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Después de la secuenciación de genomas durante los ‘90 y 2000s se asumió que 
alrededor de un 99% del genoma no tenía función, llegando incluso a considerase “ADN 
basura”. A lo largo de los años, ésta y otras suposiciones sobre el genoma han ido 
cambiando. La secuenciación de transcriptomas a gran escala reveló que en realidad la 
mayoría del ADN se transcribía, resultando en la anotación de un gran número de 
transcritos como no codificantes. Sorprendentemente, en los últimos años se ha 
demostrado que muchas regiones que hasta ahora se consideraban no codificantes, 
como los lncRNA, en realidad codifican pequeñas proteínas menores de 100 amino 
ácidos que se han llamado microproteínas y que, debido a su pequeño tamaño, fueron 
pasadas por alto. Aunque por ahora sólo se han caracterizado una pequeña fracción de 
ellas, sabemos que son proteínas funcionales con papeles importantes en una gran 
variedad de procesos celulares. Estos describrimientos han abierto todo un campo de 
investigación, en el cual miles de microproteínas esperan a ser caracterizadas. 

La plasticidad celular es la capacidad de una célula para cambiar su identidad y 
transitar entre diferentes estados celulares, incluyendo las transiciones entre estados 
diferenciados y desdiferenciados. Esta propiedad es crucial para muchos procesos, 
incluyendo el desarrollo embrionario y la regeneración de tejidos. De manera importante, 
en los últimos años se ha demostrado que la plasticidad celular es también crucial para 
las células tumorales, ofreciéndoles una ventaja sin parangón a la hora de adaptarse. 

En esta tesis doctoral nos marcamos como objetivo identificar y caracterizar nuevas 
microproteinas que jueguen un papel en los procesos de plasticidad celular y cáncer. 
Hemos identificado a MASALA, una microproteina de 78 aminoácidos codificada por un 
gen erróneamente anotado como no codificante. MASALA se localiza en la membrana 
externa mitocondrial, y hemos observado que en condiciones fisiológicas este gen se 
expresa principalmente en cerebro, glándula adrenal y testículo. Además, hemos 
descubierto que su expresión se induce por daño citotóxico de manera dependiente de 
p53. Asimismo, la expresión de esta proteína correlaciona con un mejor pronóstico en 
distintos tipos de cáncer y, de hecho, su expresión se encuentra reprimida en varios tipos 
tumorales, lo que sugiere una posible función de MASALA como supresor tumoral. 
Apoyando esta hipótesis, hemos observado que la sobreexpresión de esta microproteína 
impide la transformación oncogénica de fibroblastos primarios murinos, así como su 
conversión en células pluripotentes inducidas (iPSCs) mediante reprogramación celular.  

 

Para determinar los mecanismos moleculares responsables de la función de 
MASALA, hemos realizado un análisis de las diferentes funciones mitocondriales en 
fibroblastos primarios murinos. Hemos observado que la sobreexpresión continuada de 
MASALA durante produce alteraciones en la dinámica mitocondrial, mostrando una 
mayor frecuencia de mitocondrias fragmentadas junto con signos de estrés mitocondrial 
como hinchazón de la matriz mitocondrial y formación de esferoides mitocondriales. De 
acuerdo con estas observaciones, la sobreexpresión de MASALA es capaz de producir 
una reducción de la tasa de respiración mitocondrial, así como de su capacidad 
respiratoria de reserva. Finalmente, mediante espectrometría de masas hemos podido 
identificar un potencial interactor: MARCH5, una E3 ubiquitina-ligasa a través de la cual 
MASALA podría estar modificando la actividad de DRP1 y en consecuencia la dinámica 
mitocondrial.  

 
 

En resumen, en este trabajo hemos identificado una nueva microproteína, hasta 
ahora desconocida, codificada por un gen anotado erróneamente como no codificante. 
MASALA es un nuevo regulador de la dinámica mitocondrial que actúa como barrera en 
los procesos de reprogramación celular y transformación oncogénica. Nuestros 
resultados aumentan nuestro conocimiento sobre el todavía inexplorado campo de las 
microproteínas, y pone de manifiesto que el microproteoma esconde proteínas relevantes 
para la preservación de la identidad celular y, por tanto, con potencial para el desarrollo 
de nuevas terapias en medicina regenerativa y cáncer. 
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After the sequencing of the genomes of different model organisms during the 90’s 

and 2000’s it was assumed that 99% of the genome did not have a function and was even 
considered “junk DNA”. Along these years, this, and other assumptions about the genome 
have been challenged. Large-scale transcriptome revealed revealed that in fact most of 
the DNA was transcribed, leaving many transcripts annotated as non-coding. Surprisingly, 
more recently it has been demonstrated that many assumed non-coding regions, such as 
lncRNAs, can actually code for small proteins of less than 100 amino acids, called 
microproteins, which due to their small size, had been systematically overlooked. 
Although only a small subset of them have been characterized so far, we know that they 
are functional proteins with important roles in a wide variety of cellular processes. These 
discoveries have opened a new field of study, with thousands of microproteins waiting to 
be characterized. 

Cellular plasticity is the ability of a cell to change its cellular identity and transit 
between different cellular states, including the transitions between differentiated and 
dedifferentiated states. It is a fundamental property for many processes like the embryonic 
development or tissue regeneration. Importantly, in the last years it has been 
demonstrated that cellular plasticity is also crucial for cancer cells, increasing their 
adaptative capacity. 

 

In this doctoral thesis, we have aimed to find and characterize novel microproteins 
with a role in the processes of cellular plasticity and cancer.  We have identified MASALA, 
a 78-amino acid microprotein encoded in a gene missanotated as a long non-coding RNA 
(lncRNA). MASALA localizes in the outer mitochondrial membrane and we have observed 
that in physiological conditions this gene is expressed in brain, adrenal gland and testis. 
Aditionally, we have observed that its expression is upregulated upon cytotoxic damage in 
a p53 dependent manner. Moreover, its expression correlates with a better prognosis in 
different cancer types and, in fact, it is downregulated in several tumor types, suggesting 
that MASALA has a tumor suppressor role. In agreement with this hypothesis, we have 
observed that overexpression of MASALA impairs the oncogenic transformation of mouse 
primary fibroblasts, as well as their transformation to induced pluripotent stem cells 
(iPSCs) through cellular reprogramming.  

 

To characterize the molecular mechanism responsible for MASALA’s function we 
performed an analysis of the different mitochondrial functions in murine embryonic 
fibroblasts. This revealed that continued MASALA overexpression produces mitochondrial 
dynamics alterations, displaying a more fragmented mitochondrial phenotype, together 
with different signs of mitochondrial stress, such as matrix swelling and mitochondrial 
spheroids formation. Accordingly, MASALA overexpression is able to reduce 
mitochondrial respiration as well as the spare respiratory capacity. Finally, from the 
analysis of MASALA interactome we have selected a potential interactor: MARCH5, a E3-
ubiquitin ligase which could be modifying DRP1 activity through MASALA interaction and, 
thus, the mitochondrial dynamics. 

 
Summarizing, in this work we have identified a previously unknown microprotein that 

is encoded in a gene missanotated as lncRNA. MASALA is a novel regulator of the 
mitochondrial dynamics that acts as a molecular barrier in the processes of cellular 
reprogramming and cancer. Our results further expand our knowledge of the yet 
unexplored field of microproteins and reveal that the microproteome may hide numerous 
relevant proteins for cellular identity and, therefore, with potential for the development of 
novel therapies for regenerative medicine and cancer. 





 

 XVII 

 
 
 
 
 
 
 

Index





Index 
 

 
 

1 

Acknowledgements V 

Resumen IX 

Summary XIII 

Introdution 5 

 1. Small ORF-encoded proteins 7 
  1.1. The hidden microproteome 7 

  1.2. Microproteins’ functions 10 

   1.2.1. Microproteins in physiological processes 10 
   1.2.2. Microproteins in pathological processes 10 
    1.2.2.1. Microproteins in cancer 11 

1.2.3. Mitochondrial microproteins 12 
 

 2. Cellular reprogramming and Cancer 13 
  2.1. Cellular plasticity 13 
  2.2. The process of cellular reprogramming 15 

   2.2.1. Discovery of cellular reprogramming 15 
2.2.2. Molecular mechanisms governing cellular reprogrmming 15 
2.2.3. Damage-induced dedifferentiation 16 

2.3. Connections between cellular reprogramming and cancer  17 
2.3.1. Tumor suppressors as guardians of cell identity 18 

 

 3. The mitochondria in cellular reprogramming and cancer 19 
  3.1. Mitochondrial functions 19 
  3.2. Mitochondrial dynamics 21 

   3.2.1.  Regulation of mitocondrial dynamics 21 
   3.2.2. Mitochondrial dynamics and mitophagy 22 
   3.2.3. Mitochondrial dynamics and cellular reprogramming 24 

3.2.4. Mitochondrial dynamics and cancer 24 

 

Objectives   27 

Materials & Methods 31 

 1. Mouse experiments 33 



Intdex 
 

 2 

1.1. Animal housing 33 
1.2. Animal models  33 

1.2.1. Reprogrammable mouse (i4F) model  33 
1.2.2. RCAS/GFAP-tva glioblastoma model  33 

1.2.3. MASALA-deficient mouse model 33 

1.2.4. Mice genotyping 34 

1.3 In vivo experiments 34 
1.3.1. Xenograft of transforming NIH3T3 cells 34 

1.3.2. Glioblatoma formation with RCAS/GFAP-tva  34 

2. General cell culture and treatments 34 
2.1. Cell culture conditions 34 
2.2. Treatments  35 
2.3. MEFs isolation 35 
2.4. Isolation of mouse iPSC lines 35 
2.5. Generation of feeders 35 

3. Clonning Procedures 35 
4. Retro and lentiviral infections 36 
5. Protein analysis by western blot 36 
6. mRNA analysis by RT-qPCR 36 
7. Ribosome profiling analysis 36 
8. MASALA interactome analysis by mass-spectrometry 37 
9. Immunofluorescence 37 

9.1. Immunofluorescence of cultured cells 37 
9.2. Immunofluorescence of tissues 37 

10. Cellular reprogramming 38 
11. Oncogenic transformation 38 
12. Reactive oxygen species (ROS) quantification 38 

9.1. Total ROS  38 
9.2. Mitochondrial ROS 38 

13. Mitochondrial membrane potential quantification 39 
14. Oxygen consumption rate (OCR) measurement 39 
15. Mitochondria-enriched fraction isolation  39 
16. Protease K protection Assay 39 
17. In silico analyses 40 

17.1. Codon conservation 40 
17.2. lncRNA structure prediction 40 



Index 
 

 
 

3 

17.3. Protein features prediction 40 
17.4. Image analyses  40 

17.4.1. MASALA colocalization analysis 40 

17.4.2. Mitochondrial morphology analysis 40 

18. Transmision electron microscopy 41 
17. Statistical analysis 41 

 
Results 45 
1. Identification of MASALA microprotein 47 

1.1. The lncRNA SMIM10L2A encodes for a 78 aminoacids microprotein 47 
1.2. Generation of tools to study MASALA microprotein 48 
1.3. Analysis of SMIM10L2A/MASALA expression and regulation 50 

1.3.1. SMIM10L2A is expressed in brain testis and adrenal gland 50 

1.3.2. MASALA microprotein is detected in adrenal gland 51 

1.3.3. SMIM10L2A is upregulated upon damage in a p53-dependent manner 52 

1.3.4. SMIM10L2A is downregulated in some cancer types 53 

 

2. Functional characterization of MASALA 55 
2.1. MASALA in cancer 55 

2.1.1. MASALA overexpression does not affect cell growth 55 

2.1.2. MASALA impairs oncogenic transformation in vitro 56 

2.1.3. MASALA does not impair oncogenic transformation in GBM model 57 

2.1.4. MASALA does not impair NIH3T3 transformation in vivo 58 

2.2. MASALA in cellular reprogramming 59 
2.2.1. MASALA expression in cellular reprogramming 59 

2.2.2. MASALA overexpression impairs cellular reprogramming 60 

 
3. Molecular mechanism behind MASALA’s function 61 

3.1. MASALA is located in the outer mitochondrial membrane 61 
3.2. MASALA does not induce or sensitize to apoptosis 63 
3.3. MASALA does not affect mitochondrial or cellular ROS 64 
3.4. MASALA does not affect mitochondrial membrane potential 66 
3.5. MASALA reduces 2-Hidroxyglutyrate in MEFs 66 
3.6. MASALA reduces mitochondrial respiration and spare capacity 67 
3.7. MASALA overexpression is stabilized upon mitochondrial damage 69 
3.8. MASALA promotes mitochondrial fragmentation 69 



Intdex 
 

 4 

3.9. MASALA induces mitochondrial stress and glycogen accumulation 73 
3.10. MASALA might interact with MARCH5 protein 74 

 
Discussion 77 
1. Identification of MASALA microprotein 79 

1.1. The discovery of MASALA microprotein 79 
1.2. MASALA upregulation upon stress 80 
 

2. Functional characterization of MASALA 80 
2.1. MASALA in cancer 80 
2.2. MASALA in cellular reprogramming 81 
2.3. Role of MASALA in homeostasis 82 

 
3. Molecular mechanism 83 

3.1. MASALA in mitochondria 83 
3.1.1. MASALA in apoptosis 83 

3.1.2. MASALA and mitochondrial oxidative stress 84 

3.1.3. MASALA and mitochondrial metabolism 85 

3.2. MASALA and mitocondrial dynamics in reprogramming and cancer 86 

3.2.1. MASALA and MARCH5 86 

 
3. Final considerations and proposed working model 87 

 
Conclusions 91 
 
Bibliography 95 
 
Annex 116 



 

 5 

 
 
 
 
 
 
 

Introduction





Introduction 
 

 
 

7 

1. Small ORF-encoded Microproteins 
 

1.1. The hidden microproteome 
 

The sequencing of the genome of different model organisms during the previous 
decades opened a new world to both, basic and applied science. In a relatively short 
period of time, scientists gathered an extraordinary amount of genomic data that had to be 
annotated. As reviewed by some authors back in the mid 1990s, the great challenge was 
to annotate meaningful open reading frames (ORFs) within the genome, filtering out those 
that can be randomly generated but are not translated. While analyzing the genome of 
Saccharomyces cerevisiae, they realized that setting a cut-off of 100-codons was 
sufficient to drastically reduce the artefactual noise of small ORFs (sORFs), that were 
considered biologically meaningless at the time (Basrai et al., 1997; Fickett, 1995). This, 
however, had a main drawback: the ad hoc cut-off of 100-codons would systematically 
hide sORFs that do code for functional proteins. ORF annotation was subjected to other 
assumptions, such as that eukaryotic genes are monocistronic, and that the translation 
start codon is an ATG.  

Surprisingly, recent advances in bioinformatics, ribosome-profiling and peptidomics 
have revealed that many assumed non-coding regions, such as lncRNAs, miRNAs, and 
UTRs contain non-canonical ORFs that indeed 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. These surprising observations have 
opened a new level of complexity, bearing enormous implications from basic research to 
the clinical setting. 

Based on their genomic location, non-canonical ORFs can be classified as 1) small 
ORFs (sORFs), when they are located in previously assumed non-coding transcripts, 
such as lncRNAs, 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 can overlap the main ORF (in frame or 
out of frame) or 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 (Fig 1) 
(Merino-Valverde et al., 2020) (2020). Importantly, many non-canonical ORFs starts with a 
codon different from ATG (Cao and Slavoff, 2020). 

 
Fig 1. Classification of non-canonical ORFs. sORFs are smaller than 100 codons and are 
encoded by non-coding RNAs, such as lncRNAs, miRNAs or circRNAs (right panel); alt-ORFs are 
encoded by canonical protein-coding transcripts. They can overlap the main-ORF (pink), 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.  
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uORF
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There are different methods to find novel microproteins. They can be separated into 
experimental methods, when the technique provides direct experimental evidence of the 
microprotein, or computational approaches, when microprotein existence is based on 
bioinformatic predictions. One of the experimental method is based on mass-spectrometry 
(MS). For MS analysis, the proteins of a biological sample are digested into small peptides 
that are analyzed to determine their specific amino acidic spectra. Then, the spectra are 
aligned to database containing the spectra of already known proteins, normally using 
available databases such as UniProt (Fig 2). Since microproteins are not annotated in 
normal protein databases, common MS analysis overlook microproteins. To overcome 
this, it is needed to create a customized database that include microproteins. One way is 
using transcriptomic data and generate in silico all the microproteins that can be 
potentially translated.  Although there has been great technical advance in the technique, 
it is still possible that many microproteins get lost during the identification. Their small size 
limits the number of tryptic peptides that are unique for the microprotein and thus, 
indistinguishable from other proteins. Additionally, their small size is accompanied 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 is the identification of actively translated regions of 
the genome by Ribo-seq. In this technique, isolated ribosomes with their transcripts are 
subjected to nuclease treatment in order to eliminate those regions that are not protected 
by the ribosomes, and then sequence what remains (Fig 2).  This Ribo-Seq data is then 
evaluated for translation probability using algorithms such as RibORF, that scores 
ribosome pausing in the ORF based on codon frequency and periodicity (Ruiz-Orera et 
al., 2018). 

 
On the other hand, computational approaches can be used for microprotein 

discovery. A method that has been followed in several reports is looking for potential 
ORFs with high phylogenetic codon conservation located in regions annotated as non-
coding, which are generally non-conserved (as lncRNAs). This is performed using 
bioinformatic algorithms, such as PhyloCSF (Fig 2). Predicted microproteins can be 
evaluated for additional features of meaningful ORFs, such as the presence of a Kozak 
sequence, microprotein homology with other known proteins or conserved protein 
domains as well as predicted N-terminal sequences. Although codon conservation is 
highly suggestive of biological relevance, this approach needs to be completed with 
further experimental evidences.  

 
The combination of these experimental and computational approaches has allowed 

the identification of many novel microproteins. Nevertheless, these methods do not 
evaluate the biological relevance of the microproteins and a functional characterization 
needs to be performed case by case. To date, although only a small fraction of them have 
been functionally characterized, from these functional studies we have learnt that their 
small size provides them with unique characteristics, critical for different biological 
functions. 
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Figure 2. Microprotein discovery strategies. Methods for microprotein discovery can be divided 
into experimental or computational approaches. Experimental approaches give direct evidence for 
protein existence, by direct detection and identification of the microprotein spectrum by Mass-
Spectrometry analysis or by direct evaluation of the translation of the transcript using Ribo-Seq. 
Computational approaches evaluate phylogenetic codon conservation and analyzes predicted 
protein characteristics.  
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1.2. Microproteins’ functions 
	

1.2.1. Microproteins in physiological processes 
 

Despite their small size, microproteins have been demonstrated to display critical 
functions in different cellular processes. Unlike other known classical active peptides that 
come from proteolytic processing of much larger proteins, such as neuropeptides or some 
hormones, microproteins are translated from small ORFs directly as functional products.  
Given their size, microproteins have functional limitations such as those that implicate 
enzymatic activities, however, it makes them ideal for other roles. Many of the 
microproteins characterized so far have been shown to bind and regulate bigger protein 
complexes that participate in many different cellular processes. That is the case of the 
regulin family of microproteins. Myoregulin, Phospholamban, Sarcolipin, Endoregulin, 
Another-Regulin and DWORF, that through its interaction with the Calcium-ATPase 
SERCA they have been demonstrated to regulate intracellular calcium dynamics in a 
tissue specific manner (Anderson et al., 2015; Anderson et al., 2016; Nelson et al., 2016). 
Other examples include Mitoregulin, that regulates mitochondrial respiration stabilizing the 
formation of mitochondrial respiratory supercomplexes or SPAR microprotein, that 
regulates amino acid metabolism by regulating mTORC1 and lysosomal v-ATPase 
interaction (Makarewich et al., 2018; Matsumoto et al., 2017; Stein et al., 2018). Also, 
microproteins have been shown to be implicated in the process of DNA-repair; the MRI-2 
microprotein has been shown to stimulate non-homologous end joining (NHEJ) by 
interaction with Ku heterodimeric proteins, while CYREN microprotein exhibits the 
opposite function (Arnoult et al., 2017; Slavoff et al., 2014). Additionally, NoBody 
microprotein participates in mRNA processing regulating the mRNA stability and the 
formation of P-bodies(D'Lima et al., 2017). Other cellular processes regulated by 
microproteins include, for example, splicing or fatty acid-oxidation (Makarewich et al., 
2018; Polycarpou-Schwarz et al., 2018). Importantly, there is evidence of at least one 
microprotein that helps to regulate organelle interactions. PIGBOS microprotein localizes 
in the outer mitochondrial membrane and regulates the ER-Mitochondrial contacts. The 
interaction of PIGBOS with ER help the cells to cope with ER stress and resist to 
apoptosis (Chu et al., 2019).  
 

Summarizing, microproteins have been observed in different cellular processes 
acting as fine-tuner regulators of major protein complexes. Interestingly, many of the new 
discovered microproteins, including most of the above mentioned, have hydrophobic 
regions in their structure and localize in membrane regions where they display their 
regulatory functions at ion channeling, protein recruitment or enzymatic regulation 
(Makarewich, 2020). 
 

1.2.2. Microproteins in pathological processes  
 

As many regions of the genome have been shown to encode novel microproteins, 
the interest on their possible implication in disease has grown over the last years. In fact, 
many microproteins have been linked to pathological contexts. BRAWNIN microprotein, 
together with the previously mentioned Mitoregulin, can be related with metabolic 
disorders as these proteins have been shown to regulate fatty acid-oxidation and 
mitochondrial respiration (Makarewich et al., 2018; Stein et al., 2018; Zhang et al., 2020). 
Another example is Humanin microprotein, which expression is downregulated in 
Alzheimer’s disease and has already been linked to neuroprotective effects (Chai et al., 
2014; Hashimoto et al., 2001).  Also, microproteins have been found to regulate immune 
response. That is the case of Aw112010, that has been related with mucosal immunity, 
protecting against infection through the regulation of proinflammatory pathways (Chu and 
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Saghatelian, 2019). However, most of the microproteins related with pathological 
processes have been identified in the context of cancer. 
 

1.2.2.1. Microproteins in cancer 
 

Cancer is a complex, multistep disease in which cells acquire replicative immortality 
and invasion capacities to colonize adjacent or distant tissues. They do so by deregulating 
and hijacking many cellular processes to their advantage in order to survive and progress. 
The finding of novel microproteins in the context of cancer contribute to advance our 
understanding of cancer disease as well as providing a novel source of clinical targets. 
 

