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RESUMEN (en espaiiol)

La homeostasis proteica, o proteostasis, comprende una compleja red molecular
encargada de mantener la estabilidad del proteoma, controlando la conformacion, localizacion y
concentracion de proteinas dentro de las células. Su alteracion afecta al correcto funcionamiento
de las células y esta vinculada a diversos procesos fisioldgicos y patolégicos, como el cancer.
Su relevancia es tal que se ha identificado como uno de los nueve hallmarks del envejecimiento,
asi como un hallmark de la salud. En la presente Tesis Doctoral, hemos explorado las funciones
geroprotectoras y antineopldsicas de la homeostasis proteica mediante la generacion de dos
nuevos modelos animales.

El primer modelo animal es deficiente en dos factores de proteostasis asociados con la
degradacion de proteinas a través del proteasoma: AIRAPL y AIRAP. Se sabe que los ratones
deficientes en AIRAPL desarrollan neoplasias mieloproliferativas debido a la desregulacion de
la via de sefializacion de la insulina/IGF-1. Sin embargo, la deficiencia en AIRAP por si sola no
parece producir ningin fenotipo aparente. En este trabajo hemos generado un nuevo modelo
murino deficiente en ambos factores, AIRAPL y AIRAP, lo que ha llevado al descubrimiento de
que la pérdida simultanea de AIRAPL y AIRAP exacerba el proceso de neoplasia mieloide.

El segundo modelo animal desarrollado es deficiente en la principal proteina descrita
como encargada del transporte de ARNs de transferencia (ARNt) desde el ntcleo hasta el
citoplasma: Exportina-t (XPOT). Mientras que la ausencia de su gen ortdlogo, Lospl, en
Saccharomyces cerevisiae extiende de manera significativa su esperanza de vida mediante la
acumulacion de ARNts dentro del nucleo, sorprendentemente, en nuestro modelo hemos
observado todo lo contrario. Los ratones deficientes en Xpot presentan una reduccion
considerable de su esperanza de vida, y no hemos encontrado retenciéon de ARNts en los nucleos
de sus células. A pesar de ser fértiles en heterocigosis, el porcentaje de ratones que llegan a
nacer con la deficiencia completa de Xpot es mucho menor de lo esperado. Este modelo de raton
se caracteriza por presentar un fenotipo mas débil, que incluye un desarrollo anormal de la
hematopoyesis tanto en la etapa adulta como embrionaria, ademas de ciertas alteraciones
metabolicas. Nuestros resultados cuestionan el papel de Xpot en el transporte nucleo —citoplama
de tRNAs y ponen de manifiesto su importancia en el correcto desarrollo del organismo,
especialmente del compartimento hematopoyético, y su posible papel en céncer y el
envejecimiento.
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Protein homeostasis, or proteostasis, is a complex cellular self-regulation network that
maintains the stability of the proteome, controlling the conformation, localization, and
concentration of proteins within cells. Disruption of proteostasis impairs proper cellular
function and is implicated in various physiological and pathological processes including cancer.
Its significance is further emphasized as one of the nine hallmarks of aging and as a hallmark of
health. In the Doctoral Thesis, we have undertaken an exploration of the geroprotective and
antineoplastic functions of protein homeostasis trough the generation of two new animal
models.

The first animal model under study is deficient in two proteostasis factors associated with
protein degradation through the proteasome: AIRAPL and AIRAP. It is known that AIRAPL
deficient mice develop myeloproliferative neoplastic processes due to dysregulation of the
insulin/IGF-1 signaling pathway. However, the deficiency in AIRAP alone does not appear to
produce any noticeable phenotype. In this work we have generated a mouse model deficient in
both AIRAPL and AIRAP, leading to the discovery of an exacerbated myeloid neoplastic
process when both proteostasis factors are lacking.

The second animal model under investigation is deficient in the principal protein
responsible for translocating transfer RNAs (tRNAs) from the nucleus to the cytoplasm,
Exportin-t (XPOT). While the absence of the orthologous gene, Lospl, in Saccharomyces
cerevisiae significantly extends its lifespan through an accumulation of tRNAs within the
nucleus, intriguingly, we found the opposite effect in mice. XPOT deficient mice exhibit a
significantly shorter lifespan, and no tRNA retention in cell nuclei was found. Despite being
fertile in heterozygosis, the percentage of born Xpor null mice is much lower than expected.
This mouse model exhibits a milder phenotype, marked by abnormal hematopoiesis
development in both adult and embryonic stages, along with specific metabolic alterations. Our
findings raise questions about the role of Xpot in nucleo-cytoplasmic tRNA transport and
emphasizes its significance in proper organismal development, particularly on the hematopoietic
compartment. Finally, in this thesis, we have explored the impact of Xpot loss within the
contexts of both cancer and aging.

SR. PRESIDENTE DE LA COMISION ACADEMICA DEL PROGRAMA DE DOCTORADO
EN BIOMEDICINA Y ONCOLOGIA MOLECULAR
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INTRODUCTION






“The coordinated physiological processes which maintain most of the steady states
in the organism are so complex and so peculiar to living beings [...], that I have suggested
a special designation for these states, homeostasis. The word does not imply something
set and immobile, a stagnation. It means a condition — a condition which may vary, but
which is relatively constant”.

This is how in 1926, the physiologist Walter Bradford Cannon, combining two
words from ancient Greek (hémos, “similar’) and (stasis, “stability”) coined the term
“homeostasis ”. Cannon extended the concept of milieu intérieur from Claude Bernard !,
who is considered the father of modern experimental physiology, and popularized it in
his highly successful and persuasive book, “The Wisdom of the body” ?.

Homeostasis and health

The numerous functions of the human body, beginning at the cellular level, operate
harmoniously to maintain a delicate internal equilibrium. This dynamic balance ensures
stability and is orchestrated in a hierarchical manner, extending from the smallest cellular
molecules to tissues, organs, and systems. As a result, it maintains the stability and health
of the human body. Homeostasis would not be possible without set points, feedback, and
regulation. The human body comprises thousands of control systems to detect alterations
induced by external disruptors and activate effectors to mediate those changes. Our
organism's inherent ability to acclimate to a constantly changing environment is referred
to as allostasis. Deterioration of any of these regulatory systems compromises stability,
which, in turn, can lead to health issues and diseases 3.

The concept of health and disease is a complex notion that, throughout history, has
undergone a nuanced evolution, intertwining cultural, philosophical, and medical
dimensions. In antiquity, various civilizations, including the Greeks, Romans, Chinese,
and Hindus, elucidated health as equilibrium and well-being, while considering disease
as its opposite. The Greek physician Hippocrates of Cos (460 — 377 ca.), renowned as the
father of Western medicine, considered health as the balance of four bodily fluids, known
as humors, with disease arising from their imbalance. During the Renaissance, the
physician Paracelsus (1493-1541) linked health to the harmonious relationship between
the human microcosm and the universal macrocosm, attributing disease to diverse
entities. In the Enlightenment, clinician Giovanni Battista Morgagni (1682-1771)
emphasized clinical-anatomical integrity for health and anatomical changes for disease.
Claude Bernard viewed health and disease as interconnected on a spectrum in the 19th
century, and the 20th century witnessed a molecular shift in medicine. This shift was
coupled with a renewed global focus on human beings, both healthy and sick, resulting
in the emergence of a synergistic and multi-faceted definition of health *.



