellular senescence in MIDORI-KO cells is
actually the cause for the reduced reprogramming efficiency. To assess that, we
reprogrammed WT, MIDORI-overexpressing, MIDORI-KO and MIDORI KO MEFs
overexpressing exogenous MIDORI (MIDORI-KO+OE) and performed SA-B-Gal staining
at different timepoints of reprogramming (Figure 64A).
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Figure 64. MIDORI deficiency increases senescence during cellular reprogramming while
MIDORI overexpression prevents it. (A) Representative images of SA-B-Gal staining of MEFs
of the indicated genotypes at day 0, 6 and 9 of reprogramming. WT and MIDORI-KO MEFs were
transduced with a doxycycline-inducible lentiviral vector encoding the OSKM factors together with
the murine MIDORI-inducible vector or the empty as control. Pictures were taken under bright-
field microscopy with 20X magnification and digital zooming. (B) Number of the SA-3-Gal positive
cells per field. Each point represents a single biological replicate (n=3). *P<0.05, using Student’s
T-Test for statistics.

We saw that already at day six of reprogramming MIDORI-KO MEFs show a significant
increase in the number of SA-B-Gal positive cells compared to WT and the MIDORI-
overexpressing counterparts’ (Figure 64A-B). At day nine, when miPSCs colonies were
present in all the other conditions, MIDORI-KO MEFs did not form iPSCs colonies and
the increase in senescent cells was even more pronounced. In agreement, MIDORI
overexpression prevents the onset of senescence in WT MEFs and, remarkably, also in
MIDORI-KO MEFs. It is true that at day 9 the cultures (especially MIDORI-
overexpressing ones) are mixed populations comprising MEFs, transiently-
reprogrammed cells and iPSCs, so results are more difficult to interpret. Anyway, there
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is a clear correlation between the induction of cellular senescence and the efficiency of
reprogramming.

Concluding, we show that MIDORI regulates the onset of cellular senescence during
reprogramming. We suggest that MIDORI prevents the upregulation of p719Arf and
p16ink4a, thus overcoming cellular senescence and substantially increasing
reprogramming efficiency.

Altogether, we hypothesise that MIDORI is transiently induced after the expression of
OSKM to prevent the onset of senescence and downregulate the expression of
mesenchymal genes, inducing a MET and promoting the transition to iPSCs.

3.4.4.4. Analysis of MIDORI-induced secretome

Finally, to identify the secreted factors that promotes reprogramming in MIDORI-
overexpressing MEFs, we concentrated the CM from control and MIDORI-
overexpressing MEFs and we analysed them by mass spectrometry.
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Figure 65. Mass spectrometry analysis of MIDORI-overexpressing MEFs secretome.
Volcano plot showing proteins downregulated (red) or upregulated (blue) in MIDORI-
overexpressing MEFs secretome compared to the control. The analysis shows proteins
downregulated or upregulated that are common for long MIDORI and short MIDORI.

Importantly, we found that TGFf3, a member of the TGFf family, is downregulated in
the secretome of MIDORI-overexpressing cells (Figure 65). Given the deleterious role of
TGFp cytokines in cellular reprogramming (Liu et al., 2013), MIDORI might be increasing
reprogramming, at least in part, by decreasing the secretion of this cytokine. Regarding
the upregulated proteins, although none of them have been directly related to cellular
reprogramming, ANGPTL7 and ITIH2 look like interesting candidates. Both of them play
a role in the formation and organisation of the ECM, being ITIH2 already known as an
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anti-metastatic protein (Weidle et al., 2018), and ANGPTL7 is a growth factor important
for the expansion of hematopoietic stem cells (Xiao et al., 2015). We are planning to test
if blocking TGFB3 by antibodies or the supplementation with recombinant ANGPTL7 and
ITIH2 could mimic MIDORI cell extrinsic phenotype in cellular reprogramming. In
addition, we are currently performing an extensive analysis of cytokines and chemokines
by Elisa to find other secreted MIDORI effectors.

3.4.5. Short MIDORI recapitulates long MIDORI's phenotype in cellular
reprogramming

As we did in previous sections, we performed the most important experiments
overexpressing short MIDORI to address its role in cellular reprogramming. As with long
MIDORI, we saw that the overexpression of short MIDORI in MEFs increases cellular
reprogramming (Figure 66A-B) and, by using the CM, we saw that it does it in a non-cell-
autonomous manner (Figure 66C-D). These results confirm that short MIDORI behaves
as its longer isoform in cellular reprogramming.
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Figure 66. Short MIDORI increases cellular reprogramming efficiency in a non-cell
autonomous manner. (A) Representative iPSCs colonies positive for AP staining at day 12 of
reprogramming derived from control MEFs transduced with a lentiviral vector expressing the
OSKM factors together with an empty vector or short MIDORI construct. (B) AP staining
quantification at day 12 of reprogramming. Each dot represents a single biological replicate. Bars
represent the mean + SD of three biological replicates. *P<0.05 using Student’'s T-Test for
statistics. (C) Representative iPSCs colonies positive for AP staining derived from i4F MEFs
reprogrammed using short MIDORI-overexpressing MEFs CM or from control cells (expressing
the empty vector) at day 12 of reprogramming. (D) AP staining quantification at day 12 of
reprogramming. Each dot represents a single biological replicate. Bars represent the mean + SD
of three biological replicates. ***P<0.001 using Student’s T-Test for statistics.
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Of note, the overexpression of exogenous short MIDORI in MIDORI-KO cells also rescue
the reprogramming efficiency, both in cell intrinsic and in a cell extrinsic manner (Figure
67A-D).
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Figure 67. Short MIDORI overexpression in MIDORI-KO MEFs rescues the efficiency in
cellular reprogramming. (A) Representative iPSCs colonies positive for AP staining in control,
WT and MIDORI-KO MEFs transduced with a lentiviral vector expressing the OSKM factors
together with an empty vector or short MIDORI construct at day 12 of reprogramming. (B) AP
staining quantification at day 12 of reprogramming. Each dot represents a single biological
replicate. Bars represent the mean + SD of three biological replicates. ***P<0.001 using Student’s
T-Test for statistics. (C) Representative iPSCs colonies positive for AP staining in i4F MEFs
receiving CM from control, MIDORI-KO and MIDORI-KO MEFs overexpressing short MIDORI
(OE) at day 12 of reprogramming. (D) AP staining quantification at day 12 of reprogramming.
Each dot represents a single biological replicate. Bars represent the mean + SD of three biological
replicates. .*P<0.05, ***P<0.001 using Student’'s T-Test for statistics.

We then studied the induction of cellular senescence, in basal conditions, upon
Palbociclib treatment (Figure 68A-B) as well as during cellular reprogramming (Figure
68C). As observed in the case of long MIDORI, we saw that cells overexpressing short
MIDORI show a decreased SA-B-Gal staining upon Palbociclib treatment and are
protected from undergoing senescence during cellular reprogramming.

115



Results

A B
Control - MIDORI MIDORI-KO
| I Control
: I MIDORI
B 30 I MIDORI-KO
3 s | CCURERREE | SRR P
= : o
[ ! o
2 $ 0]
' >
5 B o 2
i [72}
| | g
i <
2 3
ol | GEgoacagescssSpEEETE ERRL L 4 BUAOSSSSSRSSaccscoERee B p=amsecestnopToYTeORS o
a : R
< @ ; :
% . i 5 0
L i > i B b Untreated Palbo 2uM

C Cellular Reprogramming
I Control "
g0 Hl MIDORI *

e I MIDORI-KO

2 = MIDORI-KO+OE ==
°

o

o

[

=

7

[

Q.

©

Q

o

<

%)

G

#*

DO D6 D9

Figure 68. Short MIDORI overexpression does not affect senescence in basal condition
and upon Palbociclib treatment but reduces it during cellular reprogramming. (A)
Representative images of SA-B-Gal staining in MEFs of the indicated genotypes untreated
(DMSO) and treated with 2um of Palbociclib for 7 days. Pictures were taken under bright-field
microscopy with 10X magpnification. (B) Percentage of the SA-B3-Gal positive cells in the cultures
explained in (A). Each point represents a single biological replicate (n=3). *P<0.05, ** P<0.01 and
**** P<0.0001 using two-way ANOVA test for statistics. (C) Number of the SA-B-Gal positive cells
per field at day 0, 6 and 9 of reprogramming of MEFs with the indicated genotypes. WT and
MIDORI-KO MEFs were transduced with a doxycycline-inducible lentiviral vector encoding the
OSKM factors together with the murine short MIDORI-inducible vector or the empty as control.
Each point represents a single biological replicate (n=3). *P<0.05, using Student’'s T-Test for
statistics.

On top of this, we performed the secretome analysis of short MIDORI-overexpressing
MEFs and we observed the same factors up- and down-regulated (Figure 65).
Altogether, these experiments let us conclude that the two mouse isoforms of MIDORI
behave in the same way during cellular reprogramming.

3.4.6. In vivo reprogramming of MIDORI-KO mice

To study the role of MIDORI in reprogramming in vivo, we crossed MIDORI-KO mice
with the reprogrammable mice (i4F mice) (Abad et al., 2013). We induced in vivo
reprogramming following two different schemes of doxycycline administration. On the
one hand, we added 0.2 mg/ml of doxycycline to the drinking water for 3 weeks, we
withdrew the treatment and monitored the mice until they reach the human end-point due
to the presence of teratomas. With this experimental setting we observed that teratomas
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appeared in different organs, with a similar distribution to that previously described (Abad
et al., 2013), and with no obvious differences between i4F and i4F; MIDORI-KO mice.
(Figure 69A). However, to our surprise, we saw that MIDORI-KO mice had to be
euthanised significantly earlier due to teratomas (Figure 69B), indicating that MIDORI
deficiency increases reprogramming in vivo.
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Figure 69. i4F; MIDORI-KO mice show increased reprogramming in vivo. (A) Number of mice
with the indicated genotype that developed teratoma in the indicated organs. N=6 animals per
group. (B) Kaplan-Meier graph showing teratoma free survival of i4F and i4F; MIDORI-KO mice
(N=6 mice per group) after inducing reprogramming by adding 0.2 mg/mL of doxycycline in the
drinking water for 3 weeks with. P=0.027 using Mantel-Cox test for statistics.