Different microproteins have been already identified in specific cancer processes. 
The first one was HOXB-AS3; this microprotein has been shown to be downregulated in 
colorectal cancer and its overexpression in cancer cells attenuates their oncogenic 
capabilities by altering their glycolytic capacity (Huang et al., 2017). Other examples of 
tumor 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 Esophageal Squamous Cell Carcinoma 
(ESCC) and sensitizes cells to apoptosis upon nutrient deprivation (Wu et al., 2020). 
Additionally, MIAC microprotein has been shown to inhibit Head and Neck Squamous Cell 
Carcinoma (HNSCC) progression and metastasis by inactivating the actin cytoskeleton 
through interaction with Aquaporin-2. CIP2A-BP microprotein inhibits triple negative breast 
cancer metastasis by competitive binding with CIP2A protein, which results in 
downregulation of key proteins for metastasis such as Snail or different matrix 
metallopeptidases (Guo et al., 2020). Finally, another recently described tumor 
suppressor microprotein is MP31, which displays its tumor suppressor activity in 
Glioblastoma impairing the conversion of lactate to pyruvate by interacting and modifying 
the activity of the mitochondrial Lactate Dehydrogenase (Huang et al., 2021). 

 
On the contrary, several microproteins have been shown to display oncogenic 

activity. CASIMO1 microprotein has been shown to activate the mitogen-activated protein 
kinases (MAPK) cascade in breast cancer (Polycarpou-Schwarz et al., 2018). 
CircPPP1R12A- 73aa also has been proposed to act as an oncogene, increasing the 
proliferation of colorectal cancer cells through activation of the Hippo-Yap pathway (Zheng 
et al., 2019). Also in colorectal cancer, another microprotein, ASAP, promotes cancer 
progression modulating ATP synthase activity (Ge et al., 2021). Finally, microproteins 
have been related with metastasis, as it is the case of ZFAS1, which promotes cellular 
migration in hepatocellular carcinoma (HCC)(Guo et al., 2019). 

 
Altogether, these evidences show the importance of the microproteome in the 

context of cancer. Although many microproteins have been directly linked to cancer, there 
are many others described in other contexts that, given their molecular function, we 
speculate over its possible a role regulating different aspects of cancer biology as well 
(Fig 3). For example, microproteins regulating DNA-damage repair such as MRI-2 or 
CYREN might as well be implicated in cancer progression as their function as their 
inhibition or overexpression respectively would result in genomic instability and genomic 
mutations. We have recently reviewed these evidences in (Merino-Valverde et al., 2020). 
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Figure 3. Microproteins as novel regulators of the hallmarks of cancer. A subset of 
microproteins have been functionally characterized 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 tumor suppressor microproteins with potential 
pharmacological activity, while those in green are pro-oncogenic proteins that could be targeted in 
the clinic. 

 
 

1.2.3. Mitochondrial microproteins 
 

Microproteins are distributed along different cellular compartments. The 
mitochondria, however, seems to be an organelle enriched in microproteins (Zhang et al., 
2020), given that many of the microproteins that have been already characterized are 
located in the mitochondria.  

There are two different types of mitochondrial microproteins according to their origin. 
Microproteins encoded by the mitochondrial genome are called mitochondrial-derived 
peptides (MDPs). To date, eight different MDPs have been already described, being the 
first one Humanin (Hashimoto et al., 2001). This MDP is encoded by the 16S ribosomal 
RNA in the mitochondrial genome and has been shown to be downregulated with age. 
Additionally, it has been demonstrated to display cytoprotective activity in prion-like 
diseases, such as Alzheimer’s, and strokes (Kariya et al., 2005; Sponne et al., 2004; Xu et 
al., 2006). Also, humanin can ameliorate metabolic conditions such as obesity and 
diabetes by regulating insulin sensitivity (Hoang et al., 2010; Muzumdar et al., 2009).  

Interestingly, in the same locus six more MDPs have been found and named small 
humanin-like peptides (SHLP1-6), and all of them display cytoprotective activities upon 
different metabolic stressors (Merry et al., 2020). The last MDP that has been 
characterized is MOTS-c, which is encoded by the 12S Ribosomal RNA. This protein has 
been linked to improve glucose metabolism, in part via AMPK. The expression of this 
MDP is also downregulated with age, it ameliorates insulin-sensitivity and enhances 
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muscle performance (Lee et al., 2015; Reynolds et al., 2021; Zarse and Ristow, 2015). 
Altogether, these evidences indicate that MDPs have a cytoprotective role, acting through 
metabolism and apoptosis regulation. Beside its cytoprotective activity, MDPs have been 
linked to aging and the process of cellular senescence, in which cells are metabolically 
very active. MDPs have been shown to be upregulated in senescent cells and to 
exacerbate the expression of certain Senescence-associated secretory phenotype 
(SASP) molecules (Kim et al., 2018; Mendelsohn and Larrick, 2018). 
 

On the other hand, since 99% of the mitochondrial proteome comes from nuclear-
encoded proteins, most of the mitochondrial microproteins have a nuclear origin. Most of 
them remain uncharacterized, but the few of them that have been characterized had been 
shown to be important regulators of mitochondrial biology. For example, some of them act 
on mitochondrial respiration, as Mitoregulin, which has been found in the mitochondrial 
inner membrane (IMM), displaying a role in the respirasome assembly, enhancing 
oxidative phosphorylation (OXPHOS) and promoting fatty acid oxidation as described 
before (Lin et al., 2019; Makarewich et al., 2018; Stein et al., 2018). Other examples are 
BRAWNIN microprotein, that has been identified in the IMM being a target of AMPK-PGC-
1a axis and an essential component of the respiratory chain complex III, and the ASAP 
microprotein, that promotes the ATP synthase activity (Ge et al., 2021; Zhang et al., 
2020). Another IMM microprotein is the already mentioned MP31, encoded by the 5’UTR 
region of the PTEN gene, which prevents the lactate-pyruvate conversion and bears 
tumor suppressor activity (Huang et al., 2021). 

Regarding other aspects of mitochondrial biology, such as inter-organelle 
communication, PIGBOS has been described as an essential component of the 
mitochondrial-ER associated membranes. As mentioned above, it is located in the 
mitochondrial outer membrane and regulates the ER stress response (Chu et al., 2019). 
Another microprotein, MIEF1-MP has been identified as regulator mitochondrial 
translation via its binding to the mitoribosome (Rathore et al., 2018) and finally, another 
mitochondrial microprotein, Mm47, has been shown to regulate the activation of the 
inflammasome in macrophages, although its role in the mitochondria remains unknown 
(Bhatta et al., 2020). 
 

In conclusion, microproteins have been revealed as a new class of fine-tune 
molecular regulators with crucial functions in many cellular processes. The discovery of 
the microproteome has expanded our view on the coding capacity of the genome, adding 
a new layer of complexity on biological processes with potential implications in both, basic 
and translational research. 

 

2. Cellular Reprogramming and Cancer 
  

2.1. Cellular plasticity 
 

Life on Earth appeared approximately 3.5 billion years ago. Since then, different life 
forms have acquired more and more complexity, starting from unicellular organisms to 
multicellular ones. Over 600 million years ago animals evolved from single cell or colonial 
organisms to the complex systems that we see nowadays. This multicellularity arose from 
the specialization of cells in the organisms, that differentiated from one another to perform 
specific functions, acquiring their own cellular identity (Brunet and King, 2017).  
 

Cellular plasticity is defined as the ability of a cell to change its original identity and 
transit between different cellular states. A paradigmatic example of cellular plasticity is 
represented by embryonic stem cells (ESCs). These cells are only present for a brief 
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period of time during embryo development, and they are pluripotent, meaning that they 
have the potential to differentiate into every cell type of our adult body. As embryonic 
development progresses, there is a decrease in differentiation potential and, as adults, we 
only possess multipotent adult stem cells, that are able to generate only some types of 
terminally differentiated cells. Terminally differentiated cells have specific functions and 
present unique properties that are usually maintained along its life, since they have limited 
proliferation capacity or do not proliferate at all. Under most circumstances, cells within 
the tissues maintain their cellular identities stable. However, upon specific environmental 
cues some cells can change their original identity and transit between different cellular 
states (Jopling et al., 2011; Raff, 2003). There are different types of conversions: on one 
hand, differentiated cells can be converted into another differentiated cell type through a 
process called transdifferentiation (Fig 4). On the other side, cells can go back to a more 
de-differentiated state, through a process called de-differentiation (Fig 4) (Merrell and 
Stanger, 2016).  
 
 

 
 
Figure 4. Cellular hierarchies and the conversions between them by cellular plasticity. 
Adaptation of the Waddington landscape in which there are depicted the differentiation stages and 
the possible conversions between them. 1, the transdifferentiation process, by which a terminally 
differentiated cell loses its cellular identity and it is transformed into a different somatic cell type. 2, 
cellular dedifferentiation process, 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).  
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2.2. The process of cellular reprogramming  
 

2.2.1. Discovery of cellular reprogramming 
 

In 1958, John Gurdon and collaborators demonstrated that an adult differentiated 
cell could be experimentally transformed back to an embryonic state by transferring its 
nucleus into an enucleated oocyte, a technique called somatic cell nuclear transfer 
(SCNT), demonstrating for the first time that cellular identity and developmental processes 
are determined epigenetically, and thus, are reversible (Gurdon et al., 1958). This finding, 
together with the advances in genetics paved the way to the discovery of the process of 
cellular reprogramming by Shinya Yamanaka and Kazutoshi Takahasi in 2006. In this 
landmark study, these authors discovered that somatic cells can be converted into 
induced pluripotent stem cells (iPSCs) by the simple overexpression of four different 
embryonic transcription factors: Oct4, Klf4, Sox2 and c-Myc, now widely known as the 
“Yamanaka factors” or OSKM. These reprogrammed cells are undistinguishable from 
ESCs: iPSCs can be maintained and propagated in a pluripotent state (they self-renew), 
and they could also be differentiated into the three germlines: endoderm, mesoderm and 
ectoderm (Takahashi and Yamanaka, 2006). This discovery revolutionized the stem cell 
field and has had important implications in the study of embryology, aging, regenerative 
medicine and multiple diseases including cancer (Pesaresi et al., 2019; Xiong et al., 
2019). 
 

Importantly, Yamanaka and Takahasi achieved the reprogramming to iPSCs in vitro, 
and this process was thought to don’t have a biological counterpart. However, in 2013, 
María Abad in the lab of Manuel Serrano generated a mouse model that overexpresses 
the Yamanaka factors in an inducible manner (hereafter abbreviated as i4F), and 
demonstrated that in vivo conditions are in fact permissive to cellular de-differentiation and 
to reprogramming to iPSCs (Abad et al., 2013). Even more surprisingly, they observed 
that in vivo generated iPSCs could also contribute to trophectoderm lineage and that were 
able to generate embryo-like structures that express extra-embryonic markers, suggestive 
of totipotency features. In other words, when overexpressed in vivo, the four Yamanaka 
factors induced an even more de-differentiated and plastic phenotype (Abad et al., 2013). 

 
2.2.2. Molecular mechanisms governing cellular reprogramming 

 
To understand how cells lose their identity and are reprogrammed from a somatic 

differentiated state to pluripotency, biologists have been carefully dissecting the molecular 
pathways that govern the process of cellular reprogramming.  

As first observed in Gurdon experiments, cell identity is regulated epigenetically. 
Accordingly, the initial induction of the OSKM generates a wide chromatin remodeling in 
the cells that targets developmental genes promoters to re-activate its transcription 
(Koche et al., 2011; Soufi et al., 2012). These early stages, however, are highly unstable 
and a continuous expression of the OSKM is required for them to progress, or cells 
differentiate back to the initial state. Changes in the transcriptional landscape makes cells 
to lose their cellular identity markers and start rapidly proliferating, promoting an epithelial-
to-mesenchymal transition that its reversed during the late stages of reprogramming (Liu 
et al., 2013). After continuous OSKM expression, in the late phase of reprogramming 
endogenous expression of OSKM starts, together with other pluripotency factors such as 
Nanog and telomerase (Brambrink et al., 2008; Papp and Plath, 2013; Polo et al., 2012). 
This is accompanied by an open chromatin status that resembles that of ES cells (Papp 
and Plath, 2013). Additionally, iPSCs are characterized by their ability to proliferate 
indefinitely at high speed, thus, for a somatic cell to be reprogrammed they need to 
undergo a metabolic reprogramming that enables them to cope with the energetic 
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requirements (Folmes et al., 2011; Panopoulos et al., 2012; Teslaa and Teitell, 2015; 
Vander Heiden et al., 2009). 

 
While cell-autonomous mechanisms are important for cellular reprogramming, 

evidences suggest that cellular context and the microenvironment are determinant for de-
differentiation. The extracellular matrix and softer cellular substrates have been 
demonstrated to provide cells with the adequate mechanical signals that are transduced 
to promote reprogramming (Gerardo et al., 2019). Extracellular signals such as TNFa 
secreted by neighboring fibroblasts during reprogramming have been shown to promote 
dedifferentiation (Mahmoudi et al., 2019). Additionally, the overexpression of the OSKM 
factors in vitro and in vivo cause many of the cells to enter into an irreversible, non-
proliferative, metabolically active state named cellular senescence. Senescent cells 
secrete a wide array of cytokines and soluble factors such as IL6 that provides 
neighboring cells with the signals necessary to reprogram (Mahmoudi et al., 2019; 
Mosteiro et al., 2016; Mosteiro et al., 2018).  
 

2.2.3. Damage-induced dedifferentiation   
 

Cellular plasticity is an essential cellular feature for living organisms to adapt and 
survive. In fact, acquisition of plasticity by de-differentiation is not restricted to laboratory 
conditions. In living organisms, we find many examples during the process of 
regeneration, when differentiated cells can acquire a more de-differentiated plastic state in 
order to repopulate the injured area. In amphibians, for example, following limb 
amputation of Notophtalmus viridescens salamander de-differentiation of cells have been 
observed to produce an activated pool of proliferating muscle cells, called blastema, that 
differentiates into a new completely functional limb (Iten and Bryant, 1973). In Danio rerio, 
de-differentiation plays a role in heart regeneration as well. In this case, upon amputation 
cardiomyocytes de-differentiate and start proliferating again to regrow cardiac muscle 
tissue (Jopling et al., 2010; Kikuchi et al., 2010). In mammals, however, regeneration is a 
process that has only been conserved to a limited extent. Nevertheless, several examples 
of de-differentiation have already been identified. In mouse, it has been observed that 
certain secretory progenitor cells of the intestine can revert to stem cells upon crypt 
damage in order to reconstruct the tissue (van Es et al., 2012). Additionally, if the stem 
cell compartment of the intestine is genetically ablated, it can be repopulated by their 
enterocyte-lineage daughter cells (Tetteh et al., 2016). De-differentiation upon damage 
also happens in other tissues such as the lung, where epithelial cells de-differentiate into 
stem cells upon stem cell niche ablation in vivo (Tata et al., 2013), and it  has also been 
observed in the liver, pancreas and nervous system (Kopp et al., 2016; Lin et al., 2017; 
Painter et al., 2014). Consistently, Manuel Serrano’s group has shown that tissue 
damage, through the induction of cellular senescence and the secretion of IL6 promotes in 
vivo cellular reprogramming (Mosteiro et al., 2016).  

  
Altogether, these evidences reveal a link between damage and the induction of 

cellular plasticity in order to aim regeneration, although only a transient and limited 
potency can be achieved in nature. Of note, only a few cell types have been shown to be 
capable to de-differentiate in a tissue, and some cells are more prone to reprogramming 
than others (Abad et al., 2013; Mosteiro et al., 2016; Vidal et al., 2014), suggesting that 
cellular plasticity acquisition depends on both, cell and non-cell autonomous properties.  
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2.3. Connections between cellular reprogramming and cancer 
 

During the past decade, it has become evident that cellular plasticity is a critical 
feature of cancer cells at every stage of carcinogenesis: tumor initiation, tumor 
maintenance, and metastasis. In addition, several evidences show that cancer cells 
acquire plasticity upon chemotherapy treatment, which promote therapy resistance and 
tumor relapse (Filipponi et al., 2019; Raghavan et al., 2021; Xiong et al., 2019). In 
agreement, it has been shown that typical indicators of de-differentiation are present in 
many cancer types and those cancers with high expression of the reprogramming factors 
correlate with a more aggressive, poor prognosis in the clinic (Boumahdi et al., 2014; 
Hepburn et al., 2019; Suva et al., 2013). For all these reasons, acquisition of plasticity has 
been recently proposed as an emergent hallmark of cancer (Hanahan, 2022)  

In fact, since the discovery of cellular reprogramming, this process has been shown 
to share many characteristics with neoplastic transformation, and nowadays both 
processes can be seen as parallel processes governed by common molecular 
mechanisms. Firstly, although the identification of the tumor cell of origin has been  
challenging for many years, and still is in some cases, there is great number of evidences 
that suggest that the cell of origin is a somatic, differentiated cell that acquires unlimited 
proliferation (Friedmann-Morvinski and Verma, 2014), as it is in cellular reprogramming.  
Second, both processes require the expression of oncogenes; while this may be evident 
in the case of tumors, in the case of reprogramming the reprogramming factors are known 
to have oncogenic activity (Bass et al., 2009; Iglesias et al., 2017; Rodini et al., 2012; 
Saiki et al., 2009). Additionally, the acquisition of an unlimited proliferation during 
reprogramming requires a metabolic rewire in the cell that switches from an OXPHOS 
dependent status to a more glycolytic phenotype (Fig 5). In cancer, this has been widely 
studied as the Warburg effect, although this is highly dependent on tumor type and cell 
populations within the tumor, and recent evidences suggest that OXPHOS is also an 
important feature in certain tumor contexts (DeBerardinis and Chandel, 2020). 

 
 Finally, in order to change their cell identity, cells that are subjected to oncogenic 

transformation or cellular reprogramming need to overcome the induction of tumor 
suppressor responses, mainly apoptosis and cellular senescence. Consistently, tumor 
suppressor genes had been described as molecular barriers for both processes (Fig 5). 
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Figure 5. Parallelisms between cellular reprogramming and cancer. Cellular reprogramming as 
well as neoplastic transformation starts from a population of somatic cells with limited proliferation 
capacity and finish with an immortal population of cells that self-renew. Additionally, both processes 
are triggered by oncogenic signals and are blocked by the activation of tumor suppressor genes 
that protect cellular identity. Finally, both processes are subjected to a metabolic switch, from an 
OXPHOS-based energy source to a glycolytic one. 
 
 

2.3.1. Tumor suppressors as guardians of cell identity 
 

Upon damage, cells that de-differentiate switch to more proliferative states that 
resemble those acquired during neoplastic transformation, as discussed above. 
Hyperproliferative states need to be negatively regulated to warrant that this status is 
transiently maintained and do not disrupt tissue homeostasis. To avoid unlimited 
proliferation and maintain their original identity, cells have molecular barriers that tightly 
regulates cell cycle progression; those are tumor suppressor genes.  

Besides, hyperproliferation generates replicative stress that makes cells prone to 
mutation and genome instability (Zeman and Cimprich, 2014). Moreover, replicative stress 
is accompanied by mitochondrial stress that generates reactive oxygen species (ROS) 
what further promotes DNA-damage. To ensure that replicative stress do not cause 
alterations in DNA replication or DNA-damage, activation of tumor suppressor genes 
generates a wide array of outcomes such as cell-cycle arrest, apoptosis or senescence, 
that limits the detrimental effects of rapid replication (Hills and Diffley, 2014). These tumor 
suppressor genes are highly upregulated at early phases of cellular reprogramming and 
need to be inactivated in cancer progression. Accordingly, several evidences indicated 
that inactivation of key tumor suppressor genes such as Ink4-Arf, Rb, p53 or p21 greatly 
increased the cellular reprogramming efficiency (Hong et al., 2009; Kareta et al., 2015; Li 
et al., 2009; Marion et al., 2009). Inactivation or loss of these tumor suppressor genes 
allow cells to avoid cell death, cell cycle arrest and senescence and successfully change 
their original identity. Moreover, it has been demonstrated that loss of tumor suppression 
genes promote the metabolic reprogramming needed for reprogramming and neoplastic 
transformation, switching from the slow but highly efficient OXPHOS to the less efficient 
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but fast glycolysis (Liu et al., 2019). For example, loss of tumor suppressor LKB1 
promotes this process through HIF1-a activation (Faubert et al., 2014). Accordingly, 
activation of AMPK protein, a downstream effector of LKB1, has been shown to inhibit 
both cellular reprogramming and cancer impairing the metabolic switch (Vazquez-Martin 
et al., 2012b). Finally, the metabolic switch also needs mitochondrial remodeling from a 
more elongated to a more fragmented phenotype. For this reason, alteration of the 
pathways that negatively regulate mitochondrial dynamics, glycolysis or mitophagy are 
also barriers for cellular transformation (Prieto et al., 2016; Wang et al., 2020a). 

 
In summary, in our view, tumor suppressor genes can be viewed as guardians of 

cell identity, that prevents cells to be transformed into cancer cells, but also to acquire 
more dedifferentiated stages.  

 

3. The Mitochondria in Cellular Reprogramming and Cancer 
 

3.1. Mitochondrial functions 
 

Eukaryotic life emerged from prokaryotic life forms as early as 1.6 billion years ago. 
These eukaryotic life forms were the product of endosymbiotic events crucial to increase 
cellular complexity (Lane and Martin, 2010; Leander, 2020). One of these endosymbiotic 
events, specifically the engulfment of an α-proteobacterium 1.45 billion years ago, 
generated the organelles known as mitochondria. This independent origin of the 
mitochondria provides this organelle with unique features. First of all, it has two 
membranes, an outer membrane (OM) and an inner membrane (IM) separated by the 
intermembrane space. These two membranes contain the matrix, where the mitochondrial 
DNA (mtDNA) is contained. The mitochondrial genome is another unique characteristic of 
this organelle and a vestigial evidence of its prokaryotic past. Although mtDNA has been 
reduced along evolution due to nuclear transfer, it still provides mitochondria with most of 
the necessary proteins for one of its main roles, aerobic respiration. Aerobic respiration is 
what made mitochondria be named as “the powerhouses” of the cell. Indeed, 
mitochondria produce ATP through oxidative phosphorylation (OXPHOS). Mitochondria 
oxidize metabolic substrates obtained through glycolysis, fatty acid ß-oxidation or other 
catabolic pathways, producing electron carriers such as NADH and FADH through the 
tricarboxylic acid cycle (TCA-cycle). The electron carriers are the molecules that transfer 
the electrons to the electron transport chain (ETC) in the IM. The ETC is composed by five 
protein complexes named Complex I – V and transfer the electrons from Complex I to 
Complex IV pumping out protons to the intermembrane space in the process. The 
differential concentration of protons between the matrix and the intermembrane space 
generates an electrochemical membrane potential used by Complex V (ATP-synthase) to 
phosphorylate ADP into ATP. OXPHOS is a very efficient way to obtain energy in aerobic 
conditions. Importantly, electron leakage mainly through the ETC complexes I and III 
generate reactive oxygen species (ROS). ROS can generate damage to cell lipids, nucleic 
acids and proteins, but there are also multiple evidences that suggest that ROS are 
important signaling molecules for cellular homeostasis, regulating processes such as 
cellular differentiation, proliferation or the stress response upon hypoxia (Hamanaka and 
Chandel, 2010). Additionally, the metabolic activity of the mitochondria provides the cell 
with numerous metabolites that play a role in the regulation of multiple enzymes, including 
chromatin modifications such as histone acetylation (Martinez-Reyes et al., 2016).  