Nowadays, according to the first principle of the constitution of the World Health
Organization (WHO), we can define health as a state of complete physical, mental, and
social well-being, and not merely the absence of disease or infirmity °. This classical
definition of health is considered a historical and fundamental milestone in Western
medicine, aligning with the definition proposed by the Hippocratic School. However, in
an endeavor to gain deeper insight into the intricate array of events and pathways working
collectively to preserve the delicate equilibrium intrinsic to the human body’s
homeostasis, and with the aim of explaining the concept of health in positive terms, eight
Hallmarks of Health have been proposed °. These hallmarks define health as a
compendium of organizational and dynamic features that maintain physiology. Following
the preceding hallmarks of cancer and aging ’-8, the hallmarks of health are not merely
indicators of vigor but are actively implicated in the preservation of its homeostatic
maintenance. These biological causes are divided into three categories: spatial
compartmentalization, maintenance of homeostasis, and responses to stress.

The first category involves ensuring the integrity of barriers that delimit cells and
enable proper interconnections between systems, preventing the spread of disruptions to
higher levels. The second category, related to the maintenance of homeostasis, includes:
the recycling and turnover of proteins to maintain protein homeostasis; the integration of
circuits within and between levels of organization; and the rhythmic oscillations, such as
the control of the circadian clock, stem cell regulation, and the management of
mitochondria, the immune system, and microbiota. In the third group, we find the
hallmark of homeostatic resilience, which pertains to the control of various biological
parameters such as blood pH, serum osmolarity, and body temperature. Additionally,
hormetic regulation manages toxin concentrations, where low doses are protective while
higher doses have adverse effects. The final hallmark, repair and regeneration,
encompasses all the pathways involved in cellular reconstitution and integration,
facilitating the repair of potential damages.

During aging, these biological processes progressively deteriorate. Spatial
compartmentalization ability decreases, compromising the integrity of internal and
external barriers. The capacity to contain disruptions within these barriers diminishes
both in space and time. Maintaining homeostasis over time becomes less efficient, leading
to reduced recycling and turnover, inefficient coordination among different systems via
integrated circuits, and desynchronization of circadian, ultradian, or infradian rhythms.
The ability to respond effectively to stress also declines with age, resulting in reduced
homeostatic resilience, hormetic regulation, and the pathways for repair and regeneration.
The disruption of one or more of the hallmarks of health results in the loss of health and
the onset of disease. Typically, they do not deteriorate one by one; instead, their decline
occurs in a domino-like cascade, where the decay of one lead to the collapse of others.
During tumor development, these hallmarks are compromised. For instance, maintaining
homeostasis is disrupted due to the aberrant proliferative capacity of cancer cells,
resulting in excessive protein synthesis, which impairs proteostasis. In several cancer
types, the responses to repair and regenerate damaged cells are also altered.



Proteostasis as a determinant of health

The importance of protein homeostasis

Protein homeostasis, or proteostasis, is a complex cellular self-regulation network
that maintains the stability of the proteome, controlling the conformation, localization,
and concentration of proteins within cells. Disruption of proteostasis impairs proper
cellular function and is implicated in multiple physiological and pathological processes.
Its importance is highlighted as one of the nine hallmarks of aging and as a hallmark of
health. Molecular perturbations in proteostasis have been identified in the pathogenesis
of notable conditions such as Alzheimer's disease, Parkinson's disease, and several tumors
68 The extensive proteostasis network, consisting of around 800 proteins, comprises
three main components: molecular chaperones and two proteolytic systems—the
ubiquitin-proteasome and the lysosome-autophagy systems. These components
determine the fate of unfolded proteins, deciding whether they will refold into their
original stable conformation or be eliminated from the cell through proteolysis °. Besides
these systems, certain organelles exhibit different responses to the loss of proteostasis,
with the endoplasmic reticulum (ER) playing an important role. Moreover, various
studies indicate the existence of well-regulated systemic proteostasis networks beyond
the cell-autonomous ones already established -2,

Chaperones

Chaperones assist proteins through various conformational changes in their
lifetime, including de novo folding, assembly and disassembly, membrane transport, and
targeting for degradation. The need for chaperones arises from the crowded environment
in both the cytoplasm and organelle lumens. These assistant molecules integrate multiple
cellular signals to determine whether a misfolded protein is refolded or degraded based
on feasibility and cellular conditions 3.

Chaperones are categorized into various groups that work together in coordinated
pathways, with many being denominated as heat-shock proteins (HSPs) due to their
upregulation under stress conditions. Age-related changes impact chaperone activity,
contributing to the loss of proteostasis during aging. Deficiencies in chaperone molecules
have been associated with several age-related disorders, particularly neurodegenerative
pathologies '“. Besides, studies in different model organisms have shown that an elevation
in chaperone activity can lead to an extension in longevity. For instance, overexpression
of HSP16 has been found to increase lifespan and improve stress resistance in
Caenorhabditis elegans >. Chaperones also play a pivotal role in tumor development '°.
Numerous HSPs, such as HSP60, HSP70, and HSP90, have been reported to be
overexpressed in various cancers, associated to poor patient prognosis 78,



Autophagy-lysosomal system

The primary function of autophagy is to provide nutrients for vital cellular functions
during fasting and other forms of stress. More recently, autophagy has been shown to
selectively eliminate undesired, potentially harmful cytosolic material, including
damaged organelles, misfolded proteins, or aggregates. In this way, the autophagy-
lysosomal system plays a critical role in maintaining proteostasis. There are three types
of autophagy based on the mechanism of identifying and transporting proteins to
lysosomes: microautophagy, where components are degraded by the invagination of the
lysosome membrane; macroautophagy, where autophagosomes (including large portions
of cytoplasm surrounding the substrate for degradation) fuse with lysosomes; and
chaperone-mediated autophagy (CMA), which selectively degrades specific proteins
recognized by the molecular chaperone HSC70 and then translocate them to the lysosome
through the membrane receptor LAMP2A 192,

During aging, autophagy tends to decline, disrupting proteostasis. Its promotion has
been associated with increased longevity in humans and mice 2!. As a proteolytic system,
autophagy is tightly linked to cancer development and progression. On one hand, it plays
a role in promoting cancer cell survival and growth in advanced stages by providing
substrates such as amino acids for metabolism through the intracellular recycling of
damaged proteins. Furthermore, it contributes to reducing the levels of certain proteins
with tumor-suppressing functions 2. On the other hand, autophagy is also considered a
tumor suppressor mechanism in the early stages of tumorigenesis, as it can inhibit tumors
by removing oncogenic protein substrates, toxic unfolded proteins, and damaged
organelles, thereby maintaining protein homeostasis and genomic stability?.