On the other hand, we induced reprogramming by adding 1 mg/ml of doxycycline to the
drinking water for 1 week. Right after, we sacrificed the mice and analysed the tissue
dysplasia as a readout for in vivo reprogramming. We focused on the pancreas since it
is one of the organs that is reported to reprogramme the most (Abad et al., 2013). In line
with the results of the previous experimental setting, we found that the pancreas of i4F;
MIDORI-KO mice present more dysplasia compared to reprogrammed i4F mice (Figure
70A-B), suggesting again that MIDORI deficiency in an in vivo context favours
reprogramming. Moreover, we also looked at Ki67 positive cells by IHC in the
reprogrammed pancreata (Figure 70A) to measure the de-differentiated proliferating
cells and we saw a significant increase in MIDORI-KO mice (Figure 70C), further
suggesting an increased reprogramming.
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Figure 70. MIDORI-KO mice show more dysplasia and proliferating cells in the pancreas
upon in vivo reprogramming. (A) (Up) H&E and Ki67 stainings in the pancreas of i4F and i4F;
MIDORI-KO mice after reprogramming for one week with 1 mg/ml of doxycycline. Scale bar
represents 250um (Marked areas are blown up in Bottom). (Bottom) Digital magnification of H&E
and KI67 representative pictures. (B) Quantification of the dysplastic area (C) percentage of KI67
positive cells in the pancreas of i4F and i4F; MIDORI-KO mice after reprogramming one week
with 1 mg/ml of doxycycline. Each dot represents a single animal. Bars represent the mean +
SEM of n=7 mice per group (WT) and n=6 mice per group (MIDORI KO). .*P<0.05 using Student’s
T-Test for statistics.

As we mentioned before, cellular senescence is a cell intrinsic barrier for reprogramming
in vitro. However, in vivo, the expression of OSKM induces tissue damage and cellular
senescence, which provides critical factors for in vivo reprogramming (Mosteiro et al.,
2016). In fact, in p16/INK4a-KO mice, whose tissues do not undergo senescence, the
reprogramming is impaired (Mosteiro et al., 2016). Since our data show that MIDORI-
deficient MEFs undergo an exacerbated senescence upon OSKM, this could be
consistent with an increase in in vivo reprogramming in MIDORI-KO mice. To further
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corroborate our hypothesis, we looked at p21°"" expression by IHC as a surrogate of
senescent cells in the pancreas of MIDORI-KO mice undergoing reprogramming (Figure
71A-B). MIDORI-deficient mice display more p21°"" positive cells in the pancreas upon
in vivo reprogramming, which might imply more cellular senescence. We are currently
measuring additional senescence markers (including SA-p-Gal staining) to reinforce this
result.

A i4F; MIDORI B
¥ ..- P ‘.. z‘ p ..: z.:"'--...‘._ LI
T e T o S e ety p21ciP1
o et €570 %l 101
p=0.07 o
n 8
©
— [&]
+
%) x 61
N S .
oFf %‘. 44 ]
G
=2
2.
0.
XK \g_o
Q.
O
®

X

Figure 71. MIDORI-KO mice show more p21°'®! positive cells in the pancreas upon in vivo
reprogramming. (A) Representative pictures of p21¢®" immunostaining in the pancreas of i4F
and i4F; MIDORI-KO mice after reprogramming one week with 1mg/ml of doxycycline. Scale bar
represents 100um. (B) Quantification of the percentage of p21°"®! positive cells in the pancreas
of i4F and i4F; MIDORI-KO mice after reprogramming one week with 1mg/ml of doxycycline. Each
dot represents a single animal. Bars represent the mean + SEM of n=7 mice per group (WT) and
n=6 mice per group (MIDORI KO). .*P<0.05 using Student’s T-Test for statistics.

In conclusion, while in vitro MIDORI deficiency impairs cellular reprogramming by the
dysregulation of EMT markers and the induction of senescence, in vivo MIDORI
promotes cellular senescence and favours reprogramming.

These results are consistent with the observed effect of MIDORI-deficiency upregulating
the expression of p16ink4a and p19Arf in MEFs, and the fact that p16INK4A-null mice
do not undergo senescence and present an impaired in vivo reprogramming. As a next
step we will test the expression of p16Ink4a and p19Arfin MIDORI-KO mice undergoing
reprogramming.

Despite more research is needed to ascertain the context-dependent functions of
MIDORI and the intricacies of its molecular mechanisms, our results suggest that
MIDORI is a critical regulator of cellular plasticity that controls the transitions between
mesenchymal and epithelial phenotypes and prevents the onset of cellular senescence.
Thus, MIDORI emerges as a new key player of cellular identity, which may have
important implications in cancer and regenerative medicine.
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Historically, genome annotation has relied on several criteria that were set to define what
an ORF was. Among them, it was assumed that ORFs should be shorter than 100
codons, limited by conventional start and stop codons, and that eukaryotic transcripts
are monocistronic (Basrai et al., 1997). All these premises helped the gigantic task of
annotating whole genomes. However, they extremely restricted our view of what should
be considered meaningful in the genome. In fact, only a small part of the genomes was
found to be coding, whereas the rest was considered as “junk DNA”. Fortunately, this
assumption has changed over the years. In fact, recent advances in techniques such as
ribosome profiling (Ribo-seq) and mass spectrometry (MS) have revealed that many
previously misannotated non-protein-coding transcripts actually code for evolutionarily
conserved microproteins (Makarewich and Olson, 2017). To date, many microproteins
have been identified in mammals and they been revealed as a new class of fine-tuning
molecular regulators with crucial functions in many cellular processes (Makarewich and
Olson, 2017; Merino-Valverde et al., 2020).

The hypothesis that motivated this work is that microproteins can be novel regulators of
cellular plasticity and cancer. In this thesis, we have focused on finding novel
microproteins coded by INcRNAs as a source of novel regulators of cancer cell plasticity.
We have identified MIDORI, a novel microprotein that regulates the transition between
mesenchymal and epithelial phenotypes. We have found that MIDORI is translated upon
stress and acts as a negative regulator of the EMT programme affecting the expression
of EMT-related genes, cell motility and metastatic properties both in vitro and in vivo. In
agreement, we have shown that MIDORI play a role also in cellular reprogramming, a
process known to require a MET. Thus, we propose that MIDORI is a novel microprotein
encoded by a gene annotated as noncoding which acts as a negative regulator of
epithelial-mesenchymal plasticity.

1. Identification of MIDORI microprotein

To identify novel microproteins with a role in cancer cell plasticity, we generated a list of
IncRNAs deregulated in cancer and in cellular differentiation-dedifferentiation processes
and analysed their coding potential (Figure 10A). Using PhyloCSF algorithm, we
identified ZEB2-AS1 as a possible transcript misannotated as a long non-coding RNA
that, in fact, contains a previously uncharacterised sORF that we named MIDORI (Figure
10A). Our phylogenetic analysis showed that MIDORI is conserved across placental
mammals. However, in primates occurred a single nucleotide deletion that led to a
frameshift and changed the amino acid sequence of the C-terminal part of MIDORI
(Figure 10B). In humans, MIDORI sORF produces a microprotein that is totally
conserved through primates (Figure 11A). Importantly, although the ORF does not start
in the first IncRNA exon, MIDORI’s start codon is the first ATG of the transcript. In mouse,
the orthologue locus (Zeb20s) produces two main splicing isoforms that differ in the first
exon (Figure 11B) and could encode two MIDORI protein isoforms: short MIDORI and
long MIDORI (Figure 11B). Long MIDORI contains short MIDORI, and both isoforms are
highly conserved in placental mammals lower than primates (Figure 11B). Despite these
differences in the sequence, our experiments show that human MIDORI have the same
function than both mouse MIDORI isoforms, suggesting that the N-terminal, which is
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conserved in placental mammals, is the most important part for the function of the
protein.

To experimentally validate the coding potential of ZEB2-AS1, we analysed publicly
available Ribo-seq data and performed in vitro translation of the IncRNA. Importantly,
those analyses provided us experimental evidence of the IncRNA translation in mouse
(Figure 14A-B) and point to Zeb20s isoform 1 and long MIDORI as the prevalent isoform.
Supporting this notion, we found that Zeb2o0s isoform 1 is the most upregulated isoform
upon TGFp treatment (Figure 14C). Nevertheless, we could not exclude that Zeb2os
could be upregulated as well upon other stimuli.

We also analysed publicly available mass spectrometry data to find further experimental
evidence of MIDORI translation, but we were not able to identify MIDORI with this
approach. It is worth mentioning that MIDORI’s sequence includes many arginine and
lysine residues, targets of trypsin digestion, which is the first step in mass spectrometry
analysis (Laskay et al., 2013). Therefore, it could be that the low sensitivity of the
technique together with the lack of available tryptic peptides makes MIDORI identification
really difficult by this method.

1.1.  Analysis of ZEB2-AS1 and MIDORI expression

Although many IncRNAs are expressed in a tissue-specific manner (Cabili et al., 2011),
we found that ZEB2-AS1 and its mouse orthologue do not show a clear expression
pattern in tissues, where a basal, low level of expression can be detected in many organs
(Figure 20A-B). Interestingly, by using a custom-made antibody we found endogenous
MIDORI to be naturally expressed in kidney (Figure 21A-B). Given that Zeb2os
expression in kidney is very low, it seems that MIDORI translation is uncoupled from the
IncRNA transcription, as it has been already described for other genes (Koussounadis
et al., 2015).

Remarkably, we found that MIDORI expression is upregulated upon TGF and different
stresses such as doxorubicin treatment, which induces genotoxic stress, and upon
tunicamycin-induced ER stress (Figure 22B-C). Of note, TGFp treatment and the
subsequent induction of the EMT programme are known to induce ER stress and to
activate the Unfolded Protein Response (UPR) (Liu et al., 2019; Maiers et al., 2017).
Hence, as previously described for other microproteins (Chu et al., 2019; Matsumoto et
al., 2017), MIDORI protein translation might be induced upon stress as a mechanism for
the cell to cope with damage. Although the regulation of MIDORI expression needs to be
further explored upon other types of stimuli, our data suggest that MIDORI could be a
novel microprotein involved in the stress response.

1.2. MIDORI subcellular localisation

In silico analyses predicted that hMIDORI and the two mMIDORI isoforms are nuclear
microproteins (Figure 15B). In line with this, a NLS is found to be conserved in the three
microproteins (Figure 15C), further suggesting a nuclear localisation. When ectopically
overexpressed in different cell lines, both hMIDORI and the two mMIDORI are detected
both in the nucleus and the cytoplasm by immunofluorescence (Figure 16C-D).
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Accordingly, subcellular fractionation showed hMIDORI’s distribution in the cytosolic,
nuclear and chromatin-bound fractions (Figure 16E). However, the forced
overexpression could give a false hint about MIDORI’s localisation, given that
overexpressed proteins often passively diffuse to every cell compartment because of
their abundance. Thus, we looked at the subcellular localisation of endogenous MIDORI
(Figure 23). Although we saw nuclear staining, MIDORI was predominantly detected in
the cytoplasm, where it shows a punctuated perinuclear pattern that in some cells
acquire a spheroidal shape (Figure 23B). Those spheroids do not colocalise with
lysosomes or with the Golgi apparatus (Figure 24). Although further experiments are
needed to address if MIDORI could colocalise with the ER or with mitochondria, given
that MIDORI is induced by stress and interacts with many ribosomal proteins (Figure
42C-D), it is possible that these aggregates are stress granules (see further discussion
in Section 2.4). Of note, by subcellular fractionation and Western blot analysis MIDORI
was detected mainly in the nucleus (Figure 25A), in agreement with the in silico
prediction. Moreover, endogenous MIDORI can be detected in the nucleus by
immunofluorescence after pre-treatment to reduce cytosolic background (Figure 25B),
further confirming this last result.