 
Another important role of the mitochondria is the regulation of intracellular Ca2+. 

Together with the ER, the mitochondrion is one of the organelles where Ca2+ can be 
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transported and accumulated. Indeed, mitochondria and ER are physically connected and 
its association allows the cell to buffer intracellular Ca2+ to prevent cell death, as Ca2+ 

overload is one of the main signals for apoptotic triggering (Lee et al., 2018). 
  

Besides the metabolic activity, one of the major and most studied functions of 
mitochondria is the regulation of cell death through apoptosis. Mitochondria participate in 
the apoptotic process through the release of molecules, such as cytochrome c, from the 
intermembrane space to the cytoplasm. The release of these signaling molecules occurs 
when the integrity of the outer membrane is compromised through of a process called 
mitochondrial outer membrane permeabilization (MOMP). MOMP is regulated by a family 
of proteins called BCL-2, that comprises pro-apoptotic members like BAX and BAK, which 
interact and are inhibited by anti-apoptotic members, such as the BCL-2 like proteins 
(BCL-2, BCL-xL, BCL-w and others) (Chipuk et al., 2006; Kalkavan and Green, 2018). The 
interaction of BCL-proteins is regulated by the integration of cellular signals. Upon cellular 
damage or prolonged stress, anti-apoptotic members are inhibited and its interaction with 
the pro-apoptotic member is impaired, allowing pro-apoptotic members to display their 
function, opening the pores of the mitochondrial outer membrane and triggering apoptosis 
(Fig 6). 

 

 
 
Figure 6. Summary of mitochondrial functions. Mitochondria have multiple functions that 
influence different aspects of cell biology. It regulates apoptosis through permeabilization of its 
membrane and releasing of Cytochrome c. The channels of the mitochondria and the interactions 
with the ER regulate ionic exchange. Mitochondria are also signaling hubs through export of 
molecules such as ROS or calcium. Additionally, mitochondria regulate different catabolic and 
anabolic processes of different cellular substrates. Finally, mitochondria produce energy through 
aerobic respiration. 
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As explained above, mitochondria are key regulators of multiple cellular processes. 
To adapt to cellular requirements and act as metabolic signaling centers, mitochondria 
form a complex network that changes dynamically and interacts with different organelles. 
  

3.2. Mitochondrial dynamics 
 

Mitochondria are highly dynamic organelles, and they adapt to cellular requirements 
changing their shape undergoing coordinated cycles of fusion and fission events. This is 
what has been named as mitochondrial dynamics. 

 
3.2.1. Regulation of mitochondrial dynamics 
 

The transitions that regulate the mitochondrial morphology network can be divided 
into two different and antagonistic events: mitochondrial fusion, when different 
mitochondria join together to form long tubular mitochondria and mitochondrial fission, 
when they fragment into smaller daughter mitochondria through a process similar to 
mitosis. Both processes are regulated by post-translational modifications of different large 
GTPases (Praefcke and McMahon, 2004). 

 
Mitochondrial fusion takes place by fusion of the lipid membranes of the 

mitochondria, and different machineries are responsible for each of the two lipid 
membranes. The outer membrane fusion is the first to take place and begins with two 
approaching mitochondria tethering together. Mitochondrial outer membranes are 
negatively charged and spontaneous lipid fusion is not possible. Instead, a group of highly 
conserved GTPases named mitofusins, through their GTPase activity, regulate the 
binding of both lipid layers (Gao and Hu, 2021). In mammals, there are two different 
mitofusins, named MFN1 and MFN2, that have different roles but cooperate forming 
molecular complexes through homo and hetero-dymerization (Koshiba et al., 2004). 
These molecular complexes are further regulated by different post-translational 
modifications that favor or impair MFN function such as ubiquitylation, summoylation and 
phosphorylation, among others (Senft and Ronai, 2016). In normal conditions, fusion of 
both outer and inner membranes happens in a coordinated manner to complete the 
process. The main player for the inner membrane fusion is OPA-1. This protein undergoes 
proteolytic processing prior to gain its fusogenic activity, and then it bends the 
mitochondrial cristae of fusing mitochondria together, what ultimately fuse cristae (Ban et 
al., 2010; Rujiviphat et al., 2015). 

Mitochondrial fusion and its machinery allows to distribute the mitochondria in the 
periphery of the cell, and coordinate the interaction with other organelles such as the ER. 
This is especially important for muscle and neuron performance, since they have 
unusually large cytoplasms and need to distribute mitochondria accordingly (Lewis et al., 
2018; Mishra et al., 2015(Lewis et al., 2018; Mishra et al., 2015). Also, in muscle and 
neural tissues ER-mitochondria interaction is crucial for the maintenance of tissue function 
and, consequently, defects in mitochondrial fusion machinery are associated to severe 
pathologies in those tissues (Hernandez-Alvarez et al., 2019; Schneeberger et al., 2013; 
Sebastian et al., 2016). Finally, fusion is required to form a continuous network of 
elongated mitochondria that provides ATP in a very efficient way. Upon cellular stresses 
that induces highly demands ATP, such as fasting or low glucose conditions, 
mitochondrial fusion is critical (Gomes et al., 2011; Rambold et al., 2011). 

 
The process of fusion is complemented by the antagonistic event: mitochondrial 

fission. As in the process of fusion, fission is also regulated by large GTPases of the 
Dynamin family that undergo post-translational modifications to perform their activity 
(Chang and Blackstone, 2010; Praefcke and McMahon, 2004). In mammals, mitochondrial 
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fission begins when Dynamin-related protein 1 (DRP-1), a cytoplasmatic protein, is 
recruited to mitochondrial outer membrane and interacts with mitochondrial outer 
membrane receptors, such us the mitochondrial fission factor (Mff), Fission protein 1 
(Fis1), and mitochondrial dynamic proteins 49 and 51 KDa (MiD49 and MiD51) (Loson et 
al., 2013). Once DRP-1 is located in the outer membrane, it self-assembles with other 
DRP-1 monomers forming a curved ring that strangles and constrict mitochondria using its 
GTPase activity until both membranes are separated. Mitochondrial fission is an important 
mechanism for mitochondrial quality control, mitochondrial biogenesis and apoptosis. 

 
Defects in the mitochondrial dynamics may lead to several pathologies and thus, 

these two processes are tightly regulated. Cellular regulation of mitochondrial dynamics is 
very context-specific, but nevertheless, major common regulators have been identified. 
The cAMP-dependent kinase A (PKA) is one of the main sensors of the second 
messenger cAMP, and integrates extracellular signals to phosphorylate different 
substrates. PKA has been shown to phosphorylate DRP1 in different residues depending 
on the cellular context (Cribbs and Strack, 2007). In addition, the MAPK that are activated 
to promote cell cycle and proliferation also promotes cellular fragmentation through DRP1 
phosphorylation by extracellular regulated kinase (ERK) (Cook et al., 2017).  
Mitochondrial dynamics are also regulated to respond upon energy requirements by 
adenosine monophosphate- activated protein kinase (AMPK). This protein senses 
AMP/ATP ratio in the cell and it regulates mitochondrial dynamics, sometimes in opposing 
ways depending on cellular context, bioenergetics status or oxidative stress (Kang et al., 
2016; Toyama et al., 2016; Wang et al., 2017). Many regulators of mitochondrial dynamics 
display their function in different contexts interconnecting with other pathways, such as 
sirtuins, mTOR pathway and HIF-1a (Lang et al., 2017; Li et al., 2019; Morita et al., 2017). 

 
Altogether, mitochondrial dynamics regulation is a complex system of 

interconnected pathways that balances fusion and fission events in a highly-coordinated 
manner to maintain cellular homeostasis. However, this regulation is highly specific for cell 
type and cellular context, and this specificity should be taken into account when studying 
particular biological processes (Fig 7).  

 
3.2.2. Mitochondrial dynamics and mitophagy 
 
As mitochondria are essential components of the cell, an adequate quality control 

is essential in order to maintain cellular homeostasis upon dysfunctional or defective 
mitochondria. This quality control is performed by a specific mitochondrial autophagy, 
named mitophagy, that eliminates and digest defective mitochondria in a coordinated 
manner. Additionally, mitophagy is used by the cells that need to reduce the mitochondrial 
mass in order to adapt to new metabolic requirements. 

 
Mitochondrial dynamics is a key regulator of the mitophagy process, as 

mitochondria need to fragment to isolate dysfunctional regions of the network. At the 
molecular level, there are multiple mechanisms by which the cells can eliminate 
mitochondria through mitophagy and these differ depending on the stimuli and the cellular 
context (Ashrafi and Schwarz, 2013). These mechanisms can be classified into two 
different groups: ubiquitin-dependent and ubiquitin-independent mitophagy. 

The ubiquitin-dependent mechanism is mainly regulated by PINK1-PARKIN axis. 
The dissipation of membrane potential stabilizes PINK1 protein in the OM, what leads to 
PARKIN translocation to the OM as well. PINK1 phosphorylates PARKIN, and the poly-
Ubiquitin chains generated by PARKIN in the dysfunctional mitochondria acts as a signal 
for mitochondrial degradation (Khaminets et al., 2016; Pickles et al., 2018; Sekine and 
Youle, 2018). PINK1-PARKIN pathway indirectly activates DRP1, promoting the fission of 
defective mitochondria for degradation. In addition, this pathway triggers MFN proteasome 
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degradation to abolish mitochondrial fusion (Chen and Dorn, 2013). Interestingly, the 
degradation of mitofusins disrupts ER-mitochondria contact sites what further promotes 
autophagosomal formation for mitochondrial degradation (Gelmetti et al., 2017)  

On the other hand, Ubiquitin-independent mitophagy requires the recruitment and 
stabilization of OM-proteins that directly interact with the autophagosome. These proteins, 
NIX, BNIP3 and FUNDC1 are regulated post-translationally and although they act through 
different mechanisms, most of them result in the recognition of the autophagosomal 
receptor LC3. These proteins, additionally, influence mitochondrial dynamics promoting 
mitochondrial fission. BNIP3, for example, promotes DRP1 and PINK1 stabilization in the 
OM, while FUNDC1 promotes DRP1 recruitment to the mitochondria (Palikaras et al., 
2018; Quinsay et al., 2010; Wu et al., 2016). 
In homeostatic conditions, mitophagy is a housekeeping activity of the cell used to recycle 
old and damaged mitochondria. However, under specific damage or stress-signals 
mitophagy is further promoted to cope with the different stresses inducing an acute 
mitochondrial clearance. Appropriate balance between mitochondrial biogenesis and 
mitophagy is essential for the cell to maintain the homeostasis, and mitochondrial 
dynamics play a critical role in the regulation of this balance 

 
Figure 7. Mitochondrial dynamics regulation. Mitochondrial dynamics balances the number of 
mitochondria through cyclic fusion and fission events that are regulated through different proteins 
of the Dynamin GTPases family. Mitochondrial fission is also required for mitophagy elimination, 
where different proteins are recruited to the outer mitochondrial membrane to interact with the 
autophagosome that is later engulfed for lysosomal degradation. 
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3.2.3. Mitochondrial dynamics and cellular reprogramming 
 

As discussed in sections 2.2 and 2.3 cellular reprogramming requires to modify the 
metabolic activity of cells undergoing de-differentiation. During the conversion to iPSC, 
mitochondria change their shape from a tubular interconnected network towards a more 
fragmented, individual-shaped mitochondrion. Accordingly, iPSC and ESCs cells have 
been shown to have low levels of Mfn1/2 (Prieto et al., 2016; Son et al., 2015). 

Although the specific events of mitochondrial dynamics during cellular 
reprogramming are not completely understood, Prieto and collaborators have reported 
that early events of reprogramming activate proliferative signals like ERK1/2 that 
promotes the activating phosphorylation of DRP-1 and the inhibition of Mfn1/2 activity. 
These events combined ultimately lead to mitochondrial fragmentation through fission 
process (Prieto et al., 2016). Importantly, the inhibition of DRP-1 at early stages was 
sufficient to impair reprogramming, while Mfn1/2 deletion favors cellular reprogramming 
facilitating the transition from an OXPHOS phenotype to a glycolytic one. 

Fission is also required for the elimination of mitochondria through mitophagy. It has 
been proposed that mitophagy is necessary during cellular reprogramming to reduce the 
mitochondrial mass, since less use of the OXPHOS is required (Xiang et al., 2017). In 
addition, some studies have demonstrated the importance of autophagy during cell 
reprogramming and stemness maintenance (Ma et al., 2015; Prigione and Adjaye, 2010; 
Wang et al., 2013b; Wu et al., 2015). Consistently, inhibition of autophagy during cellular 
reprogramming reduces the reprogramming efficiency due to the accumulation of 
abnormal mitochondria (Liu et al., 2016). 

 
Altogether, mitochondrial dynamics is an important component of the metabolic 

switch necessary for cellular reprogramming to pluripotency and for stemness 
maintenance. Although much more research is needed to fully understand the process, 
the general idea is that mitochondrial fission takes place during pluripotency acquisition 
and mitophagy complements this fission to clear abnormal mitochondria and to reduce the 
mitochondrial network to single, globular-shaped mitochondria. 

 
3.2.4. Mitochondrial dynamics and cancer 

 
Similar to reprogramming, during carcinogenesis there is a metabolic switch from 

OXPHOS to a glycolytic phenotype. This is known in the cancer field as the Warburg 
effect. To accomplish this metabolic status, cancer cells follow a similar strategy to 
reprogramming cells regarding mitochondrial dynamics. It has been reported that cells 
from several cancer types display more fragmented mitochondria, together with an 
increase in DRP1 activation and/or MFN inhibition (Rehman et al., 2012; Serasinghe et 
al., 2015; Wan et al., 2014). Moreover, similarly to cellular reprogramming, several typical 
oncogenes are important regulators of metabolic activity. Oncogenic RAS activates the 
MAPK cascade, activating ERK1/2 which in turn induces the activation of DRP1 
(Kashatus et al., 2015). On the contrary MYC oncogene, also a member of the 4 
Yamanaka Factors, is a crucial regulator of mitochondrial biogenesis and fusion events in 
the cell that increase the OXPHOS activity. Although this seems to be counterintuitive, 
MYC expression favors mitochondrial biogenesis, and its function as a fusogenic factor is 
override by mitochondrial fission signals promoted by the MAPK (Vyas et al., 2016). 
These oncogenic events promoted by MYC generate a greater production of 
mitochondrial ROS, which in turn favors mitochondrial stress, the induction of 
mitochondrial fission and mitophagy (Graves et al., 2012; Vafa et al., 2002). 
It is important to mention that, although the activation of DRP1 is required for cellular 
transformation, already transformed cancer cells can respond to nutrients availability or to 
different treatments by changing mitochondrial phenotype to a more interconnected 
mitochondrial network, indicating that cancer cells maintain their mitochondrial dynamics 
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capacity completely functional, at least to a certain extent (Caino et al., 2015; Rossignol et 
al., 2004). 
Besides the oncogenic activation, cancer cells have deregulated their tumor suppression 
barriers to achieve neoplastic transformation. Accordingly, tumor suppressor genes also 
have an effect in the regulation of mitochondrial dynamics. P53 role in mitochondrial 
dynamics is currently being investigated, however, several studies suggest that p53 acts 
inhibiting the translocation of DRP-1 to the mitochondria, impairing the process of fission 
necessary during cellular reprograming and oncogenic transformation (Kim et al., 2021; 
Kim et al., 2020; Wang et al., 2013a). Finally, upregulation of AMPK, a downstream 
effector of LKB1 tumor suppressor, has been correlated with an impairment of neoplastic 
transformation and cellular reprogramming (as seen in 2.3.4), and it has also been 
described as a regulator of mitochondrial dynamics (as seen in 3.2.1), although its 
function as tumor suppressor highly depends on the cellular context (Liang and Mills, 
2013) 
 
Collectively, the regulation of mitochondrial dynamics is crucial for both, cellular 
reprogramming and neoplastic transformation, since both processes require changing 
their original identity and to adapt to new metabolic and proliferative needs.  
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1. Identify novel microproteins related with celular plasticity and cancer. 
 
 
 

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

 
 
 

3. Characterize the molecular functions of the microprotein, including its 
subcellular localization and the regulation of its expression. 

 
 
 
4.  Study the role of the microprotein in cellular plasticity assays, such us 

cellular reprogramming and oncogenic transformation. 
 
 
 

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

1.1. Mouse housing 
 
Mice were housed at the specific pathogen-free (SPF) barrier area of the Vall d’Hebron 
Institute of Oncology (VHIO) in Barcelona. Animals coming from other laboratories were 
re-derived to SPF conditions. All animal procedures were approved by the Animal Care 
and Use Ethical Committee of animal experimentation (CEEA) of the Vall d’Hebron 
Research Institute (VHIR) and the Catalan Government and performed according to 
European legal framework for Research animal use and bioethics. Observation of the 
animals was performed daily and euthanized upon signs for humane endpoint. 
 

1.2. Animal models 
 

1.2.1. Reprogrammable mouse (i4F) model.  
 

We used the reprogrammable mouse line known as i4F-B generated by María 
Abad (Abad et al., 2013), which carries a ubiquitous doxycycline-inducible OSKM 
transgene, abbreviated as i4F, inserted into the Pparg gene, and the rtTA 
transactivator under the control of the Rosa26 promoter. This mouse strain was 
used to obtain mouse embryonic fibroblasts.  

 

1.2.2. RCAS/GFAP-tva glioblastoma model.  
 

Transgenic mice that express the Replication-Competent Avian leukosis virus 
Splice acceptor (RCAS) vectors receptor (tva) under the control of GFAP promoter 
(Ozawa et al., 2014). This model was kindly provided by Massimo Squatrito 
(Principal Investigator of Seve-Ballesteros Foundation Brain Tumor Group (CNIO, 
Madrid)). 

 
1.2.3. MASALA-deficient mouse model 

 
This animal model was generated by Sagrario Ortega (Head of the Transgenic 
Mice Unit at CNIO, Madrid). It is a CRISPR- knock-in, that was generated using a 
homologous recombination template that include the mutation of the MASALA start 
codon to a stop codon. 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 including an Age I restriction site, so the 
modified allele (KI allele) could be detected by enzymatic digestion. Briefly, DNA 
was extracted from the tail and Smim10l2a locus was amplified by PCR using 
Smim10l2a_locus pair of primers (Table X). Once amplified, the PCR product was 
incubated with AgeI restriction enzyme (New England Biolabs) overnight at 37ºC 
and run in agarose gel to test digestion. Separately, the PCR product was treated 
with ExoSAP-IT™ PCR Product Cleanup Reagent (ThermoFischer) following 
manufacturer instructions and sequenced by Sanger Sequencing to confirm the 
modification. 
The successfully modified animals were used as founders to generate MASALA-
deficient colony (MASALA_KO)  
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1.2.4. Mice genotyping 

 
DNA was extracted from ear-punch tissue fragment and genotyped by PCR using 
specific primer pairs (Table 2). 
For MASALA-KO colony, specific forward primers were designed to detect wild-
type and knock-in alleles (MASALA_WT and MASALA_KO) together with a 
common reverse primer (MASALA_genotyping_Rvs). 
Reprogrammable (i4F) mice were genotyped using OSKM and rtTA pair of 
primers. 
GFAP/tva mice were genotyped using Tv-a_transgene pair of primers. 

 
1.3. In vivo experiments 

 
1.3.1. Xenograft of transformed NIH3T3 cells 

 
NIH3T3 cells previously transduced with pLIX403-MASALA-HA or its empty vector 
were transduced with pLXSN-HRASv12 retroviral vector and selected with geneticin 
at 500µg/ml. MASALA overexpression was induced using doxycycline at 1µg/ml 
from the first day of selection. Once selected, cells were trypsinized and counted 
and 1·106 cells were injected subcutaneously into athymic-nude mice in both 
flanks. Tumor growth was monitored every 2 days and scored using the formula 
height × width × width × (π/6) and animals were sacrificed when tumors reached 
1.2 cm3. 

 
1.3.2. Glioblastoma formation with RCAS/ GFAP-tva model 

 
DF-1 cells were transfected with RCAS viral vectors encoding the glioblastoma 
oncogenic drivers PDGFA, shRNA-p53, shRNA-Nf1 and an additional vector 
containing MASALA-HA or the empty vector as control. As RCAS vectors auto-
transduce DF-1 cells in cell culture, cells were left for several passages until 100% 
transduction of the plate was achieved. 
Newborn mice (P1-P3) were injected intracranially with 200,000 DF-1 cells/mouse 
(50,000 cells for each one of the vectors) or 20,000 (5,000 cells/vector) using a 
Hamilton syringe. Mice were monitored every 2 days for weight loss or 
neurological symptoms (seizures, aggressiveness or unbalance). Humane end-
point was stablished upon neurological symptoms appearance or 20% weight loss 

 

2. General Cell Culture and treatments 
 

2.1. Cell Culture Conditions 
 

HEK293T, NIH3T3, HCT116, DF-1 and MEFs cells were cultured in DMEM with 
GlutaMAX supplemented with 10% of fetal bovine serum (FBS) and 1% of Penicillin-
Streptomycin (P/S) (Gibco). A549 cell line was cultured with RPMI (Gibco) 
supplemented with 10% FBS and 1% P/S. Mouse induced pluripotent stem cells 
(iPSCs) were cultured over feeder layers in DMEM GlutaMax supplemented with 15% 
FBS (or KO serum for cellular reprogramming experiments), 50 mM ß-
mercaptoethanol, 1% NEAA (Invitrogen), 1% P/S and 1000 U/ml LIF (ESGRO, 
Chemicon). All cells were incubated at 37ºC with 5%CO2.  
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2.2. Treatments  

 
To induce expression of Tet-on inducible systems, cells were treated when indicated 
with Doxycycline (Sigma Aldrich) at 1µg/ml. 
To induce genotoxic stress and/or p53 activation, cells were incubated with 1µM 
doxorubicin (Sigma Aldrich) or 10µM nutlin-3a (Sigma Aldrich) for 24 hours. 
For apoptosis induction cells were incubated with 4µM staurosporine (Sigma Aldrich) 
for 4 hours or 50µM Navitoclax (MedChem Express) for 1.5 hours. 
To induce mitochondrial stress, cells were incubated with 40µM Carbonyl cyanide-p-
trifluoromethoxyphenylhydrazone (FCCP) for 4 hours or 100µM Hydrogen Peroxide 
(H2O2) for 30 minutes. 
Protein stabilization experiments were performed incubating cells for the indicated 
timepoints with Cycloheximide (Merck) at 100µg/ml to inhibit protein translation. 