Ubiquitin proteasome system

The Ubiquitin Proteasome System (UPS) serves as the primary cellular mechanism
for protein degradation, playing a vital role in maintaining proteostasis. Approximately
80% of cellular proteins can be degraded by the UPS 2*. This degradation system requires
the conjugation of ubiquitin, a small and highly conserved protein consisting of 76 amino
acids. This conjugation is mediated by an enzyme cascade involving a ubiquitin-
activating enzyme (E1), a ubiquitin-conjugating enzyme (E2), and a ubiquitin ligase (E3),
which sequentially transfer ubiquitin molecules to cellular targets 2. Subsequently, the
proteolytic core of the proteasome degrades the tagged proteins in an ATP-dependent
manner, recycling the resulting amino acids for de novo protein synthesis.

The proteasome is a cylindrical protein complex consisting of multiple subunits.
These subunits are often referred to by their Svedberg sedimentation coefficient, with the
mammal's proteasome known as the 26S proteasome. The core of this structure, known
as the 20S subunit, is composed of several proteases that cleave proteins into smaller
fragments. The two ends of the cylinder, the 19S regulatory subunits, contain multiple



ATPase active sites and ubiquitin binding sites that recognize polyubiquitinated proteins
and transfer them to the catalytic core 2.

The UPS does not solely target aggregated, misfolded, or damaged proteins. This
system also controls the levels of non-defective proteins, regulating a wide variety of
cellular processes. For example, it plays a role in the processing of antigens for
presentation to the immune system. As a result, alterations in the UPS have been
associated with multiple disorders 24?28, During aging, the function of the UPS
diminishes, leading to an increased accumulation of misfolded proteins in different
tissues . In the case of cancer cells, the UPS plays a crucial role. Due to their exacerbated
proliferative capacity, these cells undergo extensive protein synthesis, resulting in a
significant accumulation of newly synthesized defective proteins that are targeted for
elimination by the UPS. The massive accumulation of misfolded proteins triggers cell
death through apoptosis. As a result, proteasome inhibitors are being used in the treatment
of various types of tumors. For example, carfilzomib and bortezomib are being used in
the treatment of multiple myeloma 33!,
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Figure 1. Foundations of proteostasis. Chaperones (blue balls), autophagy-lysosome system and
ubiquitin-proteasome system as responsible for the maintenance of proteostasis are represented.



Proteostasis in the Endoplasmic Reticulum

In addition to playing a pivotal role in protein synthesis, the ER also plays crucial
roles in protein homeostasis by controlling the processing and folding of secreted and
membrane proteins. Disruption of the ER's protein-folding capacity leads to the
accumulation of unfolded and misfolded proteins, causing perturbations in ER
homeostasis referred to as ER stress . Adaptive mechanisms, including the unfolded
protein response (UPR), ER-associated degradation (ERAD), and reticulophagy (a
specific type of autophagy), are activated to counteract elevated ER stress 3.

The UPR signaling pathway attempts to restore proteostasis through three ER
transmembrane proteins, commonly referred to as UPR branches or sensors: protein
kinase R-like endoplasmic reticulum kinase (PERK), inositol-requiring enzyme 1
(IREla), and activating transcription factor 6 (ATF6a), linked to the BiP chaperone.
These sensors initiate a cascade of molecular interactions that culminate in increasing the
folding capacity by inducing transcriptional changes 3.

The ERAD system is responsible for clearing misfolded proteins from the ER
lumen for cytosolic proteasomal degradation when the UPR pathway fails 2.
Additionally, the network of sacs and cisterns that make up the endoplasmic reticulum
can undergo remodeling and selective recycling through a specific form of autophagy
known as reticulophagy. This process helps to reduce the levels of newly synthesized
proteins during ER stress situations. Prolonged ER stress can lead to inflammatory
signaling, while unmitigated and excessive stress can result in apoptosis®’. During aging,
there is a tendency to develop persistent ER stress, often accompanied by an altered
response to unfolded proteins. The UPR has been implicated in abnormal protein
processing and neuronal death in age-associated diseases, playing a triggering role in
neurodegenerative diseases. Additionally, conditions such as atherosclerosis and type II
diabetes highlight the important role of ER stress.

In the field of cancer, ER stress and the UPR are robustly upregulated in various
tumor types and are closely associated with cancer cell survival and their resistance to
anti-cancer treatments. In several tumor types, a combination of oncogenic,
transcriptional, and metabolic abnormalities collaboratively creates hostile
microenvironments, disrupting ER homeostasis in both malignant and stromal cells.
These alterations induce a prolonged state of ER stress, which has been demonstrated to
govern multiple pro-tumoral characteristics in cancer cells. Interestingly, moderate levels
of ER stress enhance the aggressiveness, metastatic potential, and drug resistance of
tumors, suggesting that the ER could be a potential target for cancer therapy *.
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AIRAP and AIRAPL as ER proteostasis factors

Given the paramount importance of maintaining proteostasis throughout the aging
process and the subsequent disruption of this balance over an individual's lifetime,
numerous studies have been conducted to identify regulatory factors linked to proteostasis
and aging. An example of this is the characterization of arsenite-inducible protein 1 (AIP-
1) as a novel proteostasis factor essential for maintaining protein homeostasis in C.
elegans. AIP-1 is a protein localized in the endoplasmic reticulum that interacts with the
proteasome under stress conditions. AIP-1-deficient nematodes exhibit a reduced lifespan
due to challenges in dealing with misfolded proteins when compared to wild-type
worms *°.

Two orthologs of AIP-1 have been identified in mammals: arsenic-inducible
proteasomal 19s regulatory particle-associated protein (AIRAP) and AIRAP-like
(AIRAPL). The discovery of the first ortholog, AIRAP, was made in 2001 by Professor
David Ron while studying the molecular pathways activated by exposure to arsenicals in
cells %°. This finding not only provided the name for AIP-1 in C. elegans but also led to
the identification of its ortholog, AIRAPL, by his research group seven years later®°.

Both proteins, AIRAP (encoded by ZFAND2A) and AIRAPL (encoded by
ZFAND2B), are involved in maintaining proteostasis through the UPS by promoting
substrate access to the 26S proteasome, thanks to their affinity with the 19S subunit *!.
However, they differ in their regulation mechanisms. Whereas AIRAP is up-regulated
transcriptionally by different stressors (e.g., arsenite exposure), AIRAPL is constitutively
expressed, and its association with proteasomes is regulated posttranslationally.
Structurally, they show a 60% identity in their proteasome-binding N-terminal domain
but diverge at the C-terminal domain. Both mammalian AIRAPL and worm AIP-1 have
conserved, functional ubiquitin-interacting motifs (UIMs), and both proteins possess a
conserved CaaX motif for farnesylation. These features are missing in AIRAP and may
be key to preserving lifespan *°.