Thus, our experimental data suggest that MIDORI localisation is not restricted to the
nuclear compartment. Indeed, we have shown that MIDORI interacts with proteins whose
localisation is not restricted to the nuclear compartment (Figure 42C-D). Therefore, we
conclude that MIDORI localises both in the nuclear and cytoplasmatic compartment. It is
possible that MIDORI shuttle from the nucleus to the cytoplasm and vice versa in
response to certain cues, in order to interact with different proteins and, in turn, carry out
its molecular function.

1.3.  Short mouse MIDORI and long mouse MIDORI

Our experimental evidences (Figure 14C) suggest that Zeb2os isoform 1 and
subsequently long MIDORI is the predominant expressed isoform. On the one hand, we
cannot exclude that Zeb2os isoform 2 might be the preferentially expressed isoform upon
cues different from TGF (i.e., genotoxic or ER stress). Additionally, although Ribo-seq
analysis provided us an essential piece of data, we could not conclude whether short
MIDORI can be translated independently or just as part of long MIDORI. It is important
to mention that both long and short MIDORI have a good Kozak’s sequence around their
starting sites, meaning that they can both provide the right context for ribosomes to begin
the translation. Indeed, by performing in vitro translation we observed two bands that,
according to their molecular weight, could correspond to long MIDORI and short MIDORI,
further suggesting that the translation can start at both methionines (Figure 14B). Finally,
in kidney MIDORI is detected by Western blot as a doublet (figure 21A). Even though we
cannot exclude that the additional band corresponds to post-translational modifications
of MIDORI, it could be that both isoforms are produced or, alternatively, in different
tissues and upon different cues one isoform could be more expressed than the other.

Importantly, our results in Section 2.5 and 4.5 showed that the exogenous expression of
long MIDORI and short MIDORI have the same effect. Thus, despite long MIDORI having
an extended N-terminal, our data suggest that MIDORI’s function could rely on the
conserved core of amino acids that are also shared with the human MIDORI orthologue.
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Additionally, it is possible that long MIDORI is cleaved in the cell and the active form of
the microprotein is represented by short MIDORI.

Concluding, although other studies are needed to decipher the relative relevance of the
two isoforms, our evidences demonstrated that MIDORI’s function is conserved across
evolution, despite the change in its aminoacidic sequence.

2. Functional characterisation of MIDORI in EMT

The expression of ZEB2-AS1 correlates with cancer progression (Lan et al., 2016;
Zhuang et al., 2015) and poorer prognosis in breast cancer, PDAC and ovarian cancer
(Figure 12B), in line with its role as an effector of the EMT (Beltran et al., 2008). Thus,
we started to investigate MIDORI’s function in EMT. To study the function of the
microprotein independently of the IncRNA’s function, we used a gain-of-function
approach in which only MIDORI sORF - a small portion of ZEB2-AS1- is exogenously
expressed (Figure 16A). . Since the activity of INcRNAs relies on their molecular structure
(Graf and Kretz, 2020; Zampetaki et al., 2018), it is unlikely that the RNA transcribed
from the sORF could be mimicking the entire INncRNA, and we consider that his strategy
allowed us to uncouple the function of the INcRNA from the function of the microprotein.

2.1. MIDORI is a negative regulator of the mesenchymal
programme

Surprisingly, when we ectopically expressed MIDORI in human and mouse primary and
cancer cell lines, we saw a general downregulation of EMT-related genes (Figure 26)
such as EMT transcription factors, ECM protein and remodelling factors, and the
epithelial marker E-CADHERIN was found to be upregulated in breast cell lines.
Moreover, we observed that MIDORI overexpression does not affect cell proliferation
(Figure 27) but it reduces cell migration, invasion (Figure 28) and matrix degradation
capacity (Figure 29). Importantly, MIDORI overexpression not only downregulates EMT-
related markers and features, but seems to trigger an “epithelialisation” of highly
mesenchymal cells. We observed that triple negative breast cancer MDA-MB-231 cells
acquire a different morphology upon MIDORI overexpression and start to form clusters
(Figure 30A) while re-expressing B-CATENIN at the cell membrane (Figure 30B-C).
Although we could not observe E-CADHERIN at the cell membrane of MIDORI-
overexpressing MDA-MB-231 cells, its upregulation at the transcriptional level suggests
a reduction in the epigenetic silencing of this locus. In fact, it is known that E-CADHERIN
locus becomes hypermethylated during EMT and in highly mesenchymal cells like the
MDA-MB-231 cells (Herranz et al., 2008; Lin et al., 2010). Thus, our data indicate that
the overexpression of MIDORI for just four days induces profound transcriptional
changes in metastable mesenchymal cells that, in turn, start the transition towards a
more epithelial phenotype.

Then, we wondered whether MIDORI overexpression was sufficient to prevent the
acquisition of mesenchymal features when cells are forced to undergo an EMT. Again,
we saw that MIDORI overexpression prevents the upregulation of EMT genes upon
TGFp treatment (Figure 31), decreases cell invasion (Figure 34) and prevents the loss
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of E-CADHERIN and B-CATENIN at the adherent junctions (Figure 32-33) in NMuMG
cells. In agreement with the results observed in vitro, we demonstrated that MIDORI
overexpression decreases breast cancer metastasis in vivo, by using a model of lung
colonisation (Figure 47-48) and an orthotopic model of metastatic colonisation after
primary tumour removal (Figure 49). While we did not see any effect on metastasis
tropism (since both MIDORI-overexpressing and control MDA-MB-231 cells seem to
colonise the same organs) (Figure 49B), we did observe a significant decrease in the
number of organs with metastasis and a reduction in the metastasis per organ (Figure
49C y D). Thus, MIDORI does not affect the tropism of metastatic cells but affects their
metastatic potential.

Mechanistically, we observed that MIDORI overexpression not only decreases SNAIL
protein level (Figure 37A), but also decreases the activation of the canonical TGFj
pathway branch, regulated by the phosphorylation of SMAD2/3 (Vincent et al., 2009) and
the non-canonical branch, regulated by the phosphorylation of ERK1/2 (Gingery et al.,
2008) (Figure 37A). Additionally, we found that MIDORI overexpression decreases the
phosphorylation of NF-kB in senescent cells (Figure 35C) and its acetylation upon TNFa
treatment (Figure 45C). Although we have not studied yet whether MIDORI decreases
NF-xB activation upon TGFf, our results might indicate that MIDORI negatively regulate
EMT independently from the activation stimulus by decreasing the activation level of NF-
kB.

Concluding, our results suggest a new mechanism of regulation of the mesenchymal
program mediated by MIDORI. While ZEB2-AS1 is upregulated upon the activation of
the TGFp pathway to promote EMT (Beltran et al., 2008), our data strongly support an
opposite effect of its encoded microprotein. Thus, MIDORI might be the effector of a
negative feedback loop that shuts down the mesenchymal programme to revert EMT
(Figure 37B).

2.2. MIDORI cell extrinsic effect

Once we studied the role of MIDORI in a cell intrinsic context, we sought to investigate
if the inhibition of the mesenchymal programme may also impact the secretion of factors
important for EMT induction in the neighbouring cells. We specifically looked at the
expression of proinflammatory cytokines and chemokines known to be important EMT
boosters secreted by mesenchymal cells (Coppe et al., 2010; David and Massague,
2018; Kumari et al., 2016). Of note, MIDORI overexpression not only downregulates
cytokines expression in basal conditions, but also upon TGFp treatment (Figure 35A)
and in therapy-induced senescent cells (Figure 35B), a paradigmatic example of
secretory cells in which cytokines are upregulated as part of the SASP. These results
could indicate a role of MIDORI as a senomorphic agent. Senomorphics are agents that
can modulate the phenotypes of senescent cells through interfering with the SASP
without the induction of apoptosis (Gasek et al., 2021). In line, MIDORI overexpression
decreases the phosphorylation of NF-kB in senescent cells (Figure 25C), which is the
main transcription factor in charge of SASP induction (Salminen et al., 2012).
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Finally, we studied if the reduced cytokine expression might have any functional effect.
On the one hand, we could not observe any difference in the invasion of MDA-MB-231
cells when MIDORI-expressing MDA-MB-231 CM was used as an attractant (Figure 36A-
C). However, it is possible that MDA-MB-231 cells, which are highly invasive, might be
insensitive to cytokines fluctuations in the CM. Indeed, we should check cytokines levels
in the CM to ensure that the decreased mRNA expression is reflected in a decreased
secretion of those cytokines. As a next step, given the role of senescent cancer cells in
secreting factors important for cancer progression (Coppe et al., 2010), it would be
interesting to evaluate the effect of MIDORI-overexpressing senescent cells CM on
invasion.

On the other hand, we observed that the CM of MIDORI-overexpressing CAFs is less
proficient at inducing cancer invasion in a paracrine manner (Figure 36D-F). Importantly,
we saw that MIDORI overexpression decreases the level of the fibroblast activation
marker a-SMA (Figure 26 and 38A). This piece of data suggests that MIDORI-
overexpressing CAFs could be less activated and, thus, less secretory. This evidence,
together with the decreased expression of ECM proteins and remodelling factors that we
observed upon MIDORI overexpression (Figure 26 and 38A), could explain the reduced
invasion of cells exposed to the CAFs CM.

Concluding, we have demonstrated that MIDORI overexpression affects the cell
secretome. However, the functional effect of MIDORI-derived secretome seems to be
context-dependent. Further studies are needed to totally address the cell extrinsic effect
of MIDORI in EMT. As next step, we want to expose different cancer cell lines to MIDORI-
overexpressing cells CM during short periods (24 hours) or long periods of time (4 days
to one week). By treating during short periods, we plan to investigate rapid changes in
the activation of TGFp pathway effectors in the recipient cells. By contrast, treating the
recipient cells for longer period of time, we hope to decipher if MIDORI-derived
secretome could “educate” the cells and eventually induce long term transcriptional
changes in a cell extrinsic manner.