 
2.3. Mouse embryonic fibroblasts (MEFs) isolation 

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

 
2.4. Isolation of mouse iPSC lines 

 
Individual iPSC colonies derived from cellular reprogrammed MEFs were picked 
using a 25G syringe and transferred into a feeder-layered 96-well plate. Once 
confirmed that a single colony was transferred to the well, colonies were trypsinized 
and reseeded into a feeder-layered 96-well plate for amplification. 

  
2.5. Generation of feeders 

 
Exponentially growing MEFs were treated with 1µg/ml Mitomycin C (provided by Vall 
d’Hebron Hospital) during 2.5 hours at 37ºC. Then, cells were washed, trypsinized, 
counted and frozen in cryotubes for storage or seeded immediately in 0,1% gelatin-
coated plates. 
 

 
3. Cloning Procedures 
 
MASALA mouse and human ORFs were synthesized (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 enzyme restrictions sites at both ends (Complete 
Sequences can be found in Table 4. After enzymatic digestion, constructs were ligated 
into the pENTR1A vector (Addgene).  
For the lentiviral vectors, the MASALA-HA tag construct was obtained by recombining 
donor pENTR1A-MASALA-HA vector with the lentiviral inducible system pINDUCER20 
(Invitrogen) or the pLIX-403 inducible system using the Gateway Cloning Technology LR 
clonase (Invitrogen), following manufacturer’s instructions. 
RCAS viral vectors containing the glioblastoma oncogenic drivers (PDGFA, shRNA-p53, 
shRNA-Nf1) and RCAS backbone were kindly provided by Massimo Squatrito. To produce 
RCAS-MASALA-HA viral vector pENTR1A- MASALA-HA donor vector was recombined 
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into RCAS empty backbone using Gateway Cloning Technology following manufacturer’s 
instructions. A complete list of all the plasmid used can be found in Table X. 
 

4. Retro- and lentiviral infections 
 
HEK293T cells were used as packaging cells and transfected with the lenti- or retroviral 
plasmids and the packaging plasmids indicated in Table X using Fugene HD (Promega) or 
Polyethylenimine (PEI) (Polyscience Europe GmbH) reagent following manufacturer’s 
instructions. Viral supernatants were collected twice a day on two consecutive days, 
filtered through a 0.45 µm syringe filter, supplemented with of 8 μg/ml of polybrene and 
used to infect cells of interest. Successfully infected cells were established by geneticin 
(Gibco) selection at 400-600µg/ml (pINDUCER-20) or puromycin (VWR) selection 1-
2µg/ml (pLIX403) in the case of inducible vectors. 

5. Protein analysis by Western blot 
 
Cells and tissues were homogenized in 2% SDS lysis buffer (50 mM Tris-HCl, pH 8.0, 1 
mM EDTA, 2% SDS) supplemented with protease (Roche) and phophatase 
(SigmaAldrich) inhibitors cocktails except when indicated otherwise. Protein concentration 
was determined using the Pierce™ BCA Protein Assay Kit (Thermo Fisher). Lysates 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 1 h 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 X. 
 

6. mRNA analysis by RT-qPCR 
 
Total RNA was extracted with Trizol (Invitrogen) following manufacturer’s protocol. 
Genomic DNA was cleaned up and retrotranscription performed using the iScript gDNA 
Clear cDNA Synthesis Kit (BioRad). Gene expression was analyzed by RT-qPCR 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 Extended 
Data Table 5 and 6. Cycle threshold (Ct) values were normalized to GAPDH. 

7. Ribosome profiling analysis 
 
We retrieved a public ribosome profiling dataset from human and mouse brain 
(ArrayExpress accession number E-MTAB-7247) (Wang et al., 2020b) 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) and human genome (hg38). Next, mapped reads from experimental replicates 
were merged and we used the ribORF algorithm (Ji et al., 2015) to predict translated 
sORFs with significant read uniformity and frame periodicity (score ≥0.7), as this feature is 
indicative of active ORF translation. 
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8. MASALA interactome analysis by mass-spectrometry 
 
NIH3T3 cells overexpressing MASALA-HA or the Empty vector for 24 hours were lysed in 
a buffer containing 50 mM Tris-Hcl pH 7.5–8, 150 mM NaCl, 1%Triton X-100 and protease 
and phosphatase inhibitors and homogenized for 30 min in a rotor wheel. 3 mg of lysates 
were immunoprecipitated with 5 μg 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 analyzed by liquid 
chromatography-mass spectrometry on an LTQ Orbitrap Velos instrument 
(ThermoFisher). Progenesis ® QI for proteomics software v3.0 (Nonlinear dynamics, UK) 
was used for MS data analysis using default settings. The LC-MS runs were automatically 
aligned to an automatically selected reference sample with manual supervision Peak lists 
were generated from Progenesis and loaded to Proteome Discoverer v2.1 (Thermo Fisher 
Scientific) for protein identification. Proteins were identified using Mascot v2.5 (Matrix 
Science, London UK) to search the SwissProt database (2018_11, taxonomy restricted to 
mouse proteins). Significance threshold for the identifications was set to p<0.05, minimum 
ions score of 20. Statistical analysis was performed using Progenesis software. Proteins 
displaying greater than 2-fold change, and p<0.05 (T-test) between Immunoprecipitate 
and control groups were considered significantly differential. 
 

9. Immunofluorescence 
 

9.1. Immunofluorescence of cultured cells 
  

Cells were seeded in coverslips (Sigma Aldrich) previously coated with fibronectin 
(Santa Cruz Biotechnologies). When desired, cells were fixed in 4% 
paraformaldehyde for fifteen minutes and permeabilized with 0.5% Triton X-100 for 
seven 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 blocking buffer. Next day, secondary antibodies were incubated for 
one hour at room temperature in the dark. Finally, cells were mounted in Prolong 
Mounting Medium with DAPI (Invitrogen). Images were taken in a Nikon Eclipse Ti-E 
inverted microscope system or Nikon C2 Plus Confocal Microscope. Antibodies and 
dilutions are listed in Table 2. 

 
9.2. Immunofluorescence in tissues 

 
Extracted organs were fixed in 4% Paraformaldehyde for 24 hour and then incubated 
in 30% Sucrose for 24-72h. Fixed organs were embebed in OCT Tissue-Tek® 
(Sakura Finetek) and frozen at -80ºC. 5µm cryosections were permeabilized 
incubating in 3%Triton X-100 for 10 minutes at room temperature. Blocking was made 
with 3%BSA and 10% goat serum incubation for 1 hour at room temperature. Primary 
antibodies were incubated in 3% BSA and 10% goat serum overnight at 4ºC. Next 
day, secondary antibodies were incubated for 1 hour at room temperature in the dark. 
Tissue sections were mounted in Prolong Mounting Medium with DAPI (Invitrogen). 
Images were taken in a Nikon C2 Plus Confocal Microscope.  
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10. Cellular Reprogramming  
 
MEFs were transduced with Tet-O-FUW-OSKM inducible lentiviral vector or FUGW-GFP 
vector as transduction control together with pINDUCER20-MASALA-HA or its empty 
vector. Cells were selected with geneticin at 400µg/ml (pINDUCER20). Transduction 
efficiency was assessed by Flow Cytometry using the FUGW-GFP infected cells. After 
selection, MEFs were plated in a 6-well plate at 5·105 cells/well. Once attached, OSKM 
cassette and MASALA expression was induced by treating with Doxycycline at 1µg/ml in 
cellular reprogramming medium. Medium was changed every other day during 12-14 
days, until iPSC colonies were evident. 
For reprogramming experiments without MASALA overexpression, MEFs isolated from 
i4F mice were used. In this case, i4F MEFs were directly seeded at 5·105 cells/well and 
induced with Doxycycline at 1µg/ml in cellular reprogramming medium. Medium was 
changed every other day during 12-14 days, until iPSC colonies were evident 
To determine cellular reprogramming efficiency in both cases, mIPSC colonies were 
quantified manually after alkaline phosphatase staining (Promega) following manufacturer 
instructions. 
 

11. Oncogenic Transformation 
 

MEFs previously transduced with pINDUCER20-MASALA-HA or empty vector were 
transduced with pLPC-E1a-IRES-HRASv12 retroviral vector and selected with 
puromycin 1.5µg/ml. Once selected, 1.2·105 cells/plate were seeded in 60mm plates.  
Overexpression of MASALA was induced with 1µg/ml doxycycline treatment 
refreshed every other day for 15-20 days. Transformation efficiency was quantified 
manually by counting transformation foci using crystal violet staining. 

 

12. ROS quantification 
 

12.1. Total ROS 
 

MEFs previously transduced with pINDUCER20-MASALA-HA or its empty vector 
were seeded in a black 96-well plate at 104cells/well density. Then, cells were 
induced for MASALA overexpression with doxycycline at 1µg/ml for 24h. ROS 
accumulation was quantified using 2′,7′-Dichlorofluorescin diacetate (DCFH-DA) 
fluorescent probe. Briefly, cells were incubated with DCFH-DA 10µM for 1h at 37ºC, 
then washed with PBS and fluorescence was quantified every 30 minutes up to 3 
hours with a Spark 10M (TECAN) microplate reader. 

 
12.2. Mitochondrial ROS 

 
5·105 cells were seeded in a 24-well plate and treated with 1µg/ml doxycycline for 24 
hours (for MASALA overexpression). Cells were incubated with MitoSOX fluorescent 
probe (Thermo Fischer) at 2.5µM in Hank’s balanced salt solution (HBSS) for 15 
minutes at 37ºC, then washed with PBS, trypsinized and resuspended in FACS buffer 
(PBS + 0.1%BSA + EDTA 1mM). For fluorescence quantification 2·105 events were 
acquired using Navios Cytometer (Beckman Coulter).  
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13. Mitochondrial membrane potential quantification 
 
MASALA overexpression was induced for 24 hours in MEFs previously transduced with 
pINDUCER20-MASALA-HA or the empty vector as control. Cells were incubated with 
Tetramethylrhodamine methyl ester (TMRM) fluorescent probe at a final concentration of 
100nM for 30 minutes at 37ºC. We used cells treated with 20µM Oligomycin as negative 
control and cells treated with FCCP 30µM as positive control. After treatment, cells were 
washed twice with PBS and suspended in FACS buffer. Fluorescence quantification was 
performed in Navios Cytometer (Beckman Coulter). 

14. Oxygen consumption rate (OCR) measurement 
 
OCR was measured using Seahorse XFe24 Mito Stress Assay (Agilent). The day prior to 
the experiment cells were trypsinized, counted and seeded in Seahorse XFe24 cell culture 
plates at 4·104 cells/well (overexpression experiments) or 4.5·104 (for loss of function 
experiments). Next day, cells were analyzed in Seahorse XFe24 Analyzer following Mito 
Stress Assay manufacturer instructions using 1.5µM Oligomycin, 2µM FCCP and 0.5 µM 
Rotenone + Antimycin A. After the measurements, cells were fixed in methanol and 
counted manually for normalization. 
 

15. Mitochondria-enriched fraction isolation 
 
For mitochondrial enrichment, we adapted the protocol described previously in(Kojima et 
al., 2016). A549 cells previously transduced with pLIX-403-MASALA-HA or its empty 
vector and were induced for MASALA-HA overexpression for 24 hours. Then, cells were 
suspended on ice-cold HKSS buffer [70 mM sucrose, 220 mM D-Mannitol, 10 mM KAc, 
20 mM HEPES-KOH pH 7.5, protease inhibitors] and disrupted with 25-30 passages of 
the pestle in a Douncer homogenizer on ice.  Resulting lysate was centrifuged 10 minutes 
at 800xG and 4ºC to remove debris. Part of the supernatant was taken as total fraction 
and the rest of the lysate was further centrifuged at 10,000x G for 25 minutes at 4ºC to 
obtain the mitochondrial-enriched fraction in the precipitate and the cytosolic fraction in 
the supernatant. Cytosolic fraction was taken apart and mitochondrial-enriched fraction 
was washed by resuspension in HKSS buffer and centrifugation 10,000x G for 25 minutes 
at 4ºC. Then, supernatant was discarded and mitochondrial-enriched precipitate was 
resuspended in 2%SDS protein extraction buffer (described before). Fraction extracts 
were quantified for protein concentration and immunoblotted. 

16. Protease K protection assay 
 
A549 cells previously transduced with pLIX-403-MASALA-HA or its empty vector were 
induced for MASALA-HA overexpression for 24 hours. Mitochondrial-enriched fraction 
was extracted as described before but the final resuspension was done in two different 
buffers for each condition. For intact mitochondria, precipitate was resuspended in HKSS 
buffer without protease inhibitors and for mitoplast generation, precipitate was 
resuspended in hypotonic buffer HK without protease inhibitors [10mM KAc, 20mM 
HEPES-KOH pH 7.5]. Then, the two conditions (MASALA and control) were separated 
into three different tubes for Protease K treatment with its positive and negative controls. 
Corresponding tubes were incubated with Protease K at 12.5µg/ml for test condition or 
Protease K 12.5µg/ml + Triton X-100 1% final concentration in the case of the positive 
control during 12 minutes at 37ºC. Negative control tubes were also incubated at 37ºC for 
12 minutes without any treatment. Protease K was inactivated by adding 
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phenylmethylsulfonyl fluoride (PMSF) to the tubes at a final concentration of 5µM. Finally, 
lysates were quantified for protein concentration and immunoblotted 

17. In silico analyses 
 

17.1. Codon conservation 
 

SMIM10L2A coding potential was assessed using PhyloCSF (Lin et al., 2011), a 
comparative genomics algorithm that analyzes a multispecies nucleotide sequence 
alignment and score it according to phylogenetic codon conservation.  

 
17.2. lncRNA structure prediction 

 
Smim10l2a secondary RNA structure was predicted using MFold web-server software 
(Zuker, 1994, 2003) using the cDNA sequence. 

 
17.3. Protein features prediction 

 
The different characteristics of the protein were predicted using publicly available 
prediction software in different web-servers. Using amino acid sequence of MASALA, 
transmembrane domain was predicted by TMHMM (Krogh et al., 2001) and target 
peptide of the N-terminal region was determined by TargetP (Almagro Armenteros et 
al., 2019). Three dimensional protein-structure prediction was obtained with C-Quark 
software (Mortuza et al., 2021) from the amino acidic sequence. Subcellular protein 
localization prediction was determined using DeepLoc 1.0 software (Almagro 
Armenteros et al., 2017) for both mouse and human versions of MASALA. Probability 
of a mitochondrial targeting presequence and mitochondrial processing peptidase 
cleavage site were predicted using MitoFates web-server software (Fukasawa et al., 
2015). Finally, protein membrane topology was predicted using Protter (Omasits et 
al., 2014). 

 
17.4. Image analysis 

 
17.4.1. MASALA colocalization analysis 

 
NIH3T3 cells transduced with pINDUCER20-MASALA-HA or the empty vector 
were induced 24 hours for overexpression of the construct. Cells were processed 
for immunofluorescence as indicated above using anti-HA-tag antibody (Sigma) 
1:150 dilution and anti-AIF antibody (Santa Cruz Biotechnologies) at 1:100 dilution. 
Images were acquired in Nikon C2 Plus Confocal Microscope at 60X magnification 
and analyzed using ImageJ Coloc-2 software for signal correlation analysis. 

 
17.4.2. Mitochondrial morphology analysis 

 
MEFs previously transduced with pINDUCER20-MASALA-HA or the empty vector 
were further transduced with pDsRed-Mito for mitochondria visualization. Then, 
cells were treated with doxycycline for the indicated times. 100 cells per timepoint 
were analyzed and classified according to their mitochondrial morphology. Cells 
were classified according to the mitochondrial phenotype in three different 
categories: Fragmented when the majority of the cell presented single globular 
mitochondria, tubulated when the majority of the mitochondria presented a tubular, 
networked shape and intermediate when cells presented a mixed phenotype 
between the two. Results Fig 38 for visual reference. 
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18. Transmission electron microscopy 
 
MEFs were collected in cold Phosphate buffer (0.1M pH7.4). Then were fixed in 2% 
Paraformaldehyde, 2,5% glutaraldehyde in phosphate buffer for 30 minutes on ice and 
resuspended in phosphate buffer (0.1M pH7.4) for storage at 4ºC. 
Cell pellet was then treated with 1% Osmium tetraoxyde and 0.8% potassium fericyanide 
in fixing solution for 2h (4ºC). Next, cells were washed with MiliQ water and dehydrated 
with increasing concentrations of acetone at 4ºC. 
Inclusion of the samples was perfomred in Epoxy resin (Spurr) and survey cuts were 
performed using a glass blade in an ultramicrotome (Leica). Once the area of interest was 
selected, final cuts were performed in an ultramicrotome (Leica) using a diamond blade 
(Diatome), collecting the cuts in a copper grid. Final cuts were contrasted with uranyl 
acetate and lead citrate.  
Images were aquired by Dr. Miguel Angel Lafarga Coscojuela at SERMET (Universidad 
de Cantabria) using a Jeol Jem 2100 electron microscope. 
 

19. Statistical analysis 
 
Data is presented as mean ± SD or mean ± SEM unless indicated otherwise. In data 
obtained from biological replicates n correspond to individual animals or individual MEF 
preparations. Statistical significance was evaluated with GraphPad Software using 
Student’s t-tests with Welch correction or two-way Anova, unless indicated otherwise. 
Significant differences were established based on P-value (ns= p> 0.05, *p< 0.05, **p< 
0.01, ***p< 0.001, ****p< 0.0001). 
 
 
 
Table 1. Antibodies 
 

Target Reference Dilution WB Dilution IF 

HA-Tag Ab9110, Abcam 1:2500  

HA-Tag H6908, Sigma  1:150 

GAPDH AM4300, Thermo Fisher Scientific 1:10000  

MASALA Proteogenix 1:200 1:10 

AIF SC-13116, Santa Cruz  1:250 

p53 SC-126, Santa Cruz 1:500  

p21 MS-891-P0, Thermo Scientific   

Tubulin SC-32293, Santa Cruz 1:1000  

VDAC-1 SC-390996, Santa Cruz 1:500  

TOMM20 GTX133756, GeneTex 1:1000  

TIMM23 GTX66539, GeneTex 1:500  

SUCLG2 GTX107002, GeneTex 1:10.000  

SERCA2 NB300-581, Novus Biologicals  1:100 

DRP1 8750,	Cell Signaling	 1:1000  

pDRP1(S616) 3455, Cell Signaling 1:1000  
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Table 2. Primers 
 
Human primers 
Primer Name Forward Reverse 

GAPDH GGACTCATGACCACAGTCCATGCC TCAGGGATGACCTTGCCCACAG 

SMIM10L2A CGGCGACTTGACTTTCCAG AGGCCCTTCTTCTCCTCTTG 

CDKN1A TGTCACTGTCTTGTACCCTTG GGCGTTTGGAGTGGTAGAA 

CCND1 ATGTTCGTGGCCTCTAAGATGA CAGGTTCCACTTGAGCTTGTTC 

 
 
Mouse primers 
Primer Name Forward Reverse 

mGAPDH TGTGTCCGTCGTGGATCTGA TTGCTGTTGAAGTCGCAGGAG 

Smim10l2a TACGAACAGAACAGGAGGAC CTCTCCACATTGTGGCTTTG 

Smim10l2a_locus GGGTGGAGCATTGAAGGCT CATCACTGAGGCCACCATGT 

MASALA_WT GCGGTGAGCCAGGCCAATGG  

MASALA_KO GCGGTGAGCCAGGCTATAAC  

MASALA_genotyping_Rvs GCCGCAGTCACCGGTTATAG  

OSKM ACTGCCCCTGTCGCACAT CATGTCAGACTCGCCAGGTG 

rtTA 
AAAGTCGCTCTGAGTTGTTAT 

GGAGCGGGAGAAATGGATATG 
GCGAAGAGTTTGTCCTCAACC 

Tv-a_transgene CAGATTTGAGAGCTCATGTCCA ACGGACAACGGCACAGAG 

 
 
Table 3. Plasmids 
 
Retroviral packaging vectors 
 

pCL-Ampho 

pCL-Eco 

 
Retroviral vectors 
 

pLP-HRASV12-IRES-E1A 

 
Lentiviral packaging vectors 
 

pLP1 

pLP2 

pLP- VSVG 

 

MFN1+2 ab57602, Abcam 1:2000  

OPA1 612606, BD Biosciences 1:1000  



Materials & Methods 
 

 
 

43 

Lentiviral vectors 
 

pFUW-TetO-OSKM 

pFUGW 

pLIX-403 

pINDUCER20 

pENTR1A 

pDsRED-mito 

 
RCAS vectors 

 
RCAS-Y (empty vector) 

RCAS-MASALA-HA 
RCAS-PDGFA 
RCAS-shp53 
RCAS-shNf1 

 
 
Table 4. Overexpression Constructs 
 
Human MASALA-HA 
 
taagcaGAATTCCTCGAGCGCCACCATGGCGGCGTCGGCGGCTCTGTCTGCAGCGGCGGCTGCG
GCGGCCCTGTCTGGCCTGGCGGTGCGGCTGTCGCGCTCAGCTGCGGCCCGAGGCTCGTAC
GGCGCCTTCTGCAAGGGGCTCACGCGCACGCTGCTCACCTTCTTCGACCTGGCCTGGCGGC
TGCGCATGAACTTCCCCTACTTCTACATCGTGGCCTCGGTGATGCTTAACGTCCGCCTGCAGG
TGCGGATCGAGGGCGGTGGTGGCAGTGGTGGCGGAGGAAGCGGTGGGGGAGGCAGCTATC
CGTATGATGTGCCGGATTATGCGTGAGAATTCtgctta 
 
Mouse MASALA-HA 
 
taagcaGAATTCCTCGAGCGCCACCATGGCGGTGACTGCGGCCCTCTCTGCTGCTGCTGCGGCGG
CGGCCCTGTCTGGCCTGGCAGTGCGACTGTCGCGTTGGGCGGCGACACGCAGCTCCTACGG
TGCGTTCTGCAAGGGGCTCACGCGCACGCTACTCACCTTCTTCGACCTAGCCTGGCGCCTGC
GCGTGAACTTCCCCTACTTCTACATGGTGGCCTCAGTGATGCTCAACGTCCGCCTGCAGGTG
CGGATCGAGGGCGGTGGTGGCAGTGGTGGCGGAGGAAGCGGTGGGGGAGGCAGCTATCCG
TATGATGTGCCGGATTATGCGTGAGAATTCtgctta 
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1. Identification of MASALA microprotein  
 

1.1. The lncRNA SMIM10L2A encodes for a 78-amino acid microprotein. 
 

To identify novel microproteins involved in cancer cell plasticity we followed a 
computational approach. We focused our search on lncRNAs-encoded microproteins, 
given that many lncRNAs are annotated and we could find information about their 
expression and regulation. Additionally, many lncRNAs are expressed in a tissue specific 
manner (Cabili et al., 2011), what may help to understand their biological role. 