Interestingly, recent studies conducted in our laboratory have established AIRAPL
as a significant proteostasis factor implicated in the development of myeloproliferative
neoplasms (MPN) 2. Mice deficient in AIRAPL develop cell-autonomous alterations in
the hematopoietic stem cell (HSC) compartment, ultimately culminating in a
myeloproliferative neoplastic process. Proteomic analysis from this new animal model
has determined that AIRAPL interacts with the newly synthesized insulin growth factor-
1 receptor (IGFIR) in the endoplasmic reticulum, leading to its degradation via the UPS
(Figure 2) *. Pharmacological and genetic inhibition of this receptor in AIRAPL-
deficient mice rescues the malignant phenotype in HSC. Furthermore, AIRAPL was
found to be downregulated in patients with myeloproliferative syndromes as a result of
microRNA miR-125a-3p overexpression. In contrast, mice deficient in AIRAP apparently
do not develop any hematological phenotype, possibly due to the presence of its ortholog,
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AIRAPL. The development of a mouse model deficient in both proteostasis factors is a
subject of study in the present doctoral thesis.
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Figure 2. IGFIR in a Zfand2b wild type cell and Zfand2b KO cell. AIRAPL interacts with newly
synthesized pro-IGF1R polypeptides at the ER (left part of the figure), inducing their ubiquitination and
proteasome-mediated degradation. In the absence of AIRAPL (right part of the figure), the lack of this
regulatory mechanisms increases IGFIR steady-state levels, promoting insulin/IGF1 signaling
deregulation. ER is represented in yellow in the bottom part of the figure and the lipid membrane is
represented in the top. Figure adapted from 4

Importance of proteostasis in hematological development

The critical significance of maintaining proteostasis is particularly evident in
hematopoietic cells, which undergo a rapid and profound functional remodeling during
differentiation. HSC give rise to many thousands of mature blood cells while also self-
renewing to maintain the HSC pool. During differentiation, a lineage divergence occurs
between two common progenitors: myeloid and lymphoid. On one hand, the primitive
myeloid progenitor is responsible for the production of erythrocytes, megakaryocytes
(which give rise to platelets), granulocytes (eosinophils, basophils, and neutrophils),
monocytes/macrophages and dendritic cells. On the other hand, the primitive lymphoid
progenitor is responsible for the production of lymphocytes, including B cells, T cells and
natural killer (NK) cells.

To finally result in all these different cell types, the complex network that maintains
protein homeostasis must be finely controlled and regulated. Malignancies within the
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hematopoietic system often arise due to the loss of HSC proteostasis *. One example is
the deletion of the Casitas B-cell Lymphoma (c-Cbl) gene in mice, which encodes an E3
ubiquitin ligase. The deficiency in this gene leads to abnormal hematopoiesis, with an
increase in HSCs but no elevation in mature cell output **. The maintenance of protein
homeostasis is of such critical importance in immune cells that the loss of proteostasis
has recently been recognized as a hallmark of T cell aging 4.

As previously mentioned, the loss of the proteostatis factor AIRAPL has been
associated with the development of MPNs. Likewise, the ER chaperone calreticulin,
which functions as a calcium sensor and modulator of protein folding quality control
pathways, plays an important role also in the generation of these myeloid tumors. MPNs
comprise a group of chronic myeloid tumors characterized by the overproduction of
mature blood cells through transformation of a multipotent hematopoietic progenitor®’.
This type of neoplasms enlists several subcategories, including essential
thrombocythemia (ET), polycythemia vera (PV), primary myelofibrosis (PMF), MPN
unclassifiable (MPN-U), chronic myeloid leukemia (CML), chronic neutrophilic
leukemia (CNL) and chronic eosinophilic leukemia not otherwise specified (CEL-NOS)
In the long term, all of them may evolve into acute myeloid leukemia (AML), a severe
complication of these disorders %,
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Physiologic and pathologic implications of
nucleocytoplasmatic transport

According to the Central Dogma of molecular biology, genetic information flows
from DNA to messenger RNA molecules, ultimately leading to the synthesis of a protein
in the ribosomes. This transmission of information starts within the nucleus, where DNA
is safeguarded from the rest of the cell by the double membrane forming the nuclear
envelope. It then proceeds to the cytoplasm, where ribosomes carry out protein synthesis.
This seemingly simple process involves multiple sets of proteins and RNAs. Overseeing
and controlling every step, from DNA replication to the elongation and conformation of
the polypeptide chain within the major subunit of the ribosomes, is as complex as it is
important. If any of these components were to deteriorate, homeostasis would be
compromised, leading to the activation of additional checkpoints to restore it.

Here, we will discuss the significance of the traffic between nucleoplasm and
cytoplasm, with particular attention given to the molecules responsible for decoding the
genetic code, the transfer RNAs (tRNAs), and their principal transporter, exportin-t
(XPOT).

The nuclear membrane as a barrier between the nucleus and the cytoplasm

Due to its significant size, the nucleus was the first organelle to be discovered.
Antonie Van Leeuwenhoek (1632-1723) was the first to observe the presence of a
rounded structure inside salmon erythrocytes under the microscope. However, it was not
until 1831 that it was officially named the "nucleus" by Robert Brown. It was only during
the twentieth century that electron microscopy allowed for a precise description of the
nuclear envelope (NE) 490,

The NE is composed of inner and outer membranes (INM and ONM, respectively)
separated by a 20-50 nm wide perinuclear space. More than just an inert separation
between the inside and outside of the nucleus, the NE plays an active role, serving as a
hub for a diversity of genomic processes, such as transcription, DNA repair, and
chromatin dynamics®!. The communication between the inside and the outside of the
nucleus is facilitated by Nuclear Pore Complexes (NPCs) that traverse both membranes,
serving as channels for the import or export of proteins and nucleic acids. The number of
NPCs around the envelope varies, with approximately 100 in yeast and up to 2000 in
human nuclei. This number is cell cycle-regulated by cyclin-dependent kinases
(CDKs) 2. NPCs have a conserved structure consisting of several elements (Figure 3):
The inner pore ring, located at the fused inner and outer nuclear membranes; the nuclear
and cytoplasmic rings, anchored by the pore ring; and the nuclear basket and the cytosolic
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filaments, which are peripheral elements emanating from the nuclear and cytoplasmic
o 53
rings >°.

— Nuclear basket
NUCLEOPLASM

— Nuclearring

— Inner porering

— Cytoplasmic ring
CYTOPLASM

— Cytosolic filaments

Figure 3. Nuclear Pore Complex Structure. NPC is represented anchored into the NE. Nuclear basket
and nuclear ring belongs to the nucleoplasm part of the cell and the cytoplasmic rings and cytosolic
filaments to the cytoplasm. Troughing the NE the inner pore ring in yellow is represented.

In higher eukaryotes, this transmembrane complex boasts an impressive size of
approximately 120 Megadaltons (MDa), in stark contrast to, for example, ribosomes with
a molecular mass of around 3.5 MDa. NPCs are assembled from multiple copies, ranging
from 8 to 64 of around 30 different nuclear pore proteins known as nucleoporins (Nups).
Determining the structure and number of copies of nucleoporins per NPC remains an
active area of research >*. Some Nups located within the channel possess a distinctive
domain characterized by a random secondary structure, known as the phenylalanine-
glycine (FG) repeat domain. FG Nups create a permeability barrier for nuclear transport,
essentially acting as a checkpoint. They allow free passage for small proteins (< 40 kDa)
while selectively restricting larger cargos, which require an active transport mechanism?>>.