2.3. Effect of MIDORI deficiency in cancer, wound healing and
fibrosis

Although we have not been able to analyse the effect of MIDORI deficiency in metastasis
yet (Figure 52A-B), our in vitro data show that cancer cells isolated from the MMTV-
PyMT; MIDORI-KO mice migrate faster compared to their WT counterpart (Figure 53).
In line, MIDORI-KO mice heal faster compared to WT mice in an assay of in vivo wound
healing (Figure 54A-B). Interestingly, differences in the wound closure between WT and
MIDORI-KO mice are displayed already in the first days post-wound and then are
maintained until the wound is closed. It is known that the process of in vivo wound healing
is characterised by four different phases, which may overlap in part: the haemostasis
phase, the inflammatory phase, the proliferation phase and the maturation and
remodelling phase. In particular, after the wound stops bleeding in the haemostasis
phase, the production of proinflammatory cytokines and growth factors is induced.
Proinflammatory cytokines induce an EMT, allowing the cells at the edge of the wound
to migrate and re-establish the normal tissue architecture and the growth factors favour
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the proliferation of keratinocytes in order to reform the multiple layers of the skin (Shaw
and Martin, 2016). Thus, if the lack of MIDORI could make the cells more prone to
undergo EMT and may potentially upregulate the expression of proinflammatory
cytokines needed in the process of tissue repair, promoting a faster wound healing.
Nonetheless, some EMT-healing responses may also be deleterious, such as the
exacerbated healing responses that lead to fibrosis and scarring. This is the case of
kidney fibrosis, where kidney tubular cells undergo a partial EMT and, in a paracrine
manner, contribute significantly to fibrogenesis and inflammation (Nieto et al., 2016).
However, we did not observe significant differences either in the transcription of EMT-
related genes, proinflammatory cytokines (Figure 55B-C) or in the fibrotic tissue
deposition in our MIDORI-KO mice compared to the WT mice upon folic acid-induced
kidney injury (Figure 55D-E). On one hand, the induction of fibrosis with this protocol is
very fast and it could be worth investigating more intermediate timepoints rather than late
timepoints, when the fibrotic process already occurred and, perhaps is more difficult to
see significant differences. It is also possible that MIDORI does not participate in kidney
fibrosis; the partial EMT induced by folic acid does not provide the right signals for
MIDORI expression (i.e., the accumulation of stress in the cells undergone EMT) and,
therefore, its deficiency does not affect the fibrotic onset.

2.4. Molecular mechanisms behind the role of MIDORI in EMT

To understand the molecular mechanism underlying MIDORI’s phenotype, we performed
a MIDORI pull-down followed by mass spectrometry analysis to identify MIDORI's
interactome. Surprisingly, Gene Ontology analysis of MIDORI’s interactome showed an
enrichment in GO terms related with rRNA processing, ribosome biogenesis and
translation, as well as with ribosomal or nucleolar localisation (Figure 42C-D).
Importantly, these data could fit with MIDORI’s subcellular localisation. As shown in
Figure 16C-D, exogenously expressed MIDORI is found both in the nucleus and
cytoplasm. Additionally, Figure 23 shows endogenous MIDORI as predominantly
detected in the cytoplasm, where it displays a spheroidal pattern, like in aggregates.
Given that we did not observe any colocalisation of MIDORI either with Golgi apparatus
or lysosomes (Figure 24) and we showed that MIDORI possibly interacts with many
ribosomal proteins, we hypothesise that that MIDORI could localise in stress granules. It
is known that upon several stresses, ribosomes, normally aggregated in polysomes
during translation, are disassembled and converge in structures known as stress
granules (SGs) (Anderson and Kedersha, 2008). SGs are non-membranous foci that are
composed by 40S ribosomal subunits, translation initiation factors, poly(A)+ mRNAs and
RNA-binding proteins (RBPs). Importantly, SGs have been demonstrated to regulate
gene expression by controlling the processing, sequestering and/or degradation of
specific RNA transcripts (Decker and Parker, 2012; Mahboubi and Stochaj, 2017). Thus,
given that MIDORI expression is normally induced under stress conditions (Figure 22)
and it interacts with many proteins that are sequestered into stress granules upon stress,
it is possible that the regulation of EMT-related genes upon MIDORI overexpression
could be mediated, at least in part, in the cytosolic compartment via the formation of
stress granules. Although this an interesting hypothesis, additional studies are needed
to define if this could actually be a good model to explain MIDORI’s phenotype in EMT.
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We validated some interactors, and we mostly focused on candidates that could help
explaining the functional changes that we see upon MIDORI overexpression.

Given the role of MIDORI in inhibiting invasion and matrix degradation (Figure 28-29),
we validated ITGB1BP1 (Figure 43A). As described in Results, this protein is an inhibitor
of the Rho GTPase CDC42 by blocking its binding to GTP (Degani et al., 2002). This
way, it negatively regulates the formation of focal adhesion and, consequently, cell
spreading on the ECM and cell migration (Bouvard et al., 2003; Degani et al., 2002).
Thus, if MIDORI enhances ITGB1BP1’s function, this could affect the interaction with the
ECM, its degradation and eventually cell migration and invasion. To further study this
possibility, it would be interesting to perform CDC42 pull down studies upon MIDORI
overexpression to specifically look at its activation status.

The second validated candidate is HMGA1 (Figure 44A). This is a chromatin-associated
protein involved in the regulation of gene transcription in many cellular processes
(Cleynen and Van de Ven, 2008). Of note, HMGA1 can also be secreted, for example
upon TGFp signalling (Zhong et al., 2017), and it has been demonstrated to increase cell
invasion and breast cancer metastasis (Mendez et al., 2018). Remarkably, we found that
while HMGA1 is increased in the chromatin fraction upon MIDORI overexpression, it
decreases in the secreted fraction (Figure 44B). While the decrease in HMGA1 secretion
is in line with MIDORI’s role reducing breast cancer invasion and metastasis, further
analyses are needed to test if the increased HMGA1 bound to the chromatin has any
effect on gene expression. For instance, HMGA1 acts as an oncogene in cancer being
involved in the transcriptional regulation of genes related with proliferation, inflammation
and metastasis (Wang et al., 2019) by the formation of the “Enhanceosome” (Benecke
and Eilebrecht, 2015). Moreover, it has been recently reported that a microprotein called
SEBHP acts as a transcriptional regulator by interacting with HMGN1 and HMGN3 (Koh
et al., 2021). Therefore, since MIDORI interacts with a protein from the same family and
induces transcriptional changes upon its overexpression, it is worth investigating if
MIDORI interaction with HMGA1 could also affect its role in gene transcription, as it does
with its secretion.

Last candidate we validated is MYBBP1A, the top one in our list according to its FC and
BDFR (Figure 45A). This is a corepressor that upon stress shuttles from the nucleolus
to the nucleus where it acts inhibiting a plethora of transcription factors (Felipe-Abrio and
Carnero, 2020). Similarly to MYBBP1A'’s role in inhibiting rRNA transcription, we saw a
significant decrease in rRNAs transcription when overexpressing MIDORI upon TGFp3
treatment (Figure 45B). Furthermore, it is known that rRNA transcription is increased
during EMT (Prakash et al., 2019). Thus, MIDORI might be affecting EMT by decreasing
rRNA transcription and ribosome biogenesis via MYBBP1A. Finally, it is known that
MYBBP1A reduces NF-xB transcription activity by competing with p300 for its
acetylation, reducing in turn NF-xB acetylation (Owen et al., 2007). Importantly, we
observed a decreased acetylation of NF-xB upon MIDORI overexpression (Figure 45C).
This result, together with the decrease in cytokines expression (Figure 35A-B) upon
MIDORI overexpression, suggest that MIDORI may be acting as a negative regulator of
NF-kB through MYBBP1A. To test this hypothesis, on the one hand, we are performing
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ChIP experiments to mechanistically investigate if less acetylated NF-kB is bound at the
promoters of proinflammatory cytokines upon MIDORI overexpression. On the other
hand, we are performing pull-down experiments to determine if, upon MIDORI
overexpression, NF-«B binding to p300 is decreased. We hope that these experiments
will help us to understand the molecular mechanisms by which MIDORI regulates EMT.

2.5. Proposed model for the role of MIDORI in EMT

Summarising the data obtained in this first part, we have described MIDORI as a novel
microprotein encoded by ZEB2-AS1. Endogenous MIDORI is translated upon TGFp as
well as upon several stress stimuli (Figure 22). Importantly, MIDORI overexpression
induces the downregulation of EMT-related genes (Figure 26) and proinflammatory
cytokines (Figure 35A-B). In line with its transcriptional effect, we have demonstrated
that MIDORI-overexpressing cells migrate and invade less in vitro (Figure 28) and show
a decreased metastatic potential in vivo (Figure 47 to 49). Moreover, we have observed
that MIDORI exogenous expression inhibits the mesenchymal programme also when
cells are forced to undergo EMT by TGFp treatment (Figure 31 to 34). Indeed, we have
demonstrated that both the canonical and non-canonical branches of TGFf pathway are
less activated upon MIDORI overexpression (Figure 37). Mechanistically, we have
validated three interactors that could help explaining at the molecular level MIDORI's
phenotype in EMT at the molecular level (Figure 43 to 45). Especially, the transcriptional
repressor role of MYBBP1A could represent the missing link explaining the negative
regulation of EMT-related genes and proinflammatory cytokines upon MIDORI
overexpression.

Based on the evidence we have so far, we propose a working model in which MIDORI
is translated in mesenchymal cells or cells undergoing EMT as a response to the stress
induced by the EMT (i.e., ER stress). Once translated, MIDORI acts as a negative
regulator of the pathway, decreasing the activation of SMAD, MAPK and NF-xB
branches of TGF3 pathway and, in turn, decreasing the expression of EMT-related genes
promoting a MET. Thus, MIDORI acts upstream of ZEB2-AS1 in a negative feedback
loop that regulates TGFp pathway to revert EMT (Figure 72).