Using previous literature and public databases, we selected lncRNAs that are 
deregulated in cancer and are regulated during cellular reprogramming/differentiation 
processes (Fig 8A).  
 

 
 
Figure 8. SMIM10L2A is a lncRNA with a highly conserved sORF and is actively translated. 
(A) Strategy for the discovery of novel microproteins involved in cancer cell plasticity. (B) Analysis 
of codon conservation across SMIM10L2A locus by PhyloCSF software, which shows a positive 
deflection (in green) corresponding to MASALA sORF. In red, representation of Ribo-Seq 
performed in mouse brain and analyzed with RibORF. (C) Amino acid conservation of SMIM10L2A 
sORF across placental mammals.   
 

Then, we look for the presence of evolutionary conserved sORFs in those lncRNAs. 
For that purpose we used PhyloCSF, a comparative genomics algorithm that quantifies 
the codon conservation across 35 vertebrate species (Lin et al., 2011). Following this 
approach, we found that SMIM10L2A (LINC00086), a gene annotated as a lncRNA, 
contains a sORF highly conserved across placental mammals (Fig 8C). To validate the 
coding potential of our candidate, we analyzed already published ribosome profiling 
experiments performed in brain (Wang et al., 2020b) using RiboORF, a software that 
evaluates reads per frame and read uniformity (Ruiz-Orera et al., 2018). This analysis 
revealed that SMIM10L2A is translated in mouse and human brain, encoding a 78-amino 
acid microprotein (Fig 8B). We have named this new microprotein MASALA. 

 
We performed different in silico analyses to determine the main characteristics of 

MASALA microprotein. Using Target P (Almagro Armenteros et al., 2019), we observed 
that MASALA has a predicted targeting peptide at the N-terminal region from the start M1 
to R22, where there is a Mitochondrial Processing Peptidase (MPP) cleavage site (Fig 
9A). 
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Figure 9. In silico characterization of MASALA microprotein. (A) Main features of the protein 
over its primary structure. Green color represents the targeting peptide in N-terminal domain and 
red color represents the transmembrane domain in the C-Terminal. Purple “R” amino acid 
corresponds to mitochondrial peptidase cleavage site at R22. (B) Predicted tertiary structure of 
MASALA by C-Quark and its topology within a membrane predicted by Protter. Green color 
represents N-terminal targeting peptide and red color represents the C-Terminal transmembrane 
domain. (C) Predicted mitochondrial localization of MASALA using DeepLoc 1.0. Numbers in the 
branches indicate the probability of the protein being at that compartment. 
 

Additionally, MASALA has a predicted transmembrane domain at the C-terminal part 
(F58-V75). Protter software (Omasits et al., 2014) predicts that MASALA’s N-terminal 
domain is oriented towards the outer part of the membrane (Fig 9B). 

Finally, to predict the subcellular localization of the microprotein we used DeepLoc 
1.0 predictor (Almagro Armenteros et al., 2017), which predicted MASALA to be located in 
the mitochondria with a 0.76 probability (Fig 9C). Moreover, another mitochondrial 
presequence predictor (MitoFates, (Fukasawa et al., 2015)) identified a putative 
mitochondrial presequence with a probability of 0.796 before the mitochondrial peptidase 
cleavage site at R22. 
 

1.2. Generation of different tools to study MASALA microprotein 
 

To further characterize the function of the microprotein we generated gain- and loss-
of function tools. To asses MASALA gain of function, we generated a MASALA-
overexpressing vector by cloning the sORFs of the human or murine MASALA tagged 
with an HA (Fig 10) into the pINDUCER20 or pLIX-403 doxycycline-inducible lentiviral 
vector. To minimize the possible effect of the tag over MASALA, we separated MASALA 
and the HA by a linker of low interacting amino acids (3xGGGGS). 
 

We transduced MEFs with the pINDUCER20-MASALA-HA (murine) and A549 with 
pLIX-403-MASALA-HA (human) lentiviral vectors. Successfully transduced cells were 
treated with 1µg/ml doxycycline treatment for 24 hours to induce microprotein 
overexpression (Fig 10). Importantly, we detected the microprotein by immunoblotting 
against the HA-tag, meaning that MASALA microprotein can be expressed and is stable in 
cellular conditions. 

MAASAALSAAAAAAALSGLAVRLSRSAAARGSYGAFCKGLTRTLLTFFDLAWRLRMNFPYFYIVASVMLNVRLQVRIE*

Target Peptide Exposed Transmembrane

A

B C

N’

C’
N’

C’

Extra

Intra



Results 
 

 
 

49 

 
 

 
Figure 10. Generation of a MASALA overexpression vector. (A) Design of the doxycycline-
inducible MASALA overexpressing construct. (B) Detection of mouse and human MASALA 
overexpression in the indicated cells lines after 24 hours of induction with 1 µg/ml doxycycline. 
Control cells were transduced with the empty backbone. Protein expression was detected by 
immunoblot using an anti-HA-tag antibody 
 

To assess MASALA loss of function, we have generated a MASALA-deficient 
mouse model using CRISPR-Cas9 technology. It is known that lncRNAs functionality 
often depends on their secondary and tertiary structures (Zampetaki et al., 
2018),(Johnsson et al., 2014). To disrupt MASALA translation without modifying the 
function of SMIM10L2A lncRNA, we introduced as few changes as possible into the 
genomic sequence. We used a homologous recombination template in which we 
substituted MASALA start codon by a stop codon and mutated the PAM sequence to 
avoid recognition of the gRNA-Cas9 complex once the genomic region has been modified. 
In addition, we introduced a G>C mutation to generate a restriction site to be able to 
detect the recombination by enzymatic digestion (Fig 11). 
 
 

 
 

Figure 11. Strategy for the generation of a MASALA-deficient mouse strain using CRISPR-
Cas9 technology. Image showing the MASALA WT allele and the MASALA-KO allele. We 
substituted the start codon (green) by a stop codon (red), mutated the PAM sequence, and 
introduced a G>C mutation to include a restriction site (in yellow). 
 

We analyzed the wild type and knock-out SMIM10L2A transcript sequences using 
Mfold lncRNA structure predictor (Zuker, 2003), and we only observed a minimal change 
in the ATG loop that did not significantly affect the stability of the entire molecule (Fig 
12A). 

In collaboration with Sagrario Ortega (Head of the Transgenic Mice Unit at the 
CNIO), we delivered the Cas9, gRNA and the homologous recombination template by 
microinjection of mice embryos and we successfully obtained the desired modification in 
several embryos that we used as founders to establish a mouse colony of MASALA-
deficient mice (Fig 12B). 
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Figure 12. Modification of the start codon does not affect RNA stability or structure. (A) Left, 
predicted structure of SMIM10L2A using Mfold software. Right, detail of the modification in RNA 
structure with the minimum free energy of both WT and mutated molecules. The arrows indicate 
the start codon position. (B) result of the sequencing of Smim10l2a locus in one of the founders 
carrying the modification. Bordered in red are the changes that are introduced in the locus: 
mutation of the PAM sequence, STOP codon and a restriction site for genotyping. 
 

Finally, in order to detect the expression of the endogenous MASALA microprotein, 
we have generated a custom rabbit polyclonal antibody. We subcontracted the generation 
of the antibody to the company Proteogenix, which synthesized the MASALA protein and 
use it to immunize the rabbits. We obtained a purified antibody that we have validated in 
mouse tissues (see 1.3.2) 
 

1.3. Analysis of SMIM10L2A/MASALA expression and regulation 
 

1.3.1. SMIM10L2A is expressed in brain, testis and adrenal gland 
 

Many lncRNAs present a tissue-specific expression pattern. We checked the 
expression pattern of SMIM10L2A in mouse and human tissues. For human tissues, we 
used GTEX public data. SMIM10L2A is mainly expressed in brain, testis and adrenal 
gland (Fig 13A). We further corroborate the expression of Smim10l2a in these three 
organs in mouse by qRT-PCR, being the testis the one with the higher expression (Fig 
13B). 
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Figure 13. SMIM10L2A is mainly expressed in brain, testis and adrenal gland. (A) Violin plot 
of SMIM10L2A expression in human tissues. Data extracted from Gtex database. (B) mRNA 
expression levels of Smim10l2a in 8-12 weeks old mouse tissues analyzed by qRT-PCR. Each dot 
represents a single animal, bars represent mean expression ± SEM. 
 

1.3.2. MASALA microprotein is detected in the adrenal gland. 
 

We used our custom-made antibody against MASALA to test the expression of the 
endogenous MASALA protein in different organs. As a negative control, we used our 
MASALA knock-out mice. So far, we have not been able to detect a specific and reliable 
band by Western blot in mouse tissues (see 2.2.1 for the detection in MEFs during 
reprogramming). We tried by immunofluorescence, and although we did not detect 
MASALA in the testes or the brain, we found the expression of the protein in the Zona 
glomerulosa of the adrenal gland cortex in WT mice, whereas there was no signal in 
MASALA KO mice (Fig 14A). Importantly, we observed that MASALA is localized in the 
cytoplasm of the cell (Fig 14B). 

This result further confirms that SMIM10L2A was misannotated as a lncRNA, and in 
fact is translated producing MASALA microprotein.  
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Figure 14. MASALA protein is detected in adrenal gland. (A) Representative 
immunofluorescence images of MASALA (green) in WT and MASALA KO adrenal glands obtained 
from 10-week-old mouse. MASALA was stained using an anti-MASALA polyclonal custom-made 
antibody. Nuclei are counterstained with DAPI. The different areas of the adrenal gland cortex are 
shown. Scale bar = 50µm. (B) Digital magnification of the Zona glomerulosa in a WT mouse. Scale 
bar = 50µm. 
 

1.3.3. SMIM10L2A is upregulated upon damage in a p53 dependent manner 
 

Previous studies have reported that SMIM10L2A is upregulated by p53 stabilization 
upon Nutlin-3a treatment (Leveille et al., 2015). Nutlin-3a is an inhibitor of MDM2, a E3 
ubiquitine-ligase that promotes p53 degradation (Vassilev et al., 2004). We confirmed the 
regulation of SMIM10L2A by p53 using the isogenic cell lines HCT116 p53-WT and 
HCT116 p53-KO. We treated both cell lines with Nutlin-3a and measured the expression 
of the lncRNA by qRT-PCR. Indeed, we observed that SMIM10L2A is upregulated by 
Nutlin-3a only in HCT116 p53 WT cells (Fig 15).   
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Figure 15. SMIM10L2A is upregulated by p53 stabilization. Expression analysis of SMIM10L2A 
by RT-qPCR in HCT116 p53-WT or p53-KO cells treated with Nutlin-3a 10µM for 24h. Bars 
represent mean expression ± SD. 
 

In addition, we wondered if the upregulation of the lncRNA was still dependent of 
p53 in a context of general damage. We treated p53-WT and p53-KO HCT116 cells with 
doxorubicin, a chemotherapeutic drug that induces genotoxic stress, and we observed 
that SMIM10L2A was upregulated upon damage in a p53 dependent manner (Fig 16). 
 
 

 
 
Figure 16. SMIM10L2A is upregulated upon doxorubicin treatment in a p53-dependent 
manner. On the left, expression of SMIM10L2A in HCT116 p53-WT or p53-KO cell lines treated 
with 1µM doxorubicin for 24h, measured by RT-qPCR. Bars represent mean expression ± SD. On 
the right, Western blot showing p53 stabilization and upregulation of its downstream effector p21.  
 
 

1.3.4. SMIM10L2A is downregulated in some types of cancer 
 

Given that MASALA is regulated by p53, the tumor suppressor most 
frequently mutated in human tumors, we wanted to study the regulation of SMIM10L2A in 
cancer. In fact, several studies have previously reported a positive correlation of 
SMIM10L2A expression with a better outcome in nasopharyngeal carcinoma and gastric 
cancer (Guo et al., 2017; Li et al., 2016). 

We analyzed the expression of SMIM10L2A in tumors originated in the brain and in 
the adrenal gland, tissues in which SMIM10L2A is highly expressed. More specifically, 
using the Genotype-Tissue Expression (GTEx) Project database and the Cancer Genome 
Atlas (TCGA) database, we compared the expression of SMIM10L2A in the brain with its 
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expression in Low-grade glioma and Glioblastoma, and the expression in the adrenal 
gland with the expression in Pheocromocytoma & Paraganglioma. We observed that 
SMIM10L2A is downregulated in tumors compared to their healthy tissue in all of the 
cases (Fig 17). 

 
Altogether, these observations suggest a potential role of MASALA microprotein as 

a tumor suppressor. 
 
 

 
Figure 17. SMIM10L2A is downregulated in cancer. Comparison between SMIM10L2A 
expression in healthy brain and adrenal gland (retrieved from from GTEx, in green) and in tumors 
derived from those tissues (from TCGA, in red). Each point represents a single patient. * p< 0.01 
One-way ANOVA. 
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2. Functional characterization of MASALA 
 

2.1. MASALA in cancer 
 

2.1.1. MASALA overexpression does not affect cell growth in cancer cell lines 
 

As we have described above, MASALA is regulated by p53 protein and its 
expression is downregulated in several tumors. Thus, we considered of interest to test if 
MASALA overexpression could affect cancer cell growth. As a first approach to study this, 
we transduced A549 lung cancer cells and GL261 mouse glioblastoma cells with the 
MASALA-inducible lentiviral vector or control vector, and measured cell proliferation after 
inducing MASALA with doxycycline at different time points. MASALA overexpression over 
several days did not produce any significant effect in the growth rate of any of the cell 
lines (Fig 18). 
 
 

 
 

Figure 18. MASALA does not affect cell growth in cancer cell lines. Growth rate of A549 and 
GL261 cell lines overexpressing MASALA over 9 days. Growth rate was calculated by counting the 
number of cells at the indicated timepoints and normalized to their respective number of cells at 
day zero.  Each point represents the mean ±SD of three technical replicates. 
 

Next, we transduced A549 cells with pLIX-403-MASALA-HA inducible vector and 
overexpressed the microprotein for 24 hours and did not observe significant differences in 
a Cell titer-Glo assay, which measures ATP as an indicator of the number of viable cells in 
the culture (Fig 19A). In addition, since SMIM10L2A lncRNA has been shown to regulate 
CDKN1A expression (Leveille et al., 2015), we wanted to check if MASALA affects the 
expression of CDKN1A gene together with CCND1, another cell cycle gene. Consistently 
with previous results, we did not observe significant differences in the expression of these 
genes upon 24 hours of MASALA induction in A549 cells (Fig 19B).  
 

Time (days)

GL261

G
ro

w
th

 ra
te

Time (days)

A549

G
ro

w
th

 ra
te

ns

0 2 4 6 8 10
0

200

400

600

800

Data 1

Control
MASALA

0 2 4 6 8 10
0

20

40

60

80
Control
MASALA



Results 
 

 56 

  
 
Figure 19. MASALA overexpression does not affect the number of viable cells or the 
expression of cell cycle genes. (A) Cell titer-Glo analysis in A549 cells overexpressing MASALA 
for 24h. Bars represent mean ± SD of five technical replicates. WT column represent A549 cells 
that have not been lentivirally transduced. Control column represent A549 cells transduced with 
pLIX-403 empty vector. (B) mRNA expression analysis by RT-qPCR of the indicated genes in A549 
cells overexpressing MASALA or transduced with its empty vector for 24h. Bars represent mean 
±SD of three technical replicates.  
 
 

2.1.2. MASALA impairs oncogenic transformation in vitro 
 

Although we could not observe any effect of MASALA on cell cycle in cancer cell 
lines, we know that SMIM10L2A is downregulated in several tumors. Since SMIM10L2A is 
regulated by p53, and the inactivation of this gene (or the inactivation of p53 pathway) is 
usually one of the first oncogenic hits during carcinogenesis, we wondered if the 
overexpression of MASALA could have a tumor suppressor effect in an oncogenic 
transformation experiment.  

To test this, we transduced MEFs with the murine version of the MASALA-inducible 
vector or control vector, together with a construct that constitutively express oncogenic 
RAS (HRASG12V) and the E1a protein, which inactivates retinoblastoma (Rb) and induces 
p53 stabilization. The combination of the expression of oncogenic RAS with Rb 
inactivation and the stabilization of p53 promote surviving primary cells to transform into 
cancer cells. After the infection, we plated cells at low density and induced the expression 
of MASALA over 15-21 days.  Of note, MASALA overexpression drastically reduced the 
efficiency of oncogenic transformation, quantified as the number of transformation foci 
stained with Crystal violet (Fig 20), suggesting that MASALA may be a molecular barrier 
for oncogenic transformation. 
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Figure 20. MASALA significantly reduces oncogenic transformation by E1a-Ras in vitro. On 
the left, representative images of MASALA and control transformation foci. MEFs were infected 
with E1a-HRASG12V, together with pINDUCER20-MASALA-HA or the empty vector. Successfully 
infected cells were plated at low density, and treated for MASALA overexpression with 1µg/ml 
doxycycline every other day and stained with crystal violet 15-21 days after plating. On the right, 
quantification of the number of transformation foci, represented as relative to the average number 
in their respective controls. Each dot represents a biological replicate (n=8) of three different 
experiments. Plot represents mean ±SEM. ****p< 0.0001 obtained with unpaired student t-test with 
Welch correction.  
 

2.1.3. MASALA does not impair oncogenic transformation in the RCAS/GFAP-tv-a 
Glioblastoma model 

 
Following the observation that MASALA reduces oncogenic transformation in vitro, 

we wanted to test this phenotype in vivo. Given that SMIM10L2A is highly expressed in 
brain and it is downregulated in glioblastoma, we chose to use a well-established mouse 
model for glioblastoma, the RCAS/ GFAP-tv-a (Hambardzumyan et al., 2009; Holland et 
al., 1998) . This model is a genetically engineered mouse that expresses the tv-a receptor 
under the promoter of GFAP. This cell surface receptor allows the targeting of specific 
cells (in our case GFAP-expressing cells) with replication-competent avian leukosis virus 
splice-acceptor (RCAS) viruses encoding for different drivers of glioblastoma (Ozawa et 
al., 2014). Thus, this system models the origin of glioblastoma from glial precursors and 
astrocytes, which express GFAP. 

In our case, we followed a very aggressive combination of oncogenic drivers that 
includes the overexpression of PDGFA together with two shRNAs against p53 and Nf1. 
To study the effect of MASALA, we added another viral vector encoding our microprotein 
or an empty vector for the control condition (Fig 21).  
 
 

 
Figure 21. Schematic representation of the RCAS/ GFAP/ tv-a mouse model. Depiction of the 
different RCAS vectors carrying the glioblastoma drivers (shp53, shNf1 and PDGFA) and the 
RCAS vector for MASALA overexpression. Injection of DF-1 cells producing the RCAS viral vectors 
were injected intracranially into GFAP/tv-a newborn mice. 
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We injected intracranially newborn mice with 2·105 DF-1 cells producing the 
glioblastoma drivers and followed their evolution until mice reached humane end point due 
to weight loss or symptoms of neural damage, when the mice were sacrificed. We did not 
observe any effect of MASALA overexpression in the survival of the inoculated mice (Fig 
22A). We have also, repeated the same experiment inoculating 2·104 cells observing the 
same result (Fig 22B). It is possible that the aggressiveness of this model (with a median 
survival of 52 and 55 days in the Control and MASALA conditions, respectively) is 
sufficient to overcome the effect of MASALA as a tumor suppressor. There are different 
combinations of oncogenic drivers that renders a milder phenotype, for example using 
only PDGFA + shNf1 (Ozawa et al., 2014), which could be used to further check the role 
of MASALA in this model. 
 

 
 

Figure 22. MASALA does not improve survival in RCAS/GFAP-tv-a glioblastoma mouse 
model. A) Kaplan-Meyer curve representing survival over time. 2·105 cells were injected. Each dot 
represents a single mouse. Control n= 12; MASALA n= 14. Median survival for control = 52 days; 
Median survival for MASALA = 56 days. B) Kaplan-Meyer curve representing survival over time. 
2·104 cells were injected. Each dot represents a single mouse. Control n= 10; MASALA n= 16. 
Median survival for control = 77 days; Median survival for MASALA = 70 days 
 

2.1.4. MASALA does not impair NIH3T3 fibroblast transformation in vivo  
 

Continuing to address the possible effect of MASALA impairing oncogenic 
transformation in vivo, we decided to use the immortal mouse fibroblasts cell line NIH3T3. 
Since NIH3T3 are already immortalized by inactivation of p16, a simple oncogenic hit is 
sufficient to transform them into cancer cells. We transduced NIH3T3 with oncogenic 
HRASG12V and with MASALA or control vector and right after the selection we injected 
them subcutaneously into both flanks of immunosuppressed mice. We measured the 
tumor growth over time until mice reached humane endpoint. Tumors grew at great speed 
and MASALA did not display any effect on tumor incidence or tumor growth (Fig 23A). All 
tumors developed at similar rates and the incidence was comparable in both control and 
MASALA conditions (Fig 23B). 
 