The disruption of NPCs involved in nucleocytoplasmic transport has been
associated with aging and a wide spectrum of diseases, particularly neurodegenerative
disorders. For example, the deficiency of the cytoplasmic filamentous protein Nup358,
or Ranbp2, known for its role in oxidative stress response, leads to an amyotrophic lateral
sclerosis (ALS) phenotype when absent in the motor neurons of homozygous mice °.
Furthermore, its ubiquitous deficiency in heterozygosis exacerbates the severity of
Parkinson's Disease when exposed to neurotoxins °7. Interestingly, most Nup
homozygous knockout mice reported so far either die during embryogenesis or shortly
after birth. Among the few specific nucleoporin-null mice that do survive early
development, some are sterile, while others exhibit phenotypes that lead to a shortened
lifespan. Even mice with reduced levels of nuclear pore components often have serious

health problems 8.
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Trafficking between the nuclear membrane

Short after the discovery of NPCs, it was believed that they were passive structures
that allowed the diffusion of molecules between the cytoplasm and nucleus, with a
constant nucleoporin composition across cells %%, Nowadays, it is known that these
highly complex structures are diverse and play a role not only in passive transport but
also in active, energy-dependent trafficking 6!:62

The general paradigm for nucleocytoplasmic transport was established through the
analysis of protein import into and export from the nucleus. These studies revealed that
active transport through NPCs requires a family of conserved soluble nuclear transport
receptors (NTR) known as Karyopherins (Kaps), or importin-p family members®. The
Kap family mediates most of the macromolecule transport, especially of proteins, across
the NPC. Depending on the cargo's destination, it is possible to differentiate between
exportins (out of the nucleus), importins (into the nucleus), or biportins (both directions).
Although the exact number of Kap family members varies in different organisms, the
majority are identifiable and conserved across eukaryotes, suggesting a strong
conservation of function throughout the eukaryotic kingdom 45,

The way NTRs perform their work is relatively simple. First, they bind their cargo
on one side of the NE, then translocate to the other side through the NPC, and finally
release it in the proper destination before returning to the original compartment to mediate
the next round of transport. To carry out this cycle, the differential concentration of
guanosine triphosphate (GTP) and guanosine diphosphate (GDP) is essential. Kaps are
Ran-GTP binding proteins, which means they require the assistance of the adapter Ran,
a Ras-related small GTPase that switches between a GDP-bound and GTP-bound form,
to function properly *. Ran-GTP and Ran-GDP are asymmetrically localized between
the nucleus and the cytoplasm. In the nucleus, Ran is mostly bound to GTP because a
guanine nucleotide exchange factor called RCC1, which is bound to chromatin, generates
Ran-GTP on this side of the NE. Meanwhile, on the other side, cytoplasmic Ran-GTPase
activating protein (RANGAP) and Ran-binding protein (RANBP1) activate GTP
hydrolysis, maintaining cytosolic Ran in a GDP-bound state (Figure 4A).

Kaps bind export cargoes and Ran-GTP cooperatively, while import cargoes and
Ran-GTP are handled in a mutually exclusive manner. Thus, exportins form ternary
complexes with export cargoes and Ran-GTP in the nucleus. They then translocate across
NPCs to the cytosol, where they disassemble upon GTP hydrolysis (Figure 4B).
Conversely, importins bind cargoes in the cytoplasm due to the lower GTP concentration
and translocate across NPCs to the nucleus. In the nucleus, they bind Ran-GTP and
release the cargoes ¢’ (Figure 4C). Both importins and exportins, while passing through
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the NPC, interact with the FG-repeat domains of FG-Nups through low-affinity
interactions, which allow their movement inside the pore .

NUCLEUS CYTOPLASM

A
W . RANBP1
Rcc1 ‘RANGAP
® | " e
Pi

GTP GDP

B .
Exportin
Cargo _%. Oeree g
Exportin yoX

NCOR

. RANGAP

RANBP1

C o Free Cargo
4%% Cargo
Importin 9 O

Figure 4. Trafficking of cargoes according to Ran-GTP and Ran-GDP concentrations. Left part of the
figure represents the nucleus, and the right part the cytoplasm, separated by the NE. Two NPC are
represented in green. (A) Ran-GTP concentration in the nucleus is higher due to RCC1. The large size of
the RAN-GTP representation indicates its concentration is higher. Ran-GDP concentration in the cytoplasm
is higher due to RANGAP and RANBPI1. (B) Ternary complex of exportin, Ran-GTP and Cargo passing
through the NPC and dissociating due to the action of RANBP1 and RANGAP. Ran-GDP and Pi are formed
due to the hydrolysis of Ran-GTP. (C) Importin binds its import cargo in the cytoplasm and passes through
the NPC to arrive to the nucleoplasm, where it will bind to Ran-GTP, releasing its cargo.

Importin

In order to be recognized, protein cargoes commonly use short linear amino acid
sequences known as nuclear localization signals (NLSs) or nuclear export signals (NESs),
for import and export, respectively. Only four classes of NLSs and one class of NESs
have been defined, each one for a specific Kap, and targeting signals for many Kaps
remain unknown. Each NLS/NES class has distinct sequence patterns and binds to
different sites on its designed Kap. Additionally, the three-dimensional conformation of
the cargo, as well as various folded domains, play a role in Kap-cargo recognition . Most
of the NTRs interact with proteins, but some of them also transport RNA cargoes. In this
case, Kaps wrap around the double stranded conformation of the RNA molecule, making
electrostatic interactions with the negatively charged RNA backbones and their
overhangs %°. However, some RNA cargoes do not bind directly to their Kaps, but do it
via adaptor proteins that drive the transport via their NLS/NESs 4,

20 Kaps have been identified in human cells, including 10 importins, 5 exportins,
3 biportins, and 2 Kaps whose functions remain unknown. These transporters vary in
terms of structure and function, playing critical roles in various eukaryotic cellular
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processes such as response to the environment, signal transduction, regulation, and
maintenance of the cell cycle. An overview of all human Kaps is provided in Table 1.
Given the diverse roles of Kap family members in the organism, it is not surprising that
disruptions of Kap functions contribute to a wide range of diseases, including
neurodegeneration, cancer, inflammation, and viral infections.