Importantly, as described in Section 3.2.2 of the Introduction, even though EMT is
required for cancer metastasis (Ye and Weinberg, 2015), invasive tumour cells need to
undergo a MET in order to colonise distal organs (Ocana et al., 2012; Padmanaban et
al., 2019). Moreover, compelling evidences in the literature demonstrate that cells
acquiring a partial-EMT state are the ones crucial for metastatic colonisation, and the
acquisition of a full mesenchymal phenotype is dispensable for the metastatic process
but provides resistance to therapy (Fischer et al., 2015; Luond et al., 2021). In this
scenario, MIDORI might be a new player with different functions through the metastasis
process. Although we have described that MIDORI impairs metastasis when
overexpressed from the establishment of the primary tumour, it could also represent a
mechanism exploited by cancer cells to revert the EMT, or induce a partial-EMT state,
thus promoting metastasis outgrowth. Indeed, it is known that invading cells experience
several environmental stresses during their metastatic journey (i.e., oxidative stress and
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ER stress) (Senft and Ronai, 2016; Tasdogan et al., 2020). Therefore, MIDORI might be
expressed under stress conditions in tumour circulating cells (CTCs) and favour distal
organs colonisation. In agreement with this hypothesis, the fact that ZEB2-AS1
expression is a negative prognostic marker for metastasis free survival might be due to
the dual role of the IncRNA and its encoded microprotein in the EMT-MET process. As
a next step, we are planning to assess MIDORI protein expression by
immunohistochemistry in patients samples at different times of the metastatic disease.
Concluding, we have described a new regulator of epithelial-mesenchymal plasticity.
Although MIDORI function in cancer might be controversial and exploited in different
ways depending on the stages of the disease, this discovery may open the avenue for
new diagnostic or therapeutic interventions in cancer.
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Figure 72. Proposed working model of MIDORI role in EMT. (A) MIDORI is translated
downstream TGF in cells undergoing EMT as a response to various stress stimuli (i.e., ER
stress). Once translated, MIDORI acts as a negative regulator of the EMT programme, in a
negative feedback loop that regulates TGFB pathway upstream of ZEB2-AS1. (B) MIDORI
decreases the activation of SMAD, MAPK and NF-xB branches of TGFp pathway in a negative
feedback loop that in turn downregulates EMT-related genes and cytokines.

3. Functional characterisation of MIDORI in cellular
reprogramming

3.1. Endogenous MIDORI is expressed at the early stages of
reprogramming

It is well established that a MET at the early stages of reprogramming is crucial for a
successful reprogramming to iPSCs (Li et al., 2010; Liu et al., 2013). Moreover, it is
known that Zeb20s acts as a barrier for cellular reprogramming (Bernardes de Jesus et
al., 2018). Given that MIDORI has an opposite role compared to its IncRNA Zeb20s, we
investigated if this applies to reprogramming too.

Firstly, we observed that MIDORI is upregulated at the early stages of reprogramming at
the mRNA and protein levels (Figure 56B-C). Importantly, while Zeb20s expression
peaks at day 2 and after decays (in line with the required EMT shutdown for
reprogramming progression), MIDORI expression is shifted and retained longer (Figure
56C). This expression pattern is consistent with a direct involvement of MIDORI in the
MET process that takes place during reprogramming, after Zeb2os downregulation.
Furthermore, we already showed that MIDORI is translated upon stress (Figure 22B-C),
and the expression of the OSKM during reprogramming is known to induce genotoxic
stress (Gonzalez et al., 2013; Mosteiro et al., 2016). Thus, it might be that MIDORI is
translated upon OSKM-induced stress and, once translated, might favours a MET in
reprogramming cells.

3.2. MIDORI cell intrinsic effect in reprogramming

By reprogramming MIDORI-overexpressing MEFs we found that MIDORI ectopic
expression significantly increases the reprogramming efficiency (Figure 57), further
confirming its role as a negative regulator of EMT. Next, to address whether MIDORI is
required during cellular reprogramming, we reprogrammed WT and MIDORI-KO MEFs.
Consistent with our previous results, we observed that MIDORI deficiency delays the
appearance of iPSC colonies (Figure 59A) and significantly decreases the
reprogramming efficiency (Figure 59B-C). Thus, MIDORI seems to be required for a
successful reprogramming. In addition, we demonstrated that MIDORI exogenous
expression is sufficient to rescue the phenotype of MIDORI-KO MEFs (Figure 61A-B).

By analysing the transcriptional profile of WT and MIDORI-KO MEFs during cellular
reprogramming, we noticed that the expression of EMT-related genes is dysregulated in
MIDORI-KO MEFs, which expressed Snail, Slug and Tgf$31 at substantially high levels
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when they are clearly down in the controls (Figure 62A). Our results are consistent with
previous literature, in which it is reported that the EMT programme needs to be shut
down to proceed with the reprogramming process (Li et al., 2010; Liu et al., 2013).
Therefore, MIDORI deficiency might impair the downregulation of the EMT programme
and, hence, leads to a lower reprogramming efficiency. Of note, we showed that MIDORI
endogenous expression starts on day 2, peaks on day 4, and starts to decrease on day
6 of reprogramming (Figure 56C). Indeed, we saw the highest transcriptional differences
between WT and MIDORI-KO on day 6 (Figure 62A), suggesting that MIDORI could be
acting between days 4 and 6 and that its deficiency results in EMT-genes dysregulation
in that time window.

Unexpectedly, we also detected that MIDORI-KO MEFs express significantly higher
levels of the tumour suppressor genes p19"" and p16™%*® at the intermediate phase of
the reprogramming process (from day 6 to day 10) (Figure 62B). These genes represent
one of the most important barriers for in vitro reprogramming in a cell-autonomous
manner by triggering senescence (Li et al., 2009), and, consistent with this, we observed
a decreased reprogramming efficiency in our MIDORI-KO MEFs. Therefore, we
wondered whether MIDORI deficiency could sensitise the cells to undergo senescence.
Indeed, we observed that MIDORI loss-of-function increases SA-B-Gal activity in basal
conditions and upon Palbociclib treatment (Figure 63A-B), whereas MIDORI
overexpression seems to slightly decrease the number of SA-B-Gal positive cells upon
Palbociclib treatment (Figure 63B). These evidences pointed to a possible role of
MIDORI in regulating cellular senescence. We then studied the induction of cellular
senescence during reprogramming and observed that MIDORI-KO MEFs accumulate
more SA-B-Gal positive cells than WT and MIDORI-overexpressing cells (Figure 64A-B).
Of note, MIDORI overexpression, both in WT and MIDORI-KO cells, seems to prevent
senescence induction (Figure 64B).

Concluding, these data show that the decreased reprogramming efficiency in MIDORI-
KO MEFs is in part due to an increase in the induction of senescence, which acts as an
intrinsic barrier preventing reprogramming. Therefore, MIDORI seems to play a dual role
in reprogramming: controlling both EMT and cellular senescence. Particularly, since
MIDORI is expressed in response to stress, it might be that MIDORI deficient MEFs are
not able to cope with the stress induced by the OSKM factors and enter in senescence.
While MIDORI expression during the reprogramming process may ensure the
progression through MET, MIDORI-KO MEFs, which lacks this mechanism, could
undergo senescence as an alternative response to damage.

3.3. MIDORI cell extrinsic effect in reprogramming

We then addressed MIDORI’s cell extrinsic effect in reprogramming by using the CM
collected from MIDORI-overexpressing cells. Surprisingly, we saw that MIDORI-
overexpressing cells CM improves reprogramming in a non-cell autonomous manner
(Figure 58). In agreement, MIDORI deficiency seems to affect reprogramming efficiency
also in a cell extrinsic manner (Figure 60). In addition, we demonstrated that MIDORI
exogenous expression in MIDORI-KO MEFs is sufficient to rescue the phenotype (Figure
61C-D). Therefore, as we already demonstrated in the context of cancer cells, MIDORI
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could also act in a cell extrinsic manner by modifying the cell secretome, hence impacting
on cellular reprogramming. In fact, it is known that microenvironment signals are
extremely important in order for reprogramming to occur. On the one hand, as we
described in the Introduction, different cytokines can have opposite effects in
reprogramming both in vitro and in vivo. For instance, IL-6 has been described as a
promoter of reprogramming both in the in vitro and in the in vivo condition (Brady et al.,
2013; Chiche et al., 2017; Mosteiro et al., 2016; Mosteiro et al., 2018), while the members
of TGFp family and TNFa are known to inhibit reprogramming in vitro (Li et al., 2010; Liu
et al.,, 2013; Mahmoudi et al., 2019). On the other hand, a large spectrum of small
molecules has been identified during the last decades in the attempt to improve the
process of reprogramming or even replace the OSKM factors. As an example, Vitamin
C improves reprogramming by enhancing the activity of Tet enzymes and others
epigenetic modifiers, while valproic acid or butyrate favours reprogramming through the
inhibition of histone deacetylases (HDACSs) activity (Su et al., 2013). Moreover, recently
it has been demonstrated that mouse and human cells can be reprogrammed to
pluripotency by using a defined cocktail of small molecules, a process known as chemical
reprogramming (Guan et al., 2022; Hou et al., 2013). Thus, identifying new molecules
important for reprogramming might help our understanding of the molecular bases of this
process and getting rid of the detrimental effects associated with the use of the OSKM
as reprogramming factors.

To identify the factors enriched or depleted in MIDORI-derived secretome, we analysed
the CM from MIDORI-overexpressing cells by mass spectrometry (Figure 65).
Importantly, we found that TGFB3, a member of the TGFf family, is downregulated in
our MIDORI-overexpressing cells CM. Given the negative effect of TGFpB family
members in cellular reprogramming (Li et al., 2010; Liu et al., 2013), the reduced
secretion of TGFB3 could in part explain the enhanced reprogramming.

Although we demonstrated that MIDORI deficiency sensitises MEFs to undergo
senescence (Figure 63-64) and the SASP is critical for reprogramming, MIDORI-KO
cells-derived secretome (and eventually their SASP) does not seem to induce
reprogramming, in fact it impairs reprogramming (Figure 60). Importantly, we observed
that MIDORI-KO MEFs express high levels of TNFa at basal levels, and high levels of
TGFp during the reprogramming process (Figure 62A and C). Although they are both
components of the SASP (Coppe et al., 2010), TNFa is known to have a detrimental
effect on reprogramming (Mahmoudi et al., 2019), as well as TGFp (Li et al., 2010; Liu
et al., 2013). Thus, even though MIDORI-KO cells are more prone to undergo
senescence, the particular composition of their SASP could lead to a decrease in
reprogramming efficiency. To further explore this hypothesis, we are currently performing
a thorough analysis of WT and MIDORI-KO CM by cytokine arrays.

3.4. In vivo reprogramming of MIDORI-KO mice

Finally, we studied the effect of MIDORI deficiency during in vivo reprogramming. By
using two different reprogramming protocols we observed that MIDORI-KO mice die
faster due to teratomas (Figure 69B) and display more dysplasia in the reprogrammed
pancreas (Figure 70A-B). These data, together with an increased number of proliferating
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cells in the dysplastic areas of the pancreas (Figure 70A and C), suggest that MIDORI
deficiency increases in vivo reprogramming.