Altogether, MASALA microprotein acts as a barrier for oncogenic transformation by 
E1a-Ras in vitro, but at the moment we have not seen that effect in two different models in 
vivo. This suggest that the role of MASALA as a tumor suppressor could be context 
dependent, and the target cell type and oncogenic drivers are important for MASALA 
activity (see Discussion). 
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Figure 23. MASALA does not impair NIH3T3 oncogenic transformation in vivo. (A) Kaplan-
Meyer representation of mice survival across time. Each point represents a single animal. Control 
n= 8; MASALA n=9. Median survival control = 19 days; Median survival MASALA= 16 days. (B) 
Representation of tumor growth over time. Each point is a measurement while each line represents 
a single tumor. 
 
 

2.2. MASALA in cellular reprogramming 
 

2.2.1. MASALA expression during cellular reprogramming 
 

In our initial computational screening, we aimed to find novel microproteins with a 
potential role in cancer and in cellular plasticity. One of the best models to study cellular 
plasticity is the process of cellular reprogramming to iPSCs and, importantly, tumor 
suppressor genes are also molecular barriers for cellular reprogramming. Therefore, we 
wondered if MASALA could play a role in this process. First, we checked the expression 
of SMIM10L2A in mouse or human iPSCs compared to primary fibroblasts, and we 
observed that SMIM10L2A is upregulated in the iPSCs (Fig 24). 

 
Additionally, we wanted to follow the dynamics of SMIM10L2A transcriptional activity 

and the expression of MASALA protein during cellular reprogramming by Oct4, Sox2, Klf4 
and c-Myc (OSKM). For that, we extracted MEFs from i4F reprogrammable mice, which 
ubiquitously express OSKM in a doxycycline inducible manner (Abad et al., 2013). i4F-
MEFs were treated with doxycycline to induce OSKM expression for 12 days, when iPSC 
colonies were clearly visible. We monitored SMIM10L2A mRNA expression and MASALA 
protein expression every two days. Regarding the transcriptional dynamics of the gene, 
we observed an initial upregulation with its maximum at day 4, after which the expression 
progressively drops until day 10 where it gets stabilized. This pattern is consistent with the 
expression pattern of a tumor suppressor gene, which gets upregulated upon cellular 
stress (Fig 24B). Of note, MASALA protein level progressively increases during the first 6 
days, and gets stabilized during the rest of the experiment (Fig 24B). Therefore, MASALA 
is regulated during cellular reprogramming and its protein levels increases during the 
process. 
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Figure 24. SMIM10L2A is upregulated during iPS reprogramming. (A) Expression analysis of 
SMIM10L2A in both mouse (left) and human (right) iPSCs compared to primary fibroblasts. Bars 
represent mean ± SD of three technical replicates. (B) Analysis of SMIM10L2A mRNA expression 
by RT-qPCR of i4F-MEFs n=3, and immunoblot of endogenous MASALA in one i4F-MEF line at 
the indicated times during cellular reprogramming. 
 

2.2.2. MASALA overexpression impairs cellular reprogramming 
 

As discussed previously, both oncogenic transformation and cellular reprogramming 
share many characteristics. One of them is that tumor suppressors are barriers for both 
processes. Since we hypothesized a potential role of MASALA as a tumor suppressor, we 
decided to study the effect of MASALA during cellular reprogramming. 

WT MEFs were transduced with a doxycycline inducible lentiviral vector encoding 
the 4 Yamanaka (OSKM) factors together with the murine MASALA-inducible vector or the 
empty control. We induced the expression of both MASALA and OSKM for 12-14 days, 
when iPS colonies were observed. Consistently with our hypothesis, MASALA expression 
induced a »75% reduction in the reprogramming efficiency compared to control condition, 
as visualized by Alkaline Phosphatase positive colonies (Fig 25). 
 
 

 
 
Figure 25. MASALA overexpression impairs cellular reprogramming. Left, representative 
images of alkaline phosphatase-positive iPSCs colonies derived from MEFs overexpressing the 4 
Yamanaka factors together with MASALA or the empty vector as control cells. Right, quantification 
of iPSCs colonies, represented as the number of colonies relative to the control condition. Each dot 
represents a single biological replicate (n=7) of three different experiments. *** p= 0.0002 Student 
t-test with Welch correction. 
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Next, we wanted to test the effect of MASALA deficiency in cellular reprogramming. 
To test this, we isolated MEFs from MASALA KO or WT animals and transduce them with 
an inducible lentiviral vector to express OSKM. Surprisingly, we did not observe an 
increase nor a decrease of the reprogramming efficiency in MASALA-deficient MEFs 
compared to WT MEFs (Fig 26).  

 
Altogether, these experiments suggest that MASALA overexpression is a barrier for 

cellular reprogramming, but its deficiency does not alter the efficiency of the process, 
probably due to a compensation by other gene (see Discussion). Currently, we are 
analyzing the role of MASALA on in vivo reprogramming using i4F; MASALA-KO mice, 
and we are confident that these experiments will provide valuable information on the role 
of MASALA.  
 
 

 
 

 
Figure 26. MASALA deficiency does not affect cellular reprogramming efficiency. 
Representative images of alkaline phosphatase-positive iPSCs colonies derived from MEFs 
overexpressing the 4 Yamanaka factors in both MASALA WT and KO MEFs (left). Quantification of 
iPSCs colonies (right). Each point represents a single biological replicate (n=3).  
 

3. Molecular mechanisms behind MASALA’s function 
 

3.1. MASALA is located in the outer mitochondrial membrane 
 

In order to understand how MASALA impairs cellular reprogramming and oncogenic 
transformation in vitro, we performed a set of experiments that helps us understand the 
molecular mechanisms behind this phenotype. As a first step, we focused on determining 
its subcellular location, as this could give important information about MASALA’s function. 

We previously obtained evidences for a possible mitochondrial localization of 
MASALA (Fig 9C). For this reason, we performed immunofluorescence experiments to 
test co-localization of MASALA with mitochondrial markers by confocal microscoscopy in 
NIH3T3 transduced with exogenous MASALA. We observed a clear co-localization of 
MASALA (detected with an anti-HA antibody) with the mitochondrial protein AIF (Fig 27A). 
A co-localization image analysis showed that both signals’ intensities have a correlation 
value of 0.8 (Fig 27B), confirming the in silico prediction. We further confirmed the 
mitochondrial localization of MASALA by performing a subcellular fractionation for 
mitochondrial enrichment. We determined that MASALA microprotein mainly localizes in 
the mitochondria, however, a small amount of the microprotein seems to remain 
cytoplasmic (Fig 27C).  
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Figure 27. MASALA localizes in the mitochondria. (A) Representative immunofluorescence 
images of MASALA-HA (in green) co-localizing with mitochondrial protein AIF in NIH3T3 cells. 
Scale bar = 10µm. (B) Co-localization correlation analysis performed by Coloc2 software. (C) 
Subcellular fractionation of cytoplasm and mitochondrial fractions in A549 cells overexpressing 
MASALA. VDAC-1 is a marker of mitochondrial fraction. Tubulin is a marker for cytoplasmic 
fraction. 
 

Another feature of the protein predicted in silico was the presence of a 
transmembrane domain at the C-terminal part. Since mitochondria have two membranes 
with very specific functions and protein composition, we aimed to determine in which of 
the membranes MASALA localizes. 

 
To asses this, we performed a Protease K Protection Assay in A549 cells 

overexpressing MASALA. This assay allows to discriminate in which mitochondrial 
compartment a protein is, by treating mitochondria and mitoplast (mitochondria without the 
outer membrane) with protease K. If the protein is in the outer membrane, it will not be 
protected to degradation by protease K (see TOM20 protein as a control, Fig 28). 
  

 
 
Figure 28. MASALA localizes in the mitochondrial outer membrane.  Immunoblot analysis of 
mitochondrial proteins and MASALA after Protease K protection assay in A549 cells previously 
transduced with pLIX-403-MASALA-HA and induced with 1µg/ml doxycycline for 24 hours. TOM20 
is a marker for mitochondrial outer membrane proteins; TIM23 is a marker of inner membrane 
proteins and SUCGL2 is a marker for mitochondrial matrix proteins. Triton X-100 was used to 
disaggregate the membranes, exposing all the proteins to Protease K degradation. 
 

However, if it is in the inner membrane, it will be protected by the outer membrane in 
the untreated mitochondria, while exposed to protease K degradation in the mitoplast (see 
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TIM23 as a control in Fig 28). In the case of a mitochondrial matrix protein, it will be 
protected from degradation in both cases (see SUCLG2 as a control in Fig 28). With this 
approach, we observed that MASALA displays the pattern of an outer membrane protein 
(Fig 28).  

 
This assay, however, does not isolate pure mitochondria from their associated 

membranes, mainly ER-associated membranes. For this reason, we wanted to test the 
possible co-localization of MASALA with ER by immunofluorescence, using an antibody 
against the ER-membrane protein SERCA-2 in NIH3T3 cells overexpressing MASALA. In 
this experiment, we could only see some spots of co-localization in some of the areas, 
consistent with the regular ER-mitochondria interactions (Fig 29B). Thus, although 
MASALA is mainly located in the mitochondria, we cannot discard a possible localization 
of MASALA in the ER membrane as well. 
 
 

 
 
Figure 29. MASALA co-localizes only partially with endoplasmic reticulum (ER). (A) 
Representative immunofluorescence images of MASALA-HA and the ER marker SERCA2 in 
NIH3T3 cells transduced with pLIX-403-MASALA-HA and induced for 24 hours. (B) Representative 
immunofluorescence images of MASALA-HA and the mitochondrial marker AIF in NIH3T3 cells 
transduced with pLIX-403-MASALA-HA and induced with doxycycline for 24 hours. Scale bars = 
10µm  
 
 

3.2. MASALA does not induce or sensitize to apoptosis 
 

Mitochondrial outer membrane and the ER are known to be important compartments 
for the apoptotic signaling by regulating intracellular Ca2+ concentration (Lee et al., 2018; 
Pinton et al., 2008). Additionally, mitochondrial outer membrane bears important pro and 
anti-apoptotic proteins, such as the BCL-2 protein family, that controls the opening of the 
mitochondrial pores required to trigger apoptosis (Singh et al., 2019). 

 
The mitochondrial localization of MASALA, together with its upregulation by p53 and 

the function of SMIM10L2A as a p21 enhancer pointed out to a possible role in apoptosis. 
To assess this hypothesis, we first tested in WT MEFs if the overexpression of MASALA, 
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with or without the induction of cellular damage, could affect the cell number. We treated 
MASALA-overexpressing and control MEFs with doxorubicin or with DMSO, and we 
stained the plates with crystal violet after 24 hours. As expected, doxorubicin treatment 
reduced the number of cells in the plates; however, MASALA overexpression had no 
effect on either the doxorubicin-treated or the control MEFs (Fig 30A). Then, we tested 
whether MASALA sensitizes to apoptosis upon other apoptotic triggers, such as the pro-
apoptotic agent staurosporine and the BCL-2 inhibitor Navitoclax. In order to have a more 
sensitive readout, we measured the activation of Caspase 3/7 in MASALA-overexpressing 
or MASALA-deficient MEFs 24 h after the treatments, and we did not observe significant 
differences in the caspase activation between the different conditions (Fig 30B). This 
indicates that MASALA overexpression or its deficiency does not trigger apoptosis by 
itself, and MASALA does not sensitize to apoptosis triggered by different agents (Fig 30).  

 
Together, MASALA, at least in these settings, does not seem to play a role in the 

induction of apoptosis. 
 
 

 
 
Figure 30 MASALA does not affect apoptotic response. (A) Crystal violet staining of MEFs 
overexpressing MASALA and treated with 1µM doxorubicin or DMSO, both for 24h. (B) 
Quantification of Caspase 3/7-Glo assay. Activation of Caspase 3/7 was measured in 3 biological 
replicates of WT MEFs transduced with the empty vector (WTø), MEFs overexpressing MASALA 
for 24 hours (WT M) or MASALA KO MEFs (KO) upon the 24h of treatment with the indicated pro-
apoptotic agents. 
 

3.3. MASALA does not affect mitochondrial or cellular ROS 
 

Next, we wondered if MASALA could be affecting other processes related with 
mitochondrial biology. Mitochondria are the organelles responsible of aerobic respiration 
in the cells. This process can generate Reactive Oxygen Species (ROS), which are highly 
reactive metabolites derived from electron leakage in the electron transport chain. This 
leakage generates a partial reduction of the oxygen molecules that are transformed into 
superoxide. These ROS play important roles in physiological and pathological processes, 
including oncogenesis and cellular reprogramming. Indeed, an optimal amount of ROS is 
required during cellular reprogramming to be successful (Zhou et al., 2016). For these 
reasons, we wondered whether MASALA could have role regulating the production of 
ROS. 

As a first approach, we wanted to test if MASALA affects total cellular ROS. For that, 
we used the DCFH-DA fluorescent probe in MEFs overexpressing MASALA for 24 hours. 
We observed that MASALA overexpression did not affect the amount of cellular ROS in 
MEFs (Fig 31). 

Control MASALA Control MASALA

DMSO Doxorubicin
Caspase 3/7

WT ø WT M KO
0

2

4

6

8

10
F

ol
d 

C
ha

ng
e

DMSO

Staurosporine

Navitoclax

A B



Results 
 

 
 

65 

 

 
 

Figure 31. MASALA does not affect total ROS production. Quantification of total ROS 
measured by fluorescence intensity over time in MEFs overexpressing MASALA for 24 hours and 
treated with DCFH-DA fluorescent probe. Data is represented as mean fluorescence intensity (MFI) 
relative to MFI at time 0. Each line represents the mean intensity in 3 biological replicates. 
 

Next, we tested if MASALA could affect specifically mitochondrial ROS (mtROS). To 
study this, we used MitoSOX fluorescent probe and quantified the signal intensity in WT, 
MASALA-overexpressing or MASALA-deficient MEFs by FACs analysis. MASALA 
overexpression did not change the amount of mtROS, by itself or after Antimycin A 
treatment (Fig 32). We observed a slight reduction in mtROS in MASALA-KO MEFs, 
although not statistically significant (Fig 32). 

 
These results indicate that MASALA does not affect ROS production or the 

antioxidant response in MEFs. 
 

  
 

Figure 32. MASALA does not affect mitochondrial ROS. (A) Representation of median 
fluorescence intensity of MEFs overexpressing MASALA for 24 hours detected by FACs using 
MitoSOX probe. Cells were treated with the specified concentration of Antimycin A as a positive 
control for ROS production. (B) Median fluorescence intensity of WT or MASALA-KO MEFs treated 
with 250nM or DMSO.  
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3.4. MASALA does not affect mitochondrial membrane potential 
 

Mitochondria are the main producers of ATP in the cell. To achieve this, the electron 
transport chain generates a proton gradient across the inner membrane by using NADH 
and oxidizable substrates from the Krebs cycle and fatty acid oxidation, and by pumping 
protons out of the matrix. This differential proton gradient creates a membrane potential 
used by the Complex V-ATP synthase to generate the ATP, allowing protons to go back 
into the matrix. This membrane potential represents a good readout of the energetic 
status of the cell and the fitness of the mitochondria. 

 
We wondered if MASALA overexpressing cells could have an alteration in the 

membrane potential, due to mitochondrial stress or affectations in the mitochondrial 
homeostasis. To study this, we used the fluorescent probe TMRM in MEFs transduced 
with MASALA-overexpressing or control vector. As controls, we treated WT MEFs with 
FCCP and with Oligomycin A. As expected, FCCP treatment decreased the membrane 
potential, and Oligomycin A increased the membrane potential, but we couldn’t observe 
any significant differences with the induction of MASALA (Fig 33). 
 

 
 

Figure 33. MASALA does not affect mitochondrial membrane potential. On the left, 
quantification of membrane potential in MEFs control or overexpressing MASALA for 24 hours, 
measured by FACs and represented as mean fluorescence intensity of 3 biological replicates ±SD. 
On the right, histogram representation of the fluorescence intensities. Treatment with 30µM FCCP 
and 20µM Oligomycin A for 30 minutes were used as negative and positive controls, respectively. 
 

3.5. MASALA reduces 2-Hydroxyglutarate in MEFs 
 

As discussed before, mitochondria produce energy oxidizing different substrates in 
the TCA cycle. In order to investigate a possible role of MASALA in the metabolic 
processing of glucose we performed a Glucose C13 tracing experiment in MEFs 
overexpressing MASALA. MEFs where induced with doxycycline in regular cell culture 
medium and, 24 hours later we changed to a Glucose- C13 labelled medium with 
doxycycline. We incubated the MEFs for 12 hours in these conditions to let the glucose 
get metabolized and we analyzed the metabolic flux, by looking at common cellular 
metabolites using mass-spectrometry.  
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This analysis revealed that metabolic flux was very similar in MASALA-
overexpressing cells compared to the empty vector-transduced MEFs. We only observed 
a significant difference in the 2-Hydroxyglutarate (2-HG) metabolite isotopologue M+4 (Fig 
34A).  

This metabolite comes from the processing of a-ketoglutarate, an intermediate 
metabolite from the TCA cycle, that is converted into 2-HG by the isocitrate 
dehydrogenase enzyme (IDH1/2). 2-HG has been identified as an oncometabolite with an 
active oncogenic role in tumors harboring IDH1/2 mutations (Du and Hu, 2021).  

 
However, it is difficult to interpret the effect of MASALA reducing this metabolite in 

primary fibroblasts, in which this metabolite is not very abundant. In fact, if we take into 
account the values of all the 2-HG carbons that can be labelled from the IDH1/2 activity 
(isotopologues) we found that no differences between the MASALA-overexpressing and 
the control cells (Fig 34B). 
 
 

 
 

Figure 34. MASALA reduces the production of 2-Hydroxyglutarate (M+4) in MEFs. (A) 
Percentage of 2-Hydroxyglutarate M+4 isotopologue detected in MEFs overexpressing MASALA 
for 24 hours or the empty vector as control. Bars represent the mean value ±SD of n=4 biological 
replicates. **p≤ 0.01 Unpaired student’s t-test with Welch correction. (B) Summed values of all the 
isotopologues of the 2-Hydroxyglutarate in MEFs overexpressing MASALA for 24 hours or the 
empty vector as control cells. Bars represent the mean value ±SD of n=4 biological replicates 
 

3.6. MASALA reduces mitochondrial respiration and spare respiratory capacity  
 

Although we could not observe differences in the membrane potential or in the 
amount of ROS, we wanted to further discard an effect on mitochondrial respiration and 
OXPHOS, by using the Seahorse Mito-Stress Assay. This technique allows you to 
determine, among other parameters, the level of basal respiration and the responding 
capacity of the mitochondria if forced to maximal respiration. It does so by measuring the 
Oxygen Consumption Rate (OCR) of the cells and the Extracellular Acidification Rate 
(ECAR). 

We tested the effect of MASALA overexpression or its deficiency on these 
parameters in MEFs. We could not find any differences when compared the MASALA-KO 
MEFs to WT MEFs, indicating that MASALA deficiency does not affect mitochondrial 
respiration (Fig 35). After 24h of MASALA induction we found no effect on cellular 
respiration or on respiratory capacity as well (Fig 36 A).  
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Figure 35. MASALA deficiency does not affect cellular respiration. Seahorse mito-stress 
assay in MEFs WT or MASALA-KO, n=3 (left). Quantification of respiratory parameters (right). 
Each bar represents the mean ±SEM of 3 biological replicates. 
 

However, since cellular reprogramming and oncogenic transformation are long 
processes that involve several days, we wonder if the effect of MASALA could only be 
apparent after several days. Following this rationale, we decided to test cellular respiration 
after 5 days of MASALA induction. Importantly, we observed a slight but reliable reduction 
in the basal OCR of the cells overexpressing MASALA and, moreover, the spare 
respiratory capacity and the maximal respiration rates were drastically reduced after 5 
days of MASALA overexpression (Fig 36 B).  
 

  
 
Figure 36. Overexpression of MASALA reduces cellular respiration and spare capacity in 
MEFs after 5 days of induction. (A) Representation of Seahorse Mito-stress assay of n=3 MEFs 
overexpressing MASALA for 24h (left). Quantification of the different mitochondrial parameters 
(right). Each bar represents the mean ±SEM of n=3 biological replicates. (B) Representation of 
Seahorse Mito-stress assay in MEFs overexpressing MASALA for 5 days (left). Quantification of 
the different parameters (right). Each bar represents the mean ±SEM of n=3 biological replicates. 
**p≤ 0.01 Unpaired Student t-test with Welch correction.  
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These data suggest that MASALA is not required for the normal functioning of the 
mitochondria, and its deficiency might be compensated by other means. Nevertheless, 
MASALA overexpression, after several days, disrupts mitochondrial physiology by 
reducing cellular respiration and spare capacity.  
 

3.7. MASALA overexpression is stabilized upon mitochondrial damage 
 

Once we observed a defect in the spare capacity of the cell, we investigated if 
MASALA is regulated by mitochondrial stressors. We observed that the detection of 
exogenous MASALA by Western blot was greatly improved upon inducing mitochondrial 
uncoupling by FCCP treatment, suggesting that MASALA protein is stabilized by FCCP 
(Fig 37A). In order to discard an artefactual effect of the experiment, we tested MASALA 
stability under mitochondrial damaging agents using the translation inhibitor cycloheximide 
(CHX). We observed that exogenous MASALA was stabilized upon FCCP treatment, and 
even more when treated with H2O2 (Fig 37B). Interestingly, both treatments result in 
mitochondrial damage that trigger events of mitophagy.  
 

 
 
Figure 37. Exogenous MASALA is stabilized upon mitochondrial insults. (A) Western blot 
analysis of exogenous MASALA using an anti-HA antibody in NIH3T3 cells overexpressing 
MASALA and treated with 40µM FCCP for 4h. (B) Analysis of exogenous MASALA stability. 
NIH3T3 cells overexpressing MASALA were treated with FCCP (10µM for 4h) or H2O2 (100µM for 
30min) and then, cells were treated with Cycloheximide 100µg/ml to stop translation. Cells were 
collected at the indicated time points and analyzed by western blot using and anti-HA antibody. 
GAPDH was used as loading control. 
 