Kap Abbreviation Isoform Yeast Functios of putatives cargoes
homologue
Exportins
Chromatin Region CRM1/XPO1 1 CRM1 Broadly functioning protein cargoes, and various RNA
Maintenance 1/ Exportin 1 via adaptors
Cellular Apoptosis CAS/XPO2 4 CSE1 Importins and possibly, more proteins
Susceptibility / Exportin 2
Exportin 5 XPO5 1 MSN5 Pre-miRNAs and other RNAs (tRNAs)
Exportin 6 XPO6 2 N.A. Actin-profilin
Exportin t XPOT 1 Los1 tRNAs
Importins
Importin-B IMPB 2 KAP95 Broad functions in gene expression and cell cycle
regulation, inner nuclear membrane proteins,
spliceosomal small nuclear ribonucleoproteins via
adaptors
Transportin TRN1 3 KAP104 mRNA processing
Transportin 2 TRN2 2 N.A. Trafficking of some mRNAs
Transportin 3 TRN3 4 MTR10 mRNA splicing and transport
Importin 4 IPO4 2 KAP123 Chromatin organization, vesicular transport and
cytoskeleton organization, ribosome biogenesis in yeast
Importin 5 IPOS 3 KAP121 Chromatin organization, ribosome biogenesis,
cytokinesis, vesicular transport and cytoskeleton
organization
Importin 7 IPO7 1 KAP119 Cell cycle regulation, ribosome biogenesis
Importin 8 IPO8 2 KAP108 Ribosome biogenesis
Importin 9 IPO9 1 KAP114 Nucleosome organization, ribosome biogenesis
Importin 11 IPO11 2 KAP 120 Developmental processes
Biportins
Exportin 4 XPO4 1 N.A.. RNA procesing, ribosome biogenesis
Exportin 7 XPO7 1 N.A. Broadly functioning protein cargoes
Importin 13 IPO13 1 KAP122 Transcription factors and RNA binding proteins
Unknown function
RanBP6 N.A. 1 N.A. N.A.
RanBP17 N.A. 2 N.A. N.A.

Table 1. Classification of human Kaps. Adapted from ¢
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Exportin-dependent nuclear export of RNAs

The transport of RNA molecules from the nucleus to the cytoplasm is a fundamental
process for gene expression. After different RNA species are transcribed within the
nucleus, they are exported to the cytoplasm through NPCs by different types of Kaps.
Following, the principal export routes for each type of RNA are explained, and they are
resume in Figure 5.

Export of mRNAs

Messenger RNAs (mRNAs) carry genetic information from the DNA to the
ribosomes for translation into proteins. They exhibit substantial variation in length,
sequence, and structure, which complicates their export. mRNAs are initially synthesized
as precursor mRNAs (pre-mRNAs) by RNA polymerase II (Pol II) and subsequently
undergo a maturation process that involves the addition of a cap at the 5' end, splicing to
remove introns, cleaving the 3' end, and finally polyadenylation. During these successive
steps, numerous RNA-binding and -modifying proteins are recruited to the transcripts,
forming mature ribonucleoprotein complexes (mRNPs) "°. Importantly, these factors also
serve as export adaptors, establishing a physical bridge between the mRNA molecule and
its export receptors, such as XPO1, also called chromosomal region maintenance 1
(CRM) 62,71‘

While XPO1’s principal function is not related to it, this exportin plays a crucial role in
transporting pre-mRNAs 7273, XPO1 is involve in the trafficking of a specific subset of
transcripts, such as the export of mRNAs from several proto-oncogenes and cytokines
that contain AU-rich elements (AREs) in their 3' untranslated regions (UTRs). These
AREs can interact with different adaptor proteins containing NES, such as Hur protein or
transportin 2 (Trn2), thus linking them to the XPOl-dependent export pathway 74.
Additionally, it is well established that CRM1 functions in the nuclear export of various
viral mRNAs, including those that are unspliced or only partially spliced °.

In addition to XPO1, various proteins and complexes play vital roles in mRNA
trafficking 7%7”. One of the most notable complexes is NXF1-NXT1, also known as TAP
(Transporter associated with Antigen Processing), which has homologs like Mex67-Mtr2
in yeast %7°, Importantly, this exporter is structurally distinct from the Kaps and functions
independently of Ran-GTP. Nevertheless, the NXF1-NXT1 complex can interact with
FG-Nups, which enables it to pass through the NPC's permeability barrier.

Recent discoveries have shed light on how the transcription-export complex
(TREX) recognizes mRNAs once they are processed and packaged into mRNPs. This
recognition process licenses the loading of the NXFI-NXT1 complex, facilitating the
nuclear export of mRNAs %,
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Export of rRNAs

Ribosomal RNAs (rRNA) are essential components of the ribosomes, the protein-
synthesis machines of the cell. Ribosomes are composed of a large (60s) and a small (40s)
subunit, which together contain 4 rRNA species (28/25S rRNA, 5.8 rRNA, 5s rRNA and
18S rRNA) and more than 70 ribosomal proteins.

The process of ribosome biogenesis in eukaryotic cells is a highly regulated
multistep process that requires the transcription of precursor rRNAs (pre-rRNAs) in the
nucleolus, as well as the synthesis of ribosomal proteins in the cytoplasm, with
subsequent import into the nucleolus, where they will be assembled to pre-rRNAs to form
pre-ribosomal particles. The nuclear export machinery is not recruited at early stages of
pre-ribosomal assembly but only at late stages.

Transport of pre-40S and pre-60S particles requires common factors as well as
export factors that are unique to each export pathway. XPO1 was the first exportin
discovered to be involved in this process. In addition, protein complexes such as Tap-p15
in metazoans (NXF1 in humans) and Rrp12, which interact with FG-Nups, were later
found to be important export factors that also promote the transport of both particles 882,
Another important factor that has been implicated in the pre-60S particle trafficking in an
XPO1-dependent manner is Nmd3p #.

Export of snRNAs

Spliceosomal small nuclear RNAs (snRNAs) play a crucial role in the processing
of pre-mRNA during the splicing process, being involved in the removal of introns.
Different types of snRNAs are named according to their specific roles in splicing. With
the exception of U6 snRNA, which is produced by Pol III and does not exit from the
nucleus, all the remaining snRNAs (U1, U2, U4, and US5) are synthesized as precursors
(pre-snRNAs) by Pol I1, acquiring a 5° cap, which serves as a signal for nuclear export 3.
The reason why they are exported from the nucleus before being imported again for their
function in splicing is still unknown. However, it has been proposed that the cytoplasmic
phase of snRNA biogenesis might provide a proofreading step to prevent the nuclear
accumulation of non-functional snRNAs *°.

The principal export receptor for snRNAs is XPO1 which interacts with NES-
containing adaptors 3¢, such as the PHAX protein, which binds to the 5’ cap of the snRNA
for transport #7-%, In the nucleus, phosphorylation of PHAX is required for the recruitment
of XPOI1 and Ran-GTP. After export to the cytoplasm, GTP hydrolysis of Ran and the
dephosphorylation of PHAX are necessary to efficiently dissociate the export complex
and release the snRNA. Once in the cytoplasm, snRNAs undergo a maturation process
before being imported back into the nucleus, where they, together with numerous other
splicing factors, assemble into the functional spliceosome®.

21



Export of miRNAs

Micro-RNAs (miRNAs) are small noncoding RNA molecules that participate in
gene regulation. They are produced as larger precursors in the nucleus and eventually
mature in the cytoplasm into single-stranded RNA species of 22 nucleotides (nts) that
induce post-transcriptional gene silencing through base-pairing homology with their
target mRNAs .