As we observed that MIDORI-KO MEFs are prone to undergo senescence upon OSKM
induction (Figure 64), we looked at p21°'! expression in our reprogrammed pancreata.
We found an increase in p21°"" positive cells in the pancreas of MIDORI-KO mice,
suggestive of more senescent cells (Figure 71A-B).

It is known that senescent cells provide critical paracrine signals for in vivo
reprogramming (Mosteiro et al., 2016). In fact, if cells cannot undergo senescence, for
instance in a p16™“3/p19°RF knock-out mice, in vivo reprogramming is impaired
(Mosteiro et al., 2016). Indeed, MIDORI-KO mice seem to behave in the opposite way to
p16™%43/p194RF _.KO mice. While p16™¢*?/p19°RF_.KO MEFs reprogramme better in vitro
because they overcome the senescence barrier, p16™€*3/p192RF _.KO mice display an
impaired reprogramming in vivo because of the lack of paracrine factors secreted by
senescent cells (OSKM does not induce senescence in p16™K*/p19~RF.KO mice). In the
case of MIDORI, its deficiency triggers the onset of cellular senescence upon OSKM that
impairs reprogramming in vitro (acting as a cell intrinsic barrier) but promotes
reprograming in vivo, thus, the improved reprogramming efficiency in vivo probably
through the SASP.

Our data show that the secretome of MIDORI-KO MEFs does not enhance in vitro
reprogramming (Figure 60). Although this last piece of data does not fit with the reported
effect of SASP in reprogramming (Mosteiro et al., 2016), it is important to highlight that
the SASP composition could be different in vitro and in vivo, or have different effects. For
example, while the role of TGFB/TNFa in in vitro reprogramming is well established,
nothing is known about their role in in vivo reprogramming. Therefore, it is possible that
MIDORI-KO-induced secretome is detrimental for in vitro reprogramming but could
provide the right signals for in vivo reprogramming.

Finally, although EMT is known to be detrimental for in vitro reprogramming, there is no
report exploring its role during in vivo reprogramming. In future experiments we will
analyse the EMT-MET dynamics during in vivo reprogramming, hopefully shedding some
light in the black box of the mechanisms of in vivo reprogramming.

3.5. Final considerations and proposed model for the role of
MIDORI in cellular reprogramming

Concluding, we have firstly demonstrated that MIDORI is endogenously expressed at
the early stages of reprogramming (Figure 56C). Of note, this is in line with our previous
findings, in which we observed that MIDORI is upregulated upon damage. Our findings
have shown that MIDORI overexpression significantly enhances in vitro cellular
reprogramming in a cell intrinsic manner (Figure 57) and in a cell extrinsic manner
(Figure 58). Importantly, by analysing MIDORI-related secretome, we have found that it
is reduced in TGFB3 (Figure 65), a cytokine known to impair reprogramming, thus
providing a possible explanation for MIDORI cell extrinsic effect. In agreement, we have
shown that MIDORI deficiency impairs reprogramming in vitro (Figure 59-60). MIDORI
deficiency dysregulates EMT genes dynamics (Figure 62A) and sensitises the cells to
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undergo senescence (Figure 63-64), hence impeding reprogramming in a cell intrinsic
manner. On the other hand, MIDORI-deficient cells express higher level of TGF and
TNFa cytokines compared to WT cells (Figure 62A and C), which could be affecting
reprogramming in a non-cell autonomous manner.

Based on our results, we propose a model in which MIDORI is upregulated by the stress-
induced by OSKM. MIDORI expression induces a MET programme, necessary for cells
in order to acquire pluripotency. At the same time, cells overexpressing MIDORI produce
secreted factors that promotes reprogramming in a non-cell autonomous manner (Figure
73).

In the absence of MIDORI, the cells cannot activate the MET and cannot proceed further
in the reprogramming process. Although this is yet to be confirmed, our hypothesis is
that this may force them to enter senescence as a response to the continuous stress of
the OSKM expression. Even if senescence has been described to be beneficial for
reprogramming in a non-cell-autonomous manner, MIDORI-deficient cells may produce
a pool of secreted factors that is not beneficial for cellular reprogramming (Figure 74).
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Figure 73. Proposed working model of MIDORI role in reprogramming. MIDORI is
upregulated upon OSKM induction during reprogramming. MIDORI expression in a cell-
autonomous manner promotes the activation of MET programme, necessary for cells in order to
acquire pluripotency. On the other hand, cells overexpressing MIDORI produce secreted factors
that help cells during the reprogramming process in a non-cell autonomous manner.
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Figure 74. Proposed model of MIDORI deficiency in reprogramming. When MIDORI is lost,
the cells cannot activate MET and dysregulate EMT genes instead. This missed activation of the
MET programme does not allow the cells to proceed further in the reprogramming process and
may force them to enter senescence as a response to the continuous stress of the OSKM
expression. In a cell extrinsic manner, MIDORI-deficient cells may produce a dysfunctional pool
of secreted factors that also decreases reprogramming in a paracrine way.

In conclusion, microproteins have emerged as novel class of molecular regulators with
important roles in different biological processes, including cancer. In this study, we have
identified MIDORI, a novel microprotein encoded by a gene annotated as non-coding
which acts as a negative regulator of the epithelial to mesenchymal transition.

Our results increase the body of knowledge on the molecular mechanisms behind
cellular plasticity adding a new molecular player, MIDORI. From a more general point of
view, our results have uncovered that the microproteome regulates the EMP process,
and could hide important players with important implications in regenerative medicine
and cancer.
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Conclusions

10.

11.

. ZEB2-AS1 IncRNA contains a sORF that encondes an evolutionary conserved

microprotein that we have named MIDORI.

MIDORI expression is upregulated upon damage and TGFp signalling and it localises

both in the nucleus and the cytoplasm.

MIDORI overexpression downregulates the mesenchymal programme in primary
fibroblasts and several cancer cell lines, and blocks the induction of EMT. In breast
cancer cells, MIDORI reduces the secretion of proinflammatory cytokines, and

reduces cell migration and invasion.
MIDORI impairs metastatic colonisation of breast cancer cells in vivo.
MIDORI deficiency significantly increases wound healing in vivo.

Mechanistically, MIDORI acts upstream of ZEB2-AS1 decreasing the activation of
the TGFB pathway effectors SMAD2, ERK1/2 and NF-«xB. The analysis of its
interactome revealed that MIDORI interacts with ITGB1BP1, HMGA1 and
MYBBP1A.

MIDORI is transiently expressed at the early stages of cellular reprogramming from
MEFs to iPSCs. Its overexpression increases the efficiency of reprogramming, and

its deficiency severely impairs the process.

The conditioned medium of MIDORI-overexpressing MEFs promotes cellular

reprogramming, probably via decreased TGFb3 in the CM.

MIDORI-deficient MEFs display dysregulated EMT transcriptional dynamics and
increased expression of the tumour suppressors p719"" and p16™% during

reprogramming.

MIDORI-deficiency sensitises MEFs to undergo senescence while MIDORI

overexpression impairs the induction of senescence by OSKM.

MIDORI deficiency increases cellular reprogramming in vivo.
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Recent findings have revealed that many genomic regions previously annotated as non-protein coding actually
contain small open reading frames, smaller that 300 bp, that are transcribed and translated into evolutionary
conserved microproteins. To date, only a small subset of them have been functionally characterized, but they
play key functions in fundamental processes such as DNA repair, RNA processing and metabolism regulation.
This emergent field seems to hide a new category of molecular regulators with clinical potential. In this review,
we focus on its relevance for cancer. Following Hanahan and Weinberg's classification of the hallmarks of cancer,
we provide an overview of those microproteins known to be implicated in cancer or those that, based on their
function, are likely to play a role in cancer. The resulting picture is that while we are at the very early times of

this field, it holds the promise to provide crucial information to understand cancer biology.

1. Introduction

Recent advances coming from computational analyses, peptidomics
and ribosome profiling have revealed that our proteome includes a new
class of small proteins produced by the translation of small open
reading frames shorter than 300 bp in length, generating proteins that
have been called microproteins (also known as micropeptides or SEPs,
from small ORF-encoded peptides) [1,2]. The main reason why mi-
croproteins have been overlooked till recently is that most ORF-pre-
diction algorithms -including the one used by FANTOM annotation
consortium- placed an arbitrary cut off of 300 bp, missing the proteins
below 100 amino acids [3,4]. Although nomenclature has been incon-
sistent in the field, based on their location, the ORFs encoding micro-
proteins can been classified as 1) small ORFs, “sORFs”, when they are
located in assumed non-coding transcripts such as IncRNAs, miRNAs
and circRNAs, or 2) “alt-ORFs”, when they are inside annotated coding
genes starting from alternative start codons. Alt-ORFs can be located in
the UTRs (typically called "uORFs" when they are in the 5'UTR) or
overlapping the reference coding sequence. In this review, we focus on
the microproteins derived from sORFs. Although only a subset of them
have been functionally characterized, growing evidences demonstrate
that microproteins are indeed active proteins playing important func-
tions in a plethora of processes including RNA processing, DNA repair,
metabolism regulation and regeneration [5-9]. Microproteins might be
particularly well suited to fine-tune complex processes as regulation of
enzyme activity, intracellular signal transduction and cell surface
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signaling, but extensive research in the field is needed to decipher ad-
ditional functions of the microproteome [1]. These findings open a new
category of molecular regulators with implications from basic research
to the clinical setting.