3.8. MASALA promotes mitochondrial fragmentation 
 

Mitochondria are dynamic organelles that transit between fused and fragmented 
morphologies in order to adapt to cellular metabolic requirements.  

The proper regulation of mitochondrial dynamics is critical to be proficient in many 
physiological processes. Typically, fusion events take place when mitochondria are more 
oxidative or upon nutrient scarce. Fission events, on the other hand, are needed to form 
smaller mitochondria generally associated with glycolytic phenotypes, but they are also 
required to eliminate unhealthy mitochondria through mitophagy.  

To discriminate between the different mitochondrial phenotypes, we classified cells 
as fragmented, tubulated or intermediate (Fig 38). We induced the expression of MASALA 
in MEFs and quantified the frequency of cells presenting the different phenotypes over 
time during 8 days.  
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Figure 38. Representative examples of the different mitochondrial phenotypes.  The images 
show MEFs transduced with the mitochondrial fluorescent tracker mito-dsRED and visualized by 
fluorescence microscopy. 
 

Our analysis revealed that MASALA overexpression triggers a higher frequency of 
cells with fragmented phenotype (Fig 39A), reaching the highest proportion at day 6 after 
induction (Fig 39B). 
 

  
 

Figure 39. MASALA induces mitochondrial fragmentation. (A) Representative 
immunofluorescence images of MEFs control or overexpressing MASALA for 5 days and stained 
for AIF mitochondrial protein. (B) Quantification of the mitochondrial phenotypes frequencies in 
MEFs control or overexpressing MASALA at the indicated time points. At least 100 cells were 
scored at each time point.  
 

Then, we decided to test different fission and fusion markers upon MASALA 
induction in three different MEF preparations (derived from three different embryos). At 
24h of induction we observed a heterogeneous response. In one of the MEF preparations 
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we saw a clear phosphorylation of DRP1 at Ser579 (that corresponds to Ser616 in 
human), which indicates activation of the fission process, while no major changes were 
apparent in the other two biological replicates (Fig 39A). 
 

 
 

Figure 40. MASALA produces fission activation in a heterogeneous manner after 24h of 
overexpression. (A) Western blot analysis of exogenous MASALA (using and anti-HA antibody) 
and the indicated mitochondrial dynamics markers in MEFs control or overexpressing MASALA. 
n=3 biological replicates. (B) Quantification of the different mitochondrial phenotypes frequencies in 
MEFs overexpressing MASALA-HA for 24h. 
    

We did not observe differences in the fusion markers MFN or OPA-1 in any of the 
MEF preparations (Fig 40A). Accordingly, when we analyzed by immunofluorescence the 
frequency of mitochondrial phenotypes (as indicated above) after 24h of MASALA 
overexpression we saw only a small increase in the frequency of fragmented mitochondria 
compared to the control (Fig 40B). Of note, when the same analysis was performed after 
7 days of MASALA overexpression we observed a clear increase in the number of cells 
with fragmented mitochondria (Fig 41B). This is consistent with previous results (Fig 39B) 
that indicates that the effect of MASALA overexpression is only apparent at longer time 
points. Surprisingly, after 7 days of MASALA expression we observed a decrease in the 
fission marker pDRP1 (S579) (Fig 41A), possibly indicating that this is a dynamic process 
and at day 7 cells try to compensate the excess of mitochondrial fragmentation 
decreasing the pro-fission signals. 
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Figure 41. MASALA promotes mitochondrial fission after 7 days of overexpression. (A) 
Western blot analysis of exogenous MASALA (using and anti-HA antibody) and the indicated 
mitochondrial dynamics markers in MEFs control or overexpressing MASALA. n=3 biological 
replicates. (B) Quantification of the different mitochondrial phenotypes frequencies in MEFs 
overexpressing MASALA for 7 days. 
 

As we observed at 24h, we did not observe changes in the fusion markers MFN1 
and 2 or OPA-1, suggesting that MASALA is specifically affecting mitochondrial fission. 

 
To further corroborate these observations, we decided to analyze by Transmission 

Electron Microscopy (TEM) MEFs overexpressing MASALA for 6 days. This analysis 
confirmed that cells overexpressing MASALA presented more rounded, small 
mitochondria compared to control cells, consistent with a role of MASALA inducing 
mitochondrial fission (Fig 42). 
 
 

 
 

Figure 42. MASALA promotes mitochondrial fission after 6 days of overexpression. 
Representative TEM images of MEFs overexpressing MASALA-HA for 6 days compared to control 
MEFs.    
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3.9. MASALA produces mitochondrial alterations and glycogen accumulation 
 

Besides the confirmation of the induction of mitochondrial fragmentation upon 
MASALA overexpression, TEM analyses also revealed several events associated to the 
overexpression of MASALA. Although further quantification is needed, differences were 
noticeable at sight. The first observation was that mitochondria of cells overexpressing 
MASALA have a significant amount of matrix swelling events (Fig 43). These events 
normally appear associated to different mitochondrial dysregulations, such as oxidative 
stress or deficient calcium handling by ER/mitochondria that causes an ionic unbalance 
resulting in a matrix swelling (Webster, 2012).  
 

 
 

Figure 43. MASALA promotes mitochondrial matrix swelling after 6 days of overexpression. 
Two representative TEM images of mitochondrial in the mitochondria of MEFs overexpressing 
MASALA-HA for 5 days. Asterisks are pointing to swelling events. 
 

Accordingly, consistent with an altered mitochondrial biology, another observation 
that caught our attention was the increased frequency of mitochondrial spheroids in MEFs 
overexpressing MASALA. These mitochondrial spheroids originate from the invagination 
of the mitochondria (Fig 44A), that ultimately generates a cavity in the middle of the 
organelle that acquires a sphere vesicle-like shape (Fig 44B). 
 
 

 
 
Figure 44. MASALA overexpression produces mitochondrial spheroid formation. (A) 
Representative TEM image of mitochondrial spheroid precursors coming from mitochondria 
invagination events (M) in MEFs overexpressing MASALA for 6 days. (B) Representative TEM 
image of mitochondrial spheroids forming a vesicle-like organelle that contains electro-dense 
particles inside (S) in MEFs overexpressing MASALA for 6 days. 
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Although the biological relevance of these mitochondrial spheroids has not been 
fully investigated, several evidences suggest that mitochondria acquire this shape upon 
uncoupling or oxidative stress (Ding et al., 2012; Miyazono et al., 2018). 

 
Finally, in MEFs overexpressing MASALA we observed a higher accumulation of the 

isolated alpha-glycogen or aggregated beta-glycogen particles in the cytoplasm, observed 
as very electro-dense particles (Fig 45). 
 

 
 
Figure 45. MASALA produces alpha and beta-glycogen accumulation. (A) Representative 
TEM images of MASALA overexpressing MEFs. The image shows the rough endoplasmic 
reticulum (RER), the Golgi apparatus (Go) and alpha- (arrows) and beta- (asterisks) glycogen 
particles. (B) Detailed magnification showing alpha and beta-glycogen particles (arrows and 
asterisks, respectively).  Scale bars =1µm 
 

This glycogen accumulation might be indicative of a dysregulation in the glycolytic 
pathway or a defective activity of the glycogen synthase kinase 3 (GSK-3) pathway. 
Further studies are needed to corroborate and interpret the meaning of this interesting 
results. 
 

3.10. MASALA might interact with MARCH5 protein 
 

In order to fully comprehend the molecular mechanism behind MASALA’s 
phenotype we wanted to determine MASALA’s interactome. We overexpressed MASALA 
in NIH3T3 cells and performed MASALA immunoprecipitation (using an anti-HA antibody) 
followed by mass-spectrometry. This analysis revealed several potential interactor 
candidates. We ranked the candidates according to their fold change in the MASALA 
condition (FC) and the confidence score obtained from the spectra (Fig 46A). Of note, 
from the top 15 ranked proteins, 8 of them localize in the Mitochondria (4) or the 
Endoplasmic Reticulum (4) (Fig 46B). 

 
Interestingly, the interactor candidate with the best FC and good confidence score 

was the Membrane-associated RING finger protein 5 (Marchf5 or MITOL). This protein 
has been reported to be located in the outer mitochondrial membrane, and it is known to 
be an important regulator of the mitochondrial dynamics acting as a E3-ubiquitin ligase 
that regulates the ubiquitylation of several mitochondrial proteins like Drp1 or Mitofusins 
(Karbowski et al., 2007; Sugiura et al., 2013; Yonashiro et al., 2006). We are currently 
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trying to validate this interaction by co-immunoprecipitation. In case we demonstrate it, we 
will perform functional assays to decipher the nature and the outcomes of this interaction 
in connection with mitochondrial dynamics (see Discussion). 

 
 

  
 

Figure 46. MASALA interactome candidates. (A) Graphical representation of the interaction 
candidates identified by mass-spectrometry, represented according to the Fold change (Y axis) and 
its confidence score (X axis). (B) Table of the TOP15 candidate’s subcellular localization. 
Localization of the proteins was obtained from UniProt DB. 
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After the complete sequencing of model organisms and human genomes it was 
assumed that the coding genome represents only a small fraction of the whole genome 
(1% in humans) (Pennisi, 2012). At that time, the other 99% of the genome was 
considered useless or “junk DNA”. This assumption has been changing over the years, as 
with large-scale transcriptomic analyses many different types of RNA molecules, such as 
lincRNAs and miRNAs emerged as important components of many cellular processes, 
despite they were considered to lack coding potential. More recently, advances in 
proteomics, ribosome profiling and computational technologies have revealed that many 
assumed non-coding regions actually code for small functional proteins, called 
microproteins, adding a new layer of complexity to biological processes. In this thesis, we 
have focused on finding novel microproteins coded by lncRNAs with a potential role in 
cellular plasticity and cancer. 

 

1. Identification of MASALA microprotein 
 

1.1. The discovery of MASALA. 
 
In this work we have identified MASALA, a novel 78 amino acid microprotein 

encoded by SMIM10L2A (or LINC0086), a gene previously annotated as a lncRNA that is 
located in the X chromosome in mouse and human. We identified MASALA sORF in the 
first exon of the gene, and observed that it is highly conserved across placental mammals 
at codon level (Fig 8C). Expression of this gene has been observed in brain, testis and 
adrenal gland (Fig 13 & 14). Accordingly, using our custom-made antibody against 
MASALA we have detected the endogenous protein in the adrenal gland cortex. We 
further obtained evidence of MASALA translation in mouse and human brain by analyzing 
ribosome profiling data (Fig 8B) and, moreover, public mass-spectrometry data showed 
that MASALA peptides can be detected in human hippocampus and testis (He et al., 
2018; Hwang et al., 2015; Sun et al., 2018; Wei et al., 2016). In testis, despite its high 
transcription level, MASALA protein is found in low-abundance by mass spectrometry, 
which could be caused by issues with sample processing or by technique sensitivity 
limitations due to its small size. Alternatively, it is possible that transcription and 
translation of this gene are uncoupled in this organ, as it happens with other mRNA 
transcripts that do not correlate with their protein levels (Koussounadis et al., 2015). Given 
that this gene also has a function as an RNA molecule in the nucleus (Leveille et al., 
2015), it is possible that different cellular contexts might favor transcription over 
translation, impairing the nuclear export of the RNA molecule to the cytoplasm where 
translation occurs. This would explain the absence of MASALA signal in our 
immunofluorescence experiments in testis. 

  
In addition, and in line with our first criteria of analyzing lncRNAs dysregulated in 

cancer and in stemness, we observed that SMIM10L2A is highly expressed in stem cells 
(Fig 24A) and it is downregulated in different cancer types (Fig 17). Accordingly, we have 
observed an increase of the expression of MASALA microprotein during the process of 
cellular reprogramming to iPSCs (Fig 24B), and using publicly available mass-
spectrometry data we have seen that the protein has been detected in human embryonic 
stem cells (Weldemariam et al., 2018).  

 
Altogether, we concluded that SMIM10L2A was miss-annotated as a lncRNA and 

codes for a novel 78 aa microprotein that we have named MASALA. 
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1.2. MASALA upregulation upon stress 
 

In order to understand the biological relevance of this novel microprotein, we first 
investigated how the gene is regulated. Previous studies identified the function of 
SMIM10L2A as an enhancer RNA upregulated upon p53 stabilization that promotes the 
expression of CDKN1A (Leveille et al., 2015). For this reason, we tested the regulation of 
SMIM10L2A upon chemically induced DNA damage with doxorubicin and observed an 
upregulation of the transcript in a p53 dependent manner (Fig 15 & 16). p53 is a 
profoundly studied transcription factor known as the guardian of the genome, which 
senses cellular damage and regulates the expression of several genes implicated in 
stress responses such as cell cycle arrest, apoptosis and cellular senescence (Hafner et 
al., 2019; Kastenhuber and Lowe, 2017). Accordingly, p53 is the most frequently mutated 
tumor suppressor gene in many cancer types (Kandoth et al., 2013). The upregulation of 
MASALA transcript upon damage, and the fact that its upregulation is dependent on p53, 
suggests a potential role of the microprotein in response to stress and tumor suppression.  

 

2. Functional characterization of MASALA 
 

2.1. MASALA in cancer 
 

The expression of SMIM10L2A is downregulated in different cancer types (Fig 17) 
and its expression has been correlated with better patient outcome in nasopharyngeal 
carcinoma and gastric cancer, (Guo et al., 2017; Li et al., 2016). This, together with its 
regulation by stress and by p53, suggest a possible role of the MASALA as a tumor 
suppressor. In order to investigate the function of MASALA microprotein independently of 
SMIM10L2A function as a lncRNA, we used a gain-of-function approach using a lentiviral 
vector in which we cloned MASALA sORF tagged with an HA. The overexpression of the 
sORF encoding MASALA and not the complete lncRNA allows us to separate the function 
of the lncRNA from the function of MASALA, because we only overexpress a small 
fragment of SMIM10L2A, and lncRNAs’ activity is highly dependent on their molecular 
structure (Graf and Kretz, 2020; Zampetaki et al., 2018). 

We could not observe any effect of MASALA overexpression on cell growth or in cell 
cycle in A549 and GL261 cancer cell lines (Fig 18 & 19). Of note, CDKN1A gene was not 
upregulated upon MASALA overexpression (Fig 19), what further confirms that our 
overexpression construct does not mimic SMIM10L2A function. Although we could not 
observe any effect of MASALA in already established cancer cell lines, we wondered if 
MASALA overexpression does have an effect in the neoplastic transformation of primary 
cells. Importantly, our data indicates that MASALA overexpression drastically reduces the 
efficiency of oncogenic transformation of primary fibroblasts with mutant HRAS and E1A 
protein (Fig 20). To further test the role of MASALA as tumor suppressor we also plan to 
repeat this oncogenic transformation experiments in MEFs deficient for MASALA where 
we expect to see an increase in the transformation efficiency. 

 
Next, as the expression of SMIM10L2A is downregulated in glioblastoma and 

gliomas, we decided to test the tumor suppressor activity of MASALA in vivo, using the 
RCAS/GFAP-tv-a glioblastoma mouse model with PDGFA, shp53 and shNF1 as 
oncogenic drivers. Surprisingly, we could not observe differences in tumor incidence or in 
the survival of mice overexpressing MASALA over the control group (Fig 22). This, 
however, is a very aggressive model with a very fast tumor onset and it is possible that 
MASALA overexpression is not enough to overcome the effect of the oncogenic drivers. 
Another possibility for further investigation would be to use a different and less aggressive 
combination of oncogenic drivers.  
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To further test the tumor suppressor effect of MASALA in a different model, we 

transformed the immortalized-fibroblast cell line NIH3T3 with HRASG12V in combination or 
not with MASALA, and injected them into the flanks of immunodeficient mice. As observed 
in the RCAS/GFAP-tv-a model, MASALA did not impair or delay the tumor formation (Fig 
23). Although we have not seen differences in the tumor onset, we need to confirm the 
presence of MASALA in the tumors together with a careful examination of the 
histopathological differences between the tumors expressing MASALA and the control 
tumors.  The differences observed between oncogenic transformation in vitro and in vivo 
can be due to several reasons including, for instance, the type of target cells and the 
oncogenic drivers used. The comparison between the transformation of MEFs in vitro by 
E1A/RasV12 and the transformation of NIH3T3 cells in vivo by Ras V12 suggest that the 
presence of E1A is needed for MASALA to inhibit oncogenic transformation. E1A 
oncoprotein is known to induce p53 stabilization (Nakajima et al., 1998), what makes cells 
to be more sensitive to proapoptotic cues. Thus, it is possible that MASALA impairs 
oncogenic transformation by priming cells to apoptosis in cooperation with E1A. Although 
we have not observed differences in the induction of apoptosis upon different stimuli (Fig 
30), it is possible that times longer than 24-48 hours are needed for MASALA to display 
an effect on apoptosis.  
 

2.2. MASALA in cellular reprogramming 
 

The acquisition of cellular plasticity is a feature of both cellular reprogramming and 
neoplastic transformation, being recently recognized as a new  a new hallmark of cancer 
(Hanahan, 2022). It makes perfect sense that, when we were looking for novel regulators 
of cancer cell plasticity, we found a microprotein that is upregulated in pluripotent stem 
cells, the paradigm of cellular plasticity. 

 
Cellular reprogramming and neoplastic transformation share many characteristics, 

one of them is the activation of tumor suppressor genes, which act as barriers for both 
processes (Kawamura et al., 2009; Li et al., 2009; Marion et al., 2009; Utikal et al., 2009). 
Consistent with its role as a tumor suppressor, our data indicate that the expression of 
MASALA increases during the process of cellular reprogramming, with a peak in the levels 
of mRNA expression at day 4 followed by a subsequent decrease, while the expression of 
the microprotein increases and gets stabilized along the process (Fig 24B). In addition, as 
MASALA drastically reduces oncogenic transformation of primary fibroblasts, we wanted 
to test its ability to inhibit the process of cellular reprogramming to iPSCs. We observed 
that MASALA significantly impairs the reprogramming of MEFs to iPSCs by OSKM (Fig 
25), once again suggesting that MASALA acts as a tumor suppressor in this process. In 
order to gain more insight on MASALA effect during reprogramming, we used our 
MASALA-KO mouse model to test if MASALA deficiency could improve reprogramming 
efficiency. Surprisingly, MASALA-KO MEFs reprogrammed as efficiently as MASALA-WT 
MEFs (Fig 26). Microproteins generally act as fine-tune regulators of cellular processes, 
thus, it is likely that MASALA-deficient cells compensate MASALA deficiency by 
upregulating or activating other tumor suppressor proteins. We are currently studying the 
differences between WT and MASALA-KO iPSCs to know the role of MASALA in iPSC 
self-renewal and differentiation. 

 
Additionally, we are performing in vivo reprogramming in MASALA-deficient mice 

(by crossing them with the reprogrammable i4F mice) to test a possible improvement in 
the reprogramming dynamics in vivo. Although we have not seen an effect of MASALA 
deficiency in vitro, it might be that different cellular contexts changes the tumor suppressor 
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activity of MASALA, as it has been observed with other tumor suppressor genes (Mosteiro 
Science 2016).  
 

2.3. Role of MASALA in homeostasis 
 

In this work, we have mainly focused on determining the role of MASALA in cancer 
and cellular reprogramming. Nevertheless, based on the expression pattern of 
SMIM10L2A in human and mouse organs, together with our evidences from the 
characterization of the protein, we can hypothesize over the role of MASALA in 
physiological conditions.  

Expression of SMIM10L2A in brain, testis and adrenal gland suggests that MASALA 
could be related to the Hypothalamic-Pituitary-Adrenal (HPA) axis or the Hypothalamic-
Pituitary-Gonadal axis (HPG). The HPA axis is the set of interactions between the 
hypothalamus, the pituitary gland and the adrenal gland. This axis and the organs 
implicated is one of the major components of the neuroendocrine system, with important 
roles in the regulation of different body responses to stress, such as metabolic activity, 
immune system and emotions (Smith and Vale, 2006). The HPG axis is also part of the 
neuroendocrine system and regulates the production of sexual hormones in both male 
and female organisms (Dagklis et al., 2015; O'Shaughnessy et al., 2003). Interestingly, a 
common feature of both axes is the biosynthesis of steroid hormones derived from 
cholesterol, such as testosterone, progesterone, mineralocorticoids or glucocorticoids. 
Our analyses indicate that MASALA is expressed in the cortical area of the adrenal gland 
rather than the medullar area. More specifically, the expression is restricted to the zona 
glomerulosa (Fig 14). The hormone production in the adrenal gland cortex is very 
compartmentalized into the three different layers, being the zona glomerulosa the area 
where mineralocorticoids are produced (Ehrhart-Bornstein and Hilbers, 1998). The main 
mineralocorticoid produced in the body is the aldosterone. Aldosterone is a hormone of 
the renin-angiotensin axis that regulates blood tension by promoting Na+ and water 
retention in the plasma, acting on distal tubules and collecting ducts of the nephron (Atlas, 
2007; Danziger and Zeidel, 2015). MASALA localization in the zona glomerulosa suggests 
that it might be implicated in the biosynthesis of this hormone from cholesterol. 
Additionally, aldosterone biosynthesis is promoted by mitochondrial calcium 
concentrations (Bird et al., 1995; Rossier et al., 1996). Given that at the subcellular level 
MASALA localizes in the outer membrane of the mitochondria, it is possible that MASALA 
plays a role in the mitochondrial calcium channeling. This could be in accordance with 
TEM observations of mitochondrial matrix swelling events that have been correlated with 
osmotic imbalances (Fig 43) (Webster, 2012). Finally, it has been demonstrated that 
aldosterone treatment induces mitochondrial fission in a p53/DRP1 dependent manner 
(Yuan et al., 2018), what correlates with the upregulation of MASALA upon p53 
stabilization and its role in mitochondrial dynamics. An important experiment that we will 
perform in this regard is to analyze the levels of aldosterone in the plasma of MASALA-KO 
mice, in order to know if MASALA deficiency in the adrenal gland can have an impact into 
mineralocorticoid production. We will also study the possible effects of aldosterone 
dysregulation in the blood pressure and the stress response. Similarly, although we have 
not yet detected endogenous expression of MASALA microprotein in testis, and we have 
not observed a defect of MASALA-KO mice in fertility, it would be interesting to test 
whether MASALA deficiency is affecting the production of steroid sexual hormones. 