The trafficking of miRNAs is mediated by the member of the Kap family XPOS,
which recognizes the 3’ overhang of the miRNA precursor (pre-miRNA). Biogenesis and
nuclear export of miRNAs are coupled at several levels. The key enzyme involved in this
coupling is Drosha, which generates a double-stranded RNA minihelix with a ~ 2 nt
overhang, a unique structure recognized not only by XPOS5 but also by the downstream
processing enzyme Dicer in the cytoplasm. Thus, a strict linkage of all processing and
export steps ensures the high specificity of miRNA production and function %%

miRNAs regulate a wide range of biological processes, including developmental
timing, cell differentiation, apoptosis, and immunity against viruses, processes that are
frequently altered in cancer. Therefore, it is not surprising that XPOS5 is associated with
the development of various tumours, such as hepatocarcinoma °'%2,
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Biology and export of tRNAs

Discovered more than 60 years ago °, tRNAs are key adaptor molecules involved
in deciphering the genetic code during translation of mRNAs in protein synthesis, by
transporting their cognate amino acid to the ribosome. These molecules are highly
structured, commonly consisting of ~ 76 nts arranged in a cloverleaf secondary structure
containing three stem loops: D-loop (dihydrouridine-containing loop), T-loop
(thymidine, pseudouridine and cytidine-containing loop) also called T¥YC loop, and
between them the anticodon loop, where a unit of three nucleotides corresponds by
homology with other three nucleotides of an mRNA codon (Figure 6). These stem loops
fold to form the classical L-shaped tRNAs conformation. The arm with the 3’ and 5° ends
is called amino acid arm and, as the name implies, is where the corresponding amino acid
will be ligated **. Besides their compact shape, another defining characteristic of some
tRNAs is the presence of inosine, a modified adenosine, in their anticodon triplet, which
constitutes the basis for the wobble hypothesis *°.

CCA end

CCA end

[o[o]]

Aminoacid arm

.| Tloop
D loop
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Anticodon loop

Anticodon

mRNA
Codon

Figure 6. Basic structure of tRNA. Schematic structure of the cloverleaf tRNA structure with
anticodon-codon pairing, and tridimensional structure of the tRNA.

Strikingly, the human genome contains around 500 genes encoding nuclear tRNAs,
which are transcribed by RNA Pol III, beside 22 tRNAs genes that are encoded by the
mitochondrial genome %°. tRNAs can be classified into two large families: isoacceptor
and isodecoder families. There are 21 isoacceptor families, each consisting of tRNAs that
encode the same amino acid but have a different anticodon; therefore, there is one
isoacceptor family for each amino acid. Isodecoder families, by contrast, are composed
of tRNAs that share the same anticodon but present nucleotide differences elsewhere in
their structure. Interestingly, the number of isodecoders (as fraction of all tRNA genes)
varies widely in eukaryotes and tends to increase across the phylogenetic tree. Half of the
human tRNAs genes encode isodecoders, whereas this fraction is as low as 3% in budding
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yeasts such as Saccharomyces cerevisiae. In light of the presumed functional redundancy
between different isodecoders, the reasons why human genomes contain so many tRNA
genes remain unclear 7%,

To accomplish their roles as genome decoders, tRNAs molecules require to be
involved in a complex maturation process (Figure 7). This process includes the removal
of a specific sequences at the 5’ and 3’ end, as well as a singular splicing process where
several proteins are involved. In essence, tRNAs are initially transcribed by the RNA Poll
III in an immature form known as precursor tRNA (pre-tRNA). Once transcribed, pre-
tRNAs first interact with a RNase called RNAseP, which, along with a ribonucleoprotein
complex, cleaves the 5° leader specifically *°. Subsequently, RNaseZ excises the 3’ trailer,
a short uridine sequence generated during transcription termination of tRNAs with the
assistance of La protein '°°. Following this, a nucelotidyl transferase adds a CCA triplet
to the newly processed amino acid arm %!, The CCA tail is of great importance in tRNA
function, as it is recognized by the aminoacyl tRNA synthetases (AARSs), which are
responsible for attaching the correct amino acid to each tRNA %2, The next step in
achieving mature tRNAs involves the splicing of the introns. In humans, 28 out of the
429 predicted high-confidence tRNA genes contain introns that require removal through
splicing ?%1%3_ Intron excision and ligation of the 5> and 3’ tRNA exons are catalyzed by
two multiprotein assemblies: the tRNA splicing endonuclease (TSEN)!%4, and the tRNA
ligase complex 05106,

At some point during the maturation process, AARS load tRNA molecules with
their specific amino acid. Each AARS is dedicated to one of the 20 standard amino acids
and their corresponding tRNAs. The ability to distinguish among numerous tRNAs is just
as crucial for maintaining the overall accuracy of protein biosynthesis as differentiating
between amino acids. Consequently, the interaction between AARs and tRNAs has been
aptly referred to as the “second genetic code”, highlighting its pivotal role in upholding
the precision of protein synthesis 7.
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Figure 7. tRNA maturation process. RNA Pol III is represented transcribing the DNA, La protein is
assisting the process. Pre tRNA is represented with red sequences that will be removed to finally form a
mature tRNA, with the corresponding steps where the different enzymes and complex play a crucial role.
AAREs (in yellow) is loaded with the corresponding tRNA to ligate the corresponding amino acid.

In addition to the intricate maturation process that tRNAs undergo, these molecular
adapters also undergo various post-transcriptional modifications, making them the most
modified RNA type!%. These modifications serve a wide range of functions, although
many of them are not yet fully understood. They can vary from simple methylations at
the ribose bases to complex and extensive hypermodifications, often requiring a cascade
of enzymatic reactions for their synthesis '%°. These modifications are essential for tRNA
perform tis functions effectively, and they can dynamically respond to changes in cellular
metabolism or environmental cues. Any disruption in these post-transcriptional
modifications could potentially interfere with protein biogenesis, thereby disturbing

protein homeostasis %111,
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XPOT as the main tRNA transporter

Although tRNAs are smaller than 40 kDa, the cutoff size for passive diffusion
through the NPC, a transport receptor is required for the tRNA to overcome the
permeability barrier and hydrophobic meshwork of the NPC '!2, Tt was in 1998 when in
Heidelberg, Germany, at the laboratory leaded by the Prof. Ian William Mattaj and the
laboratory of Prof. Dirk Gorlich, identified a novel human member of the karyopherin
family of proteins. Through the injection of the recently discovered protein into the nuclei
of Xenopus oocytes and the study in HeLa cells, they demonstrated that in presence of
RAN-GTP this new protein forms complexes with tRNAs and transport them to the
cytoplasm through the NPC. They could call it human Loslp in reference to its
homologue gen in yeast, but due to the lack of strong conservation between species, they
decided to name it Exportin-tRNA, XPOT !13:114,

As the rest of the Ran-GTP exportins, XPOT transport its tRNAs cargoes thanks to
the RAN-GTP differential gradient between the cytoplasmatic and nuclear compartments.
This phenomenon is facilitated by the temporary union of XPOT with the proteins that
forms the NPC; XPOT is able to bind in a Ran-GTP-dependent manner to Nup153 and
Ranbp2, facilitating the shuttling to the cytoplasm, an in a Ran-independent manner to
Nup14 in the cytoplasmatic filaments of the NPC basket 1. All of this suggest that both,
cargo-free and cargo-RanGTP-loaded XPOT are concentrated at the proximity of the
NPC facilitating the transporting of its cargoes 6.