Cancer is a complex and multistep disease in which normal cells,
through the succession of several genetic and epigenetic events acquire
the capacity to grow, invade adjacent tissues, disseminate and ulti-
mately colonize distant organs. Although the specific mechanisms that
allow neoplastic transformation and metastasis may vary between dif-
ferent cancer types, there are common regulatory circuits that collec-
tively govern carcinogenesis. In 2000, Hanahan and Weinberg pub-
lished a seminal paper in which they postulated six capabilities shared
by most human tumors [10], which was revisited in 2011 to finally
include eight hallmarks of cancer: sustained proliferative signaling,
evasion of growth suppressors, resistance to cell death, replicative im-
mortality, induction of angiogenesis, activation of invasion and me-
tastasis, reprogramming of energy metabolism and the evasion of im-
mune destruction (Fig. 1) [10]. Moreover, they proposed two enabling
characteristics that represent the mechanisms by which the hallmarks
of cancer are acquired: genome instability and the inflammatory state
of premalignant lesions (Fig. 1). Although in the last decades we have
witnessed a great advance in molecular oncology, we are still far from
fully understanding how the hallmarks of cancer are acquired and
maintained to sustain tumors. The new information emerging from the
study of microproteins suggests that they constitute an important
source of cancer regulators implicated in multiple hallmarks of cancer.
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Fig. 1. Microproteins as novel regulators of the
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1.1. Sustaining proliferation signals

In physiologic conditions, mitogenic signals are strictly controlled to
ensure the maintenance of normal tissue architecture and homeostasis.
By contrast, cancer cells are mitogenically overstimulated. Such mito-
genic hyperactivity can be achieved in several ways: First, neoplastic
cells can produce their own growth-promoting signals in an autocrine
manner or, alternatively, produce paracrine factors that stimulate the
release of mitogens by neighbor stromal cells. Second, specific somatic
mutations can trigger constitutive activation of growth factor receptors
or its downstream components, converting those elements of the sig-
naling cascades in “bona fide oncogenes”. Recent studies have shown
the importance of some microproteins regulating mitogenic signaling.
The first SORF described with oncogenic activity has been Cancer-
Associated Small Integral Membrane Open reading frame 1 (CASIMO1).
CASIMOL1 is expressed in hormone-dependent breast cancer during all
stages of malignancy, and its deficiency reduces cell proliferation in
several breast cancer cell lines [11]. CASIMO1 interacts with squalene
epoxidase (SQLE), an oncogene that promotes ERK phosphorylation
and MAPK pathway activation [12]. Remarkably, CASIMO1 deficiency
reduces ERK phosphorylation while exogenous overexpression of SQLE
is sufficient to rescue the loss of CASIMO1, suggesting that CASIMO1
might be modulating ERK activation via SQLE interaction [11]. These
observations are in line with a role of CASIMO1 as an oncogene, acting
as a positive regulator of MAPK cascade in breast cancer cells. More
recently, another microprotein has been proposed to act as a positive
regulator of the Hippo-Yap pathway in colon cancer. CircPPP1R12A-
73aa is a microprotein encoded by CircPPP1R12A, the most abundant
circular RNA (circRNA) in colon cancer, and its overexpression leads to
increased cell proliferation [13]. CircPPP1R12A-73aa induces the
transcriptional upregulation of Hippo-Yap pathway components and
increases YAP1 protein levels, suggesting a possible role of Cir-
cPPP1R12A-73aa as an activator of the Hippo pathway [13]. Although
CircPPP1R12A-73aa’s mechanism of action needs to be further studied,
together with CASIMO1 exemplify the relevance of sORFs regulating
mitogenic signals, and how they can be exploited by cancer cells to
sustain their proliferation needs.

1.2. Evading growth suppressors

In homeostasis, powerful signaling programs block the proliferation
of damaged or potentially malignant cells. Signals that activate growth
suppression are integrated by the cell in a highly complex manner to
decide whether to halt cell-cycle progression, activate apoptotic pro-
grams or enter senescence [14,15]. These signaling programs are
mainly governed by tumor suppressor proteins and, for neoplastic
transformation to occur, these tumor-suppressing mechanisms need to
be inactivated [16-18]. Thus, a good understanding of tumor sup-
pression pathways is crucial and might reveal novel therapeutic options
in cancer. In this regard, the sORF-encoded proteome can provide new
insights on the biology of tumor suppression mechanisms and could
represent a novel source of therapeutic agents. Several microproteins
have already been shown to play a role in regulating tumor suppression
mechanisms through different ways. The LINC-PINT gene was already
reported to produce a IncRNA regulated by p53 [19], but in its circular
form, it contains a sORF that encodes an 87-amino acid microprotein.
This microprotein, PINT-87aa, suppresses tumorigenic capabilities of
glioblastoma cell lines in vitro including cell proliferation, self-renewal
and anchorage independent growth, and its deficiency results in in-
creased tumor burden in vivo. The authors showed that this micro-
protein interacts with the polymerase associated factor (PAF1) com-
plex, essential for RNA II polymerase binding and transcription
elongation [20]. The interaction of PINT-87aa with PAF1 pauses RNA II
polymerase at specific oncogene promoters -such as Cyclin D1, CPEB1,
¢-MYC and SOX2-impairing their transcription [21].

Although it is bigger than 100 amino acids, and therefore strictly
not generated from a sORF, another interesting example of the coding
potential of circ-RNAs is SHPRH-146aa. SHPRH is an E3-ubiquitin li-
gase that promotes the degradation of PCNA (Proliferating Cell Nuclear
Antigen), impeding cell cycle progression through S-phase. Recently,
Zhang and colleagues have revealed a circular RNA derived from the
SHPRH primary transcript that codes for SHPRH-146aa. SHPRH-146aa
stabilizes SHRPH by preventing its degradation, and thereby promoting
the ubiquitination of PCNA. Accordingly, the overexpression of SHPRH-
146aa reduces the proliferation of glioma cell lines in vitro and in vivo
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[22]. Importantly, both microproteins, SHPRH-146aa and PINT-87aa
are silenced or downregulated in glioblastoma [19][22], further sup-
porting their tumor suppressor potential and opening the possibility of
using these small proteins as therapeutic agents.

More recently, the Y-chromosome-linked IncRNA LINC00278 has
been shown to encode YY1BM, a microprotein with tumor suppressor
activity in esophageal squamous cell carcinoma (ESCC). This micro-
protein induces apoptosis through the androgen receptor pathway
under nutrient deprivation. Interestingly, YY1BM is downregulated by
cigarette smoking in human males with ESCC, increasing the survival of
cancer cells under nutrient deprivation. Moreover, intratumoral injec-
tion of the purified microprotein showed a therapeutic effect in xeno-
graft models, suggesting its potential as a tumor suppressor agent [23].

Last, it is worth to mention that some identified microproteins, like
NoBody, have not been directly linked with cancer but they regulate
fundamental processes that can impact on cancer cells, such as mRNA
decay [5]. Nonsense Mediated Decay is a complex process that can be
exploited by cancer cells to degrade the mRNA of tumor suppressor
genes. On the other hand, it can also be used as a therapeutic inter-
vention to target oncogene-encoding mRNAs [24]. Thus, the role of this
microprotein (and many others) as an oncogene or as a tumor sup-
pressor might be highly tumor specific and dependent on the cellular
context.

1.3. Resisting cell death

Regulation of the balance between cell death and survival is critical
for maintaining tissue homeostasis. The induction of programmed cell
death by apoptosis is a natural barrier for neoplastic transformation
[25]. Signals that activate apoptosis are sensed and integrated, among
others, by the pro- and anti-apoptotic proteins of the Bcl-2 family. Anti-
apoptotic members of the family (Bcl-2, Bcl-x;, Bel-w, Mcll, Al) in-
teract with pro-apoptotic proteins Bax and Bak, suppressing their
function. Upon certain pro-apoptotic stimuli, this interaction is broken
allowing Bax and Bak to disrupt mitochondrial membrane, which re-
leases cytochrome c to the cytosol, activating in turn the caspases
cascade that ultimately disassembles the cell [26]. Interestingly, certain
sORFs appear to be important fine-tuning regulators of this process. The
microprotein Humanin (HN) is encoded by a sORF in the mitochondrial
16s ribosomal RNA gene, although a nuclear origin of this microprotein
has not been ruled out yet due to the presence of similar ORFs in the
nuclear genome [27]. HN was first described as a neuroprotective agent
in Alzheimer disease [28]. Further studies have shown that its cyto-
protective activity is, at least in part, due to its ability to block apoptosis
through direct interaction with Bax [29] or by binding and inhibiting
the Bax activator BimEL [30]. Regarding cancer, HN is expressed in
gastric and bladder cancer and induces chemotherapy resistance [31].
On the other hand, the cytoprotective activity of HN could be beneficial
for normal tissues, given that HN also reduces the side-effects of che-
motherapy in non-cancer cells [31]. Further studies are needed to
clarify the potential role of HN in the clinical setting.

Together with apoptotic suppression, cancer cells activate cell sur-
vival mechanisms to avoid cell death. mTOR is a serine/threonine ki-
nase that integrates multiple environmental cues, and it is activated to
promote cell growth and survival in favorable conditions [32]. Hyper-
activation of mTOR has been reported in more than 70% of cancers
[33] and, therefore, mTOR inhibition is an approach currently used in
anti-cancer therapies. SPAR is a IncRNA-encoded microprotein that
inhibits mTORCI1 by its interaction with the lysosomal v-ATPase. De-
pletion of SPAR in vivo has been shown to improve muscle regeneration
through higher mTORC1 activity [34]. Among the multiple mechan-
isms that regulate mTORC1, SPAR appears to reduce the amino-acid
sensing route of mTORC1 activation. Although it has not been tested,
SPAR expression could have anti-tumor properties in specific cancer
types where mTORC1 activation occurs through amino-acid sensing
pathways, as it is the case of some lymphomas [35].
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On the other hand, the activation of the cellular stress response is an
essential mechanism that helps healthy cells to cope with stress and
damage, and it is co-opted by malignant cells to thrive in highly adverse
conditions and avoid cell death. Accordingly, Unfolded Protein
Response (UPR) and endoplasmic reticulum (ER)-stress response have
been reported to be upregulated in many cancers, helping them to deal
with high protein synthesis demands while protecting them from stress-
induced cell death [36,37]. These pro-survival responses are highly
dependent on cytosolic Ca>* concentration and the ER is the main
responsible of intracellular Ca2* storage [38]. MYOREGULIN (MLN),
encoded by a previously annotated long non-coding RNA works as an
inhibitor of the Ca?™ ATPase pump SERCA [39]. Inhibition of SERCA
activity increases cytosolic Ca®>* concentration, sensitizing cells to cell
death. For this reason, SERCA inhibition is being tested as a potential
therapy in tumors with hyperactivation of Ca?* channeling activity
[40]. Even though MLN has not been related with cancer so far and in
homeostasis its expression is restricted to skeletal muscle, several
SERCA-inhibitory microproteins have been reported to control Ca®*
signaling in a tissue specific manner [41] and their expression might be
useful to tackle cancers with high SERCA activity.

Finally, PIGBOS is a novel microprotein encoded by an antisense of
the PIGB gene. This microprotein localizes in the mitochondrial outer
membrane interacting with the ER through the CLCC1 protein.
Downregulation of PIGBOS induces apoptosis by increasing sensitivity
to chemically-induced UPR [42]. Whereas the molecular mechanism of
PIGBOS function has not been described yet, it is reasonable to think
that its inhibition in cancer cells may have therapeutic potential by
sensitizing cells to UPR and forcing them to enter apoptosis.