 
Finally, although we have not deeply characterized MASALA-KO phenotype in the 

mice, a preliminary study has shown no major macroscopic alterations in any of the 
organs. We are currently performing a histological analysis of the different tissues in which 
MASALA is normally expressed looking for abnormalities in MASALA deficient animals. 
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3. Molecular mechanism  
 

3.1. MASALA in mitochondria 
 

The discovery that cells can be reprogrammed in vivo opened the possibility of using 
this technology to promote regeneration of damaged tissues. However, the induction of 
dedifferentiation in vivo can also result in the formation of tumors, as it has been 
previously observed (Abad et al., 2013; Goding et al., 2014; Ohnishi et al., 2014). For this 
reason, a good understanding of the molecular processes behind the intersection between 
cellular reprogramming and neoplastic transformation is crucial to develop novel 
therapeutic strategies in regenerative medicine and cancer. 

In order to determine how MASALA impairs cellular reprogramming and oncogenic 
transformation, we studied the molecular characteristics of the microprotein as well as the 
cellular processes in which it might be implicated. Our in silico analyses revealed that 
MASALA is a 78-amino acid microprotein that has a mitochondrial targeting sequence in 
the N-terminal region and a transmembrane domain in the C-terminal part (Fig 9). 
Accordingly, we have observed that MASALA is mainly located in the mitochondrial outer 
membrane (Fig 27C and 28). The mitochondrial outer membrane has a very specific 
proteome, implicated in a plethora of mitochondria-related functions.  

 
To characterize how MASALA affects mitochondrial biology we performed a set of 

experiments testing different mitochondria-related processes, concluding that MASALA is 
involved in the regulation of mitochondrial dynamics (Fig 38, 39 and 40). 

 
3.1.1. MASALA in apoptosis 

 
The mitochondrial outer membrane is an essential compartment in the apoptosis 

signaling cascade. Regulation of the membrane permeability by anti and pro-apoptotic 
proteins is crucial for the release of cytochrome c that ultimately triggers Caspase 
activation (Singh et al., 2019). As MASALA is located in the outer mitochondrial 
membrane and it is regulated upon stress in a p53 dependent manner (Fig 15 & 16), we 
wondered if MASALA microprotein could play a role in the apoptotic process.  Our results 
concluded that MASALA microprotein overexpression, by itself, could not reduce cell 
number or reduce cell viability (Fig 30). Moreover, MASALA overexpression or MASALA 
deficiency did not have an effect in the induction of apoptosis by treatment with 
staurosporine or the BCL-2 inhibitor Navitoclax, measured by Caspase 3/7 activation (Fig 
30B). We concluded that MASALA is not directly implicated in the apoptotic process. This 
data, however, was obtained 24 hours after MASALA induction. Although the expression 
of MASALA for longer periods did not alter the cell growth (Fig 18), it is possible that 
those cells are primed to the induction of apoptosis after several days of treatment, as 
discussed above. Further analyses are needed to completely discard an effect of 
MASALA in the apoptotic process. Indeed, longer treatment experiments have revealed 
that MASALA-overexpressing cells have several mitochondrial alterations compatible with 
affectations in apoptotic sensitivity. Analysis by immunofluorescence and TEM revealed 
that cells that overexpressed MASALA for 5 days or more have smaller mitochondria and 
a stressed mitochondrial phenotype (Fig 38, 41, 42 and 43). As others have described, 
mitochondrial fragmentation is an early and necessary event of the apoptotic process 
(Cereghetti et al., 2010; Karbowski and Youle, 2003). In addition, the observed 
mitochondrial swelling (Fig 42) might indicate a defect in calcium concentrations that 
cause osmotic imbalances in the mitochondrial matrix (Webster, 2012). As mitochondrial 
intracellular calcium concentration is crucial for the apoptosis-signaling cascade (Orrenius 
et al., 2003), these results are compatible with a role of MASALA in apoptosis through the 
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regulation of calcium dynamics. This could explain how MASALA reduces the efficiency of 
cellular reprogramming or oncogenic transformation. Moreover, Ca2+ concentrations have 
been directly linked to mitochondrial dynamics regulation. It has been reported that a 
continuous Ca2+ influx in hippocampal neurons and astrocytes promotes mitochondrial 
fragmentation in a DRP-1 dependent manner (Li et al., 2004; Tan et al., 2011; Yi et al., 
2004). Consistently, induction of mitochondrial fission drastically reduces mitochondrial 
Ca2+ uptake independently of the calcium uniporter expression, while mitochondrial fusion 
increase mitochondrial Ca2+ concentrations (Favaro et al., 2019; Kowaltowski et al., 2019). 
In any case, we think that the role of MASALA in apoptosis would be indirect, and not as 
an effector in the signaling cascade. 
 

3.1.2. MASALA and mitochondrial oxidative stress 
 

Mitochondrial activity, even in physiological conditions, produces ROS as a 
byproduct of the oxidative phosphorylation and the ETC activity. These ROS are further 
increased upon mitochondrial dysfunction, with important consequences in DNA damage, 
protein instability and lipid-membranes oxidation (Schieber and Chandel, 2014). Although 
ROS are generally viewed as damaging byproducts of cellular respiration, they can also 
act as signaling molecules in biological processes such as cell differentiation. Stem cells 
are intrinsically low ROS producing cells and the increase in ROS concentrations is a 
necessary event of cellular differentiation (Sinenko et al., 2021). Additionally, ROS play a 
dual role in cellular reprogramming and in cancer initiation processes. A certain level of 
ROS is crucial for an efficient reprogramming to iPSC, as both depletion or excessive 
ROS can ablate de process (Zhou et al., 2016). In cancer, oncogenic mutations contribute 
to increase ROS, what generates a positive feedback loop of DNA-damage, genome 
instability and inactivation of crucial proteins for tumor suppression (Sabharwal and 
Schumacker, 2014). We hypothesized a potential implication of MASALA in the cellular 
stress response and envisioned a role of MASALA in ROS regulation. Our data indicates 
that the stability of MASALA is increased upon oxidizing agents (Fig 37). Importantly, the 
stabilization of exogenous MASALA upon the uncoupling agent FCCP and more evidently 
with H2O2 suggested a role of MASALA in the antioxidant response. The overexpression 
of MASALA or its deficiency, however, did not affect the amount of ROS in the cell or the 
amount of mitochondrial ROS (Fig 31 and 32), indicating that MASALA is not affecting 
ROS production or the antioxidant response. 

 
Nevertheless, the stabilization of MASALA upon oxidative agents is suggestive of a 

role in the mitochondrial damage response. FCCP and H2O2 produce a high mitochondrial 
stress that ultimately leads to the clearance of damaged mitochondria through mitophagy 
(Frank et al., 2012; Kondapalli et al., 2012; Matsuda et al., 2010). This process eliminates 
unhealthy mitochondria through engulfment of damaged mitochondria in doubled-
membrane vesicles (autophagosomes) that ultimately digest them by fusing with 
lysosomes (Ma et al., 2020). Our observations indicate that cells overexpressing MASALA 
for 6 days present mitochondrial alterations suggestive of defective mitophagy. Firstly, 
mitochondria of MASALA-overexpressing cells more frequently present a stressed 
phenotype with matrix swelling events and secondly, we observe an increase in the 
frequency of mitochondrial spheroids (Fig 43 and 44).  

 
These observations could indicate an accumulation of damaged mitochondria in the 

cytoplasm due to a defective elimination process. Whether MASALA is related with the 
process of mitophagy is not yet known and further experiments are currently being 
performed to address this question.  
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3.1.3. MASALA in mitochondrial metabolism 
 

Mitochondria generate ATP from different metabolic substrates using a series of 
chemical transformations that oxidize those substrates in a cyclic manner. This is known 
as the TCA cycle or Krebs cycle and it is crucial to provide an electron flux to the ETC for 
an effective OXPHOS. Our metabolomic analysis of MEFs overexpressing MASALA for 
24 hours did not show relevant changes in the metabolic flux or the amount of the different 
TCA cycle metabolites. Our only significant observation was a reduction in the levels of 
one specific isotopologue of the 2-HG oncometabolite, suggesting a possible effect of 
MASALA in IDH1/2 enzymatic activity. 2-HG metabolite has been implicated in different 
cancers with IDH1/2 mutations such as gliomas and acute myeloid leukemia (Mardis et 
al., 2009; Parsons et al., 2008), promoting glutamine metabolism and regulating histone 
methylation through the modulation of the TET enzyme  (Du and Hu, 2021; Hollinshead et 
al., 2018; Shim et al., 2014). This reduction in 2-HG upon MASALA expression is not 
relevant for primary fibroblasts in homesotasis, where this metabolite is produced at very 
low levels, but could be of importance in oncogenic transformation and during cellular 
reprogramming, where TET enzyme is known to be needed for DNA demethylation (Bagci 
and Fisher, 2013; Rasmussen and Helin, 2016; Singh et al., 2020). Further experiments 
are needed to test the effect of MASALA in 2-HG production during these processes.  

 
Even if MASALA is located in the mitochondrial outer membrane, and the 

mitochondrial respiration occur in the matrix and the inner membrane, the measurement 
of cellular oxygen consumption rate can provide useful information to determine the 
metabolic status of the cell and infer possible mitochondrial alterations. Our data shows 
that overexpression of MASALA for 24 hours is not sufficient to change the oxygen 
consumption rate or the membrane potential generated through the ETC (Fig 36A). 
Moreover, MEFs deficient for MASALA do not present any differences in mitochondrial 
respiration compared to WT MEFs (Fig 35). Five days of MASALA overexpression in 
MEFs, however, were sufficient to observe a reduction in mitochondrial oxygen 
consumption rate and a reduced spare respiratory capacity (Fig 36B). Spare respiratory 
capacity is the parameter that measures the ability of the mitochondria to respond and 
cope with rapid increasing needs in energy demands. This indicates that after 5 days of 
MASALA expression cells are not able to meet the energy requirements, reducing the 
metabolic capacity of the mitochondria and suggesting a less dependency of the cells on 
OXPHOS. Several studies have addressed the respiration dynamics in the context of 
cellular reprogramming. Some of them observed that cells with reduced spare respiratory 
capacity have a better reprogramming efficiency (Zhou et al., 2017), but it seems that 
reprogramming is a dynamic process that requires both, an increase of respiratory 
capacity at early phases and a reduction later in the process (Kida et al., 2015). We 
observed an upregulation of MASALA protein during the process of reprogramming, 
indicating that it may participate in the reduction of the mitochondrial respiration during 
reprogramming, and this is also consistent with its high expression in iPSCs, which have 
very low respiration rates and more glycolysis dependency (Bahat and Gross, 2019). We 
hypothesize that, when MASALA is overexpressed from the very beginning of the process 
it might be impairing the oxygen consumption increase necessary for cellular 
reprogramming, what ultimately have a detrimental effect on the iPSC formation 
efficiency. 

 
Interestingly, a reduction of mitochondrial respiration is characteristic of cells with a 

more fragmented mitochondrial phenotype (Vorobjev and Zorov, 1983; Zorov et al., 2019), 
consistent with our microscopy analysis that show that MASALA induces mitochondrial 
fragmentation (Fig 38 & 41). Thus, the reduction in mitochondrial respiration can be an 
indirect effect of MASALA regulating the mitochondrial dynamics. 
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3.2. MASALA and mitochondrial dynamics in cellular 

reprogramming and cancer 
 

Mitochondria are dynamic organelles that undergo fusion and fission cycles in order 
to correctly display their function. A correct regulation of the mitochondrial dynamics is 
crucial for the cell to cope with metabolic requirements and maintain the homeostasis. 
Dysregulation of mitochondrial dynamics has been shown to be highly detrimental for cell 
viability, with implications in apoptosis and mitophagy that ultimately can lead to 
metabolic, muscular and neurological pathologies, which at the end also impact on cancer 
and aging (Dai and Jiang, 2019; Scaini et al., 2021; Sebastian et al., 2017). 

 
Importantly, mitochondrial fission is a key step in the process of mitophagy that 

ensures proper elimination of defective or unhealthy mitochondria (Kobayashi et al., 2020; 
Ma et al., 2020). Our data indicates that MASALA promotes mitochondrial fragmentation, 
as observed by mitochondria immunostaining and electron microscopy experiments in 
cells overexpressing MASALA (Fig 39 & 42). Moreover, we have observed that MASALA 
modifies the activating phosphorylation of DRP1 in Ser579. Although not very 
consistently, MEFs overexpressing MASALA for 24 hours presented an increase in 
pDRP1(S579), indicating that MASALA might promote mitochondrial fission regulating the 
post-translational modification of DRP1 (Fig 39). This activating effect, however, turned 
the opposite when MASALA expression was maintained for more than 5 days (Fig 41). 
Reduction in DRP1 phosphorylation after long MASALA expression might be indicative of 
an accumulative effect of MASALA in the mitochondria, that results in a compensatory 
effect of the cell.   

 
Mitochondrial fission produced by DRP1 activation is a necessary early event in the 

process of cellular reprogramming and in tumor initiation (Prieto and Torres, 2017). In this 
sense, we would expect that the pro-fission effect of MASALA would result in an increase 
of both cellular reprogramming and oncogenic transformation, and not the opposite. 
However, as we have discussed earlier, these processes are very dynamic and different 
energetic requirements need to be addressed at different times of the process. As we 
have observed, prolonged expression of MASALA microprotein results in less 
phosphorylation of DRP1 (Ser579) what could explain the impairment in cellular 
reprogramming and oncogenic transformation processes, in line with some reports 
indicating that DRP1 inactivation drastically reduces cellular reprogramming (Vazquez-
Martin et al., 2012a). Although not mutually exclusive, another explanation is that 
MASALA produces mitochondrial fragmentation but at the same time it negatively affects 
the process of mitophagy. This would produce an excess of fragmented mitochondria that 
are not completely functional. In this line, evidences suggest that mitophagy and 
autophagy are necessary for the mitochondrial clearance during cellular reprogramming 
(Wang et al., 2013b; Xiang et al., 2017) 
 

3.2.1. MASALA and MARCH5 
 

To further investigate the molecular mechanisms behind MASALA’s effect on 
cellular reprogramming, we studied MASALA’s interactome. For that, we performed an 
immunoprecipitation of MASALA microprotein followed by mass-spectrometry. This 
analysis revealed several MASALA interactor candidates, that we ranked based on their 
fold change and confidence score (Fig 45). The candidates ranked with the highest score 
localize in the mitochondria and the ER, as we expected based on MASALA localization. 
The most interesting candidate was the membrane-associated ring protein-CH 5 
(MARCH5), an E3-ubiquitin ligase located in the mitochondrial outer membrane. 
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Importantly, this protein has been implicated in the process of mitochondrial 
dynamics, regulating DRP1, FIS1 and MFN2 ubiquitination (Nakamura et al., 2006; 
Yonashiro et al., 2006). Moreover, Karbowski et al. demonstrated that mutant versions of 
MARCH5 or its silencing produces mitochondrial elongation and aberrant mitochondrial 
localization, indicating that DRP1 activation through ubiquitination by MARCH5 is 
necessary for the fission process (Karbowski et al., 2007). Even more, MARCH5 has been 
demonstrated to be essential for ES pluripotency maintenance and for cellular 
reprogramming to iPSCs (Gu et al., 2015). Altogether, these evidences reinforce the idea 
that a potential interaction of MASALA with MARCH5 could alter its function as an E3-
ubiquitin ligase. It is possible that overexpression of MASALA improves MARCH5 activity 
resulting in a more fragmented mitochondrial phenotype that, maintained over long 
periods of time could induce a compensatory mechanism that negatively regulates DRP1 
phosphorylation at Ser579. MARCH5 has been shown to activate DRP1, and DRP1 
activation has been shown to promote iPSC reprogramming. This does not fit with our 
results that show that MASALA impairs reprogramming. However, the post-translational 
modifications carried out by MARCH5 are not completely understood and other evidences 
suggest that ubiquitination of DRP1 by MARCH5 produced a more elongated 
mitochondrial phenotype that would reduce the reprogramming efficiency, as others have 
observed (Das et al., 2022; Nakamura et al., 2006; Son et al., 2015; Yonashiro et al., 
2006). Further investigation is needed in order to clarify the effects of DRP1 ubiquitylation. 
The abovementioned contradictions may be explained by the possibility that DRP1 can be 
ubiquitinated in different lysines by different proteins, with different effects. It is possible 
that the increased activity of MARCH5 induced by MASALA induces a ubiquitination on 
DRP1 that makes it unstable or marks it for degradation. If we finally confirm the 
interaction of MASALA with MARCH5, we will characterize the ubiquitination pattern of 
DRP1 and the other MARCH5 targets upon MASALA overexpression and deficiency. 
 

4. Final considerations and proposed working model  
 

Our studies have demonstrated that the lncRNA SMIM10L2A encodes a 78-amino 
acid microprotein that is upregulated upon damage and is located in the outer 
mitochondrial membrane. We have observed that MASALA overexpression impairs the 
process of cellular reprogramming to iPSC as well as oncogenic transformation in vitro 
(Fig 46). 

The overexpression of MASALA over long periods of time (5 or more days) reduces 
cellular respiration and spare respiratory capacity. In agreement, we have observed that 
MASALA overexpression induces a more fragmented mitochondrial phenotype (Fig 39, 41 
& 42) indicating a role of MASALA in the regulation of mitochondrial dynamics regulation. 
We have observed that overexpression of MASALA affects DRP1 phosphorylation at 
Ser579, possibly by its interaction with MARCH5 E3-ubiquitin ligase (Fig 41 & 46). 
Although we have not completely characterized the molecular mechanism by which 
MASALA impairs cellular reprogramming, our data suggest that it could be due to a 
dysregulation of mitochondrial dynamics, probably through its interaction with MARCH5.  

This, however, does not exclude other mechanisms. For instance, although we have 
detected MASALA in the mitochondria, due to the close contact of this organelle with the 
ER it is possible that MASALA is located also in some regions of ER, as we have 
observed by immunofluorescence analysis (Fig 29). ER-mitochondrial contacts are crucial 
for many cellular processes, including Ca2+ transport and mitochondrial dynamics. 
Additionally, MASALA could have a role in mitophagy, which fits with the stabilization of 
the microprotein upon mitochondrial stress (Fig 37) and could potentially explain the 
impairment of cellular reprogramming and tumor initiation. Additional mechanisms can 
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involve, as we previously mentioned, a priming to apoptosis, or the impairment of DNA 
demethylation by regulation of TET enzyme (Fig 49). 

 
Based on the evidences that we have, we propose a working model in which 

MASALA is upregulated upon p53 activation and increases MARCH5 activity, modifying 
the ubiquitination of DRP1 which, in turn, induces mitochondrial fission (Fig 48). It is 
known that changes in cell identity need the regulation of mitochondrial dynamics and, 
therefore, we think that MASALA acts as a barrier for reprogramming and for neoplastic 
transformation regulating mitochondrial dynamics.  

 
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 MASALA, a novel microprotein encoded by a gene annotated as non-
coding, that inhibits cellular plasticity through the regulation of mitochondrial dynamics. 
Our results increase the body of knowledge of the molecular mechanisms behind cellular 
plasticity and add a new molecular player in this process, MASALA. From a more general 
point of view, our results have uncovered that the microproteome regulates mitochondrial 
dynamics, and could hide important players involved in homeostasis and disease that 
remain to be identified 
 
 
 

 

 
 

Figure 47. Role of MASALA in damage-induced plasticity. Activation of p53 induces de the 
expression of SMIM10L2A, which in turn encodes for MASALA microprotein. MASALA localizes to 
the mitochondrial outer membrane and alters mitochondrial dynamics impairing changes in cell 
identity. 
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Figure 48. Proposed model for MASALA-MARCH5 interaction effect. Interaction of MASALA 
with MARCH5 protein would alter the normal ubiquitylation pattern of DRP-1 protein towards a 
more active phenotype, promoting mitochondrial fission.  
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Figure 49.  Alternative models for MASALA’s way of action. 1. Dysregulation of Ca2+ 
homeostasis that sensitizes cells to apoptosis. 2. MASALA could interfere with mitophagy-mediated 
elimination of defective mitochondria, leading to the accumulation of non-functional mitochondria. 
3. Reduction of 2-HG metabolite that impairs histone demethylation by TET enzymes during 
cellular reprogramming and oncogenic transformation. 
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1. SMIM10L2A contains a highly conserved sORF encoding a 78-amino acid microprotein 

that we have named MASALA.  
 
 
2. SMIM10L2A is naturally expressed in brain, testis, adrenal gland and in embryonic stem 

cells. Additionally, it is upregulated upon genotoxic damage in a p53 dependent manner, 
and downregulated in glioblastomas, gliomas, pheocromocytomas and paragangliomas. 

 
 
3. MASALA is located in the outer mitochondrial membrane and is stabilized upon 

mitochondrial stress.  
 
 
4. MASALA overexpression impairs cellular reprogramming from MEFs to iPSCs.   
 
 
5. MASALA overexpression in MEFs impairs oncogenic transformation by E1a/HRASG12V. 

 
 
6. Continued overexpression of MASALA increases mitochondrial fragmentation, reducing 

the oxygen consumption rate and the spare respiratory capacity.  
 
 

7. MASALA interacts with several mitochondrial and ER proteins, being particularly 
interesting MARCH5, an E3 ligase involved in mitochondrial dynamics. 
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A B S T R A C T

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 lncRNAs, 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

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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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).
CASIMO1 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 lncRNA 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,
c-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

Fig. 1. Microproteins as novel regulators of the
hallmarks of cancer. A subset of microproteins have
been functionally characterized and have been di-
rectly 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 micro-
proteins. In green, the microproteins that promotes
or activate the hallmark and, in red, the micro-
proteins that function inhibiting or blocking the
hallmark. The ones in grey need further investigation
to be classified. Of interest, those depicted in red
represent tumor suppressor microproteins with po-
tential pharmacological activity, while those in green
are pro-oncogenic peptides that could be targeted in
the clinic. (For interpretation of the references to
color in this figure legend, the reader is referred to
the Web version of this article.)
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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 lncRNA 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-xL, Bcl-w, Mcl1, A1) 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 lncRNA-encoded microprotein that
inhibits mTORC1 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].

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 Ca2+ 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 Ca2+ ATPase pump SERCA [39]. Inhibition of SERCA
activity increases cytosolic Ca2+ concentration, sensitizing cells to cell
death. For this reason, SERCA inhibition is being tested as a potential
therapy in tumors with hyperactivation of Ca2+ 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 Ca2+

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 lncRNA 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,
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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
lncRNA 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 lncRNA. 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 ß-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

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 AltMRVI1 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 lncRNAs,
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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