1.4. Activation of invasion and metastasis

Carcinomas are tumors that arise from epithelial tissues. The pro-
gression from localized tumor to invasive carcinoma and distal metas-
tasis requires changes in cell morphology and in cell-cell and cell-ex-
tracellular matrix (ECM) attachment. The “epithelial-to-mesenchymal
transition” (EMT) is a cellular program involved in embryonic mor-
phogenesis and wound healing. Cancer cells can also activate the EMT
program to acquire the invasive phenotype needed for metastatic
spread [43]. Biological traits acquired during EMT include the loss of
adherent junctions, the acquisition of spindle/fibroblastic morphology,
the expression of matrix-degradation enzymes, increased motility and
resistance to apoptosis. Importantly, while EMT is needed for metas-
tasis, it must be reversed to colonize a new organ through a process
known as “mesenchymal-to-epithelial transition” (MET) [43]. Of note,
it has been recently proposed that cancer cells may acquire a “plastic-
hybrid state” or a “partial EMT” state. According to this vision, cancer
cells acquire mesenchymal features while continuing to express epi-
thelial traits, resulting in a selective advantage during the metastatic
process [44].

Many non-coding RNAs have been shown to regulate EMT, high-
lighting the importance of miR-200a and miR-200b as key negative
EMT regulators, which are usually epigenetically repressed in cancer
cells [45]. Of note, a recent study has identified two potential micro-
proteins encoded by the miR-200a and miR-200b pri-miRNAs, the
precursor transcripts of the miRNAs, which have been named miPEP-
200a and miPEP-200b. The expression of these sORFs seems to be as-
sociated with a decreased migration in wound healing assay and with
diminished expression of the mesenchymal marker Vimentin [46].
More recently, the IncRNA ZFAS1 has been shown to translate a mi-
croprotein that is proposed to promote cell migration by elevating in-
tracellular reactive oxygen species (ROS) production [47]. Additionally,
the microprotein CircPPP1R12A-73aa (described above) increases
cancer cell migration and invasion in vitro and metastasis development
in vivo [13], possibly reflecting the activation of EMT by the Hippo-Yap
pathway [48,49].

Finally, recent evidences suggest that cell-to-cell fusion events,



1. Merino-Valverde, et al.

especially between cancer cells and immune cells, could contribute to
the acquisition of metastatic behaviors [50]. Importantly, micro-
proteins can regulate cell fusion, as it has been shown for MYOMIXER,
an 84-amino acid peptide necessary for heterotypic fibroblast-myoblast
fusion [51]. Although speculative, it is possible that there are non-
identified microproteins playing important functions in metastasis by
regulating cell fusion. Although more investigations are needed to have
a complete picture, all together these discoveries point to the micro-
proteome as a source of regulators of cancer invasion and metastasis.

1.5. Deregulating cellular energetics

Another important feature of cancer cells is that they reprogram
their metabolism in different ways to comply with their highly de-
manding energetic needs. One of these strategies is to rely on glycolysis
rather than on oxidative phosphorylation (OXPHOS) as their primary
energy production mechanism, even in the presence of oxygen [52].
The process of metabolic reprogramming results from a complex reg-
ulation between mitochondrial genes, tumor suppressors and oncogenic
pathways and its targeting is currently being tested as a therapeutic
strategy [53]. Importantly, microproteins have emerged as important
regulators of this process with potential clinical implications. The
IncRNA HOXB-AS3 has been shown to produce a 53-amino acid mi-
croprotein involved in RNA splicing. Huang and collaborators showed
that HOXB-AS3 is downregulated in colorectal cancer cells, which
changes the splicing of Pyruvate Kinase M (PKM) pre-mRNA to re-ex-
press the embryonic isoform PKM2, that favors glycolytic activity. By
contrast, expression of HOXB-AS3 peptide favors the expression of the
adult isoform (PKM1), that promotes oxidative phosphorylation. Col-
lectively, they demonstrate that overexpression of HOXB-AS3 peptide
in colorectal cancer cell lines attenuates their oncogenic capacity by
altering their use of glucose metabolism [6]. Other microproteins have
also been described to play a role in metabolic regulation, although
their role in cancer is yet to be investigated. Specifically, MITOREGU-
LIN (also called MOXI or MPM) is a 56-amino acid microprotein en-
coded by LINC00116, a muscle-enriched IncRNA. The function of this
protein has been proposed to rely on its interaction with different inner
mitochondrial proteins, increasing respiratory efficiency through the
stabilization of supercomplexes in the electron transport chain [54,55]
and promoting long-chain fatty acid R-oxidation [56]. It would be of
interest to study the role of this microprotein in cancer cell metabolism.
Finally, the mitochondrial genome also plays a role in metabolic ac-
tivity and, despite its small size, it has been described to contain several
sORFs, like the one encoding for MOTS-c (mitochondrial open reading
frame of the 12s rRNA-c). In vitro, MOTS-c increases glucose uptake,
glycolytic activity and AMPK activation, while reducing oxygen con-
sumption rate. Accordingly, MOTS-c improves metabolic parameters
associated with obesity in vivo [57]. Given that MOTS-c favors a gly-
colytic program and activates AMPK, it might be beneficial for cancer
cells, which would be interesting to be addressed in the future.

1.6. Enabling characteristic: genomic instability and mutations

As proposed by Hanahan and Weinberg [10], accumulation of
genomic alterations during carcinogenesis is an event that enables the
acquisition of the core hallmarks discussed above. Tumor progression
can be seen as a succession of clonal expansions: mutations are ran-
domly accumulated in the pool of cancer cells and, eventually, ad-
vantaged genotypes enabling cell survival and growth are selected
under the pressure of environmental stimuli. Due to the adaptive ad-
vantage that a high mutational rate confers to cancer cells, the com-
ponents of the genomic maintenance machinery are often affected in
neoplasia. Typically, the accumulation of mutations can be accelerated
by defects in the sensors of DNA damage, in components of DNA repair
machinery and/or in effectors that force damaged cells to enter senes-
cence or apoptosis [58]. Thus, microproteins involved in the
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maintenance of genome stability may behave as tumor suppressor genes
and are likely to be affected in cancer cells. Slavoff and collaborators
identified MRI-2 as a 69-amino acid microprotein coded by C7orf49
gene, also known as “modulator of retrovirus infection homolog” (MRI)
[8]. MRI-2 interactome analysis revealed that this microprotein inter-
acts with Ku70 and Ku80 proteins, the two subunits of the hetero-
dimeric protein Ku, key effector of the non-homologous-end-joining
(NHEJ) pathway for DNA double-strand break (DSB) repair. When a
DNA DSB occurs, the first protein that binds to the break is the Ku
heterodimer, which allows the recruitment of the DNA-dependent
protein kinase (DNA-PK) and additional factors which in turn repair the
DSB [59]. MRI-2 is accumulated in the nuclei of DBS-induced cells, and
recombinant MRI-2 increases NHEJ in vitro [8]. The mechanism by
which MRI-2 enhances NHEJ has not been fully addressed, but it is
possible that the interaction of MRI-2 with Ku proteins may improve
their DNA-binding affinity or facilitate the recruitment of other repair
complex components. Although in this review we focus in SORF-derived
microproteins, it is worth to mention that many alt-ORFs and uORFs
can produce functional microproteins with potential roles in genome
instability. For example, the AItMRVI1 microprotein is coded by an alt-
ORF inside the MRVI gene, and it directly interacts with BRCA1, one of
the key effectors of homologous recombination DNA repair machinery
[60,61]. The discovery of microproteins involved in genomic stability
maintenance suggests that there could be numerous “genomic reg-
ulator-microproteins” which help preventing accumulation of genomic
alterations in cancer cells.

1.7. Enabling characteristic: tumor-promoting inflammation

Another characteristic that allows the acquisition of the core cancer
hallmarks is inflammation [10]. Several microproteins already de-
scribed in this review might be of particular interest regarding tumor
inflammation. In particular, the MDPs MOTS-c and HN have demon-
strated their capacity to exacerbate the pro-inflammatory effect of se-
nescence-associated secretory phenotype (SASP) of senescent cells by
modulating their mitochondrial activity [62]. Cellular senescence is
activated by multiple cellular stressors and it is characterized by a
stable cell-cycle arrest and a pro-inflammatory secretome. Senescence
acts as a main tumor suppressor barrier that impedes neoplastic
transformation of damaged cells and promotes tissue repair [17].
However, the accumulation of senescent cells in tissues could have
detrimental effects, mainly because of the inflammatory SASP and, in
tumors, the presence of senescent cells promotes cancer cell growth and
metastasis [63,64]. In this regard, it would be interesting to study
whether the pro-inflammatory cytokines upregulated by MDPs facil-
itate the immunoclearance of senescent tumor cells or, on the contrary,
favor a pro-tumorigenic microenvironment. In addition, ribosome
profiling of bone marrow-derived macrophages revealed Aw112010, a
non-ATG-initiated microprotein that promotes a pro-inflammatory re-
sponse increasing canonical inflammatory cytokines like IL-6 and IL-
12p40 upon bacterial infection [65]. These findings suggest a role of
microproteins in cancer development through regulating inflammation.

2. Concluding remarks

sORF-encoded proteins have expanded our view about the coding
potential of the genome, adding a new layer of complexity in the reg-
ulation of biological processes. The emergent picture suggests that
microproteins allow the fine-tuning of many of these processes to adapt
to specific needs and cellular contexts. Here, we have summarized what
might be their implication in cancer. Even if only a small subset of
microproteins have been functionally characterized so far, there is
evidence of many of them as regulators of most of the hallmarks of
cancer and its enabling characteristics (Fig. 1). While, so far, micro-
proteins have not been directly related to angiogenesis, replicative
immortality and immune evasion, we should take into account that the
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proposed hallmarks are interconnected and some of the already iden-
tified microproteins, upon further analysis, could be classified in several
hallmarks at the same time.

Finally, it is worth mentioning that most sequencing efforts in
cancer restrict their analysis to the annotated protein-coding genome,
unintentionally ignoring the microproteome. Therefore, it remains un-
clear if mutations in microproteins are selected during cancer evolu-
tion. If this were the case, mutated microproteins could also be a source
of cancer neoantigens that can be used to improve the development of
personalized immunotherapy [66]. We envision that this is an area that
is going to be intensively studied and expanded in the coming years,
and will bring crucial information for the clinic.

Here, we have discussed a set of microproteins encoded by IncRNAs,
miRNAs, rRNAs, and cirRNAs but many more are yet to be explored,
including the ones coded by the so-called alt-ORFs, that we have not
addressed in this review. We are at the beginning of a new set of dis-
coveries in which the identification and characterization of the cellular
microproteins repertoire -the microproteome- will help us to better
understand how physiological and pathological processes are regulated
at its finest level. We anticipate that advances in this field will bring
new therapeutic opportunities for oncology.
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