Regarding Xpot-tRNA binding, the transporter wraps around tRNA with contacts
distributed around the acceptor arm, T-loop, and D-loop. The anticodon arm makes no
contacts with the protein !'7. One requisite for XPOT to be able to bind their cargoes, is
that the 3’ of the aminoacid arm has to be fully modified, with their corresponding
addition of the CCA!'8; but the splicing of the tRNA is not needed for XPOT recognition,
being not able to discriminate between tRNAs containing or non-containing introns ''°.
While free Xpot has an elongated form, Ran-GTP binding to XPOT induces structural
rearrangements resulting in a more closed structure of the receptor !'7. Besides its strict
role in transport, XPOT also serves as a quality control checkpoint for tRNAs before their
export, being able to recognize all mature cellular tRNAs, providing that they are properly
folded. Mutations that disrupt tRNA tertiary structure impede transport, making stronger
the idea that XPOT recognizes a structural motif in the nucleic acid cargo !'0%12°,
Aminoacylation of tRNAs appears to be critical in organisms such as Xenopus oocytes
and yeast for their XPOT/Losp1 transport from the nucleus to the cytoplasm!?%121,

XPOT is not the only tRNA transporter in the cell

Although XPOT is the principal transporter of tRNAs, is not the only protein
capable to perform this process. XPO5 1122, XPO1 1% NXF1 %123 or La protein '2* are
also involved.
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XPOS5, the transporter of pre-miRNAs, can also export tRNAs through the NPC,
although in a less effective way !22. Together with XPOT, they are the only exportins
capable of binding to RNA molecules directly, without the need of adapters. Interestingly,
elongation factor 1A (EF1A) plays an important role in the export of aminoacylated
tRNAs (aa-tRNAs) together with XPO5. Aa-tRNAs recruit EF1A into a XPOS5 complex,
facilitating their transport to the ribosome via the NPC!%, It is not well stablished how
XPOS interacts with tRNAs but does so without discriminating between aminoacylated
and non-aminoacylated forms. However, it is known that XPOS5 interact with tRNAs
different than XPOT. XPOT binds to the amino acid arm, what presumably blocks the
access of eEF1A to the 3° end of the tRNA. As a result, XPOS5 must recognize tRNA in
a distinct manner, allowing for the association of EF1A with XPO5-bound aa-tRNA 22,

XPOI can export at least 221 NES-containing proteins plus a subset of nuclear
RNAs into the cytoplasm 25127 therefore is not a surprise that it is been involved also in
tRNA transport 2. In yeast, its homologue Crm1 has been recently verified as a bona
fide intron containing tRNA nuclear exporter, with preferences between tRNAs ''°, But
in this organism, the processing of tRNAs differs to humans in several steps. In yeast,
before tRNAs play their role into the ribosomes, they are exported from the nucleus twice,
due to the splicing of intron-containing tRNAs occurs at the cytoplasmatic face of outer
mitochondrial membrane, and after these modifications, the uncharged tRNA has to be
reimported to the nucleus to be recognized and aminoacylated by the corresponding
aminoacyl tRNA synthetases, to finally be exported again to the cytoplasm 2°,

Lospl, is involved in both export events, due to it can bind spliced an unspliced
tRNAs. Msn3, orthologous of XPOS5, however is only involved in secondary export,
binding preferentially to spliced and aminoacylated tRNAs, with or without the help of
EFI1A, just like in humans. Mex67-Mtr2 (NXF1 orthologous) has been recently linked
with tRNA transport as a error-prone transporter, exporting tRNAs to the cytoplasm prior
5’ leader removal and without splicing/not splicing discrimination '*°.

La protein (autoantigen La, also known as SSB) has been implicated in several
tRNA processes, the most ubiquitous of which is the binding of newly synthesized Pol III
transcripts, stabilizing them and therefore preventing the digestion of pre-tRNAs by
exonucleases *%131, Moreover, La is thought to play a pivotal role transporting pre-
tRNAs to the cytoplasm 24,

Once in the cytoplasm, a protein called Scyll facilitates to EF1A those tRNAs that
have been previously charged, allowing them to finally arrive to the ribosome. For protein
synthesis 132,
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XPOT role in cancer and aging through proteostasis maitenance

tRNAs play a pivotal role in translation by establishing a direct and precise
connection between a triplet of nucleotides in mRNA and the corresponding amino acid.
However, besides serving as adaptors in translation, tRNAs play additional roles. Thus,
they are also important molecules that influence protein expression in the context of cell
cycle progression 133, cell proliferation and differentiation !4, stress response '3, cancer

and various diseases '*®!37 as well as drug resistance 38,

It is established that the abundance of tRNAs in cells can impact translation
efficiency 3%, In the scenario of cancer, the overexpression of tRNAs can accelerate the
rate of protein synthesis '*°. This can disrupt proteostasis due to an imbalance between
mRNA codon usage and the relative abundance of cognate tRNAs, impacting the
polypeptide elongation rate and potentially causing pauses in translation 40,
Nevertheless, control of tRNA quantity is not the only factor of importance for their
proper function, and the modifications that occur during tRNA maturation are also
crucial. Recent works shown that tRNA hypomodification and tRNA-modifying-enzyme
deregulation occur in several diseases where proteostasis is affected, namely,
neurodegenerative and metabolic diseases *!. Considering the significance of tRNA
regulation for proper cellular function and the maintenance of proteostasis within cells, it
is reasonable to expect that the control of their principal transporter is also crucial, and its
dysregulation is implicated in a wide range of pathologies.

XPOT role in cancer

Several Kap family members have been found to be altered in neoplastic
processes 42, For example, XPOl mutations have been identified in diverse
hematological malignancies, including classical Hodgkin lymphoma, primary
mediastinal B cell lymphoma or chronic lymphocytic leukemia!#*-143, Furthermore, lower
expression levels of XPOS5 was shown to closely associate with thyroid, liver, larynx, and
colorectal cancer %147 Moreover, it is particularly intriguing that the first association of
NXF1 with tRNAs was discovered in lung cancer cells lacking the translocated promoter

region (TPR) protein, an important component of the NPC 23,

XPOT overexpression has been observed in a significant number of tumors,
including neuroblastoma, where high protein levels of the exportin are correlated with a
poor prognosis 48, It is also implicated in hepatocellular carcinoma, contributing to tumor
proliferation an invasion %139 as well as in breast cancer !, bladder urothelial

carcinoma 32, ovarian cancers and mesothelioma 33134,

XPOT role in aging

A genome-wide analysis of Saccharomyces cerevisiae revealed that deletion of the
XPOT ortholog Losp1 robustly extended replicative lifespan (RLS). This comprehensive
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study involved 68 researchers from various universities in the United States and Hong
Kong and tested 4698 single-gene deletion S. cerevisiae strains. It was the very first study
to establish a link between Lospl, the subcellular localization of tRNAs and the aging
process 3.

Taking together the data from the study, the researchers concluded that blocking
nuclear export of tRNAs is sufficient to extend yeast RLS in the budding yeast S.
cerevisiae. Given our laboratory’s focus on investigating factors that regulate aging and
longevity, and their connection with cancer, with a specific emphasis on the importance
of proteostasis regulation, a significant part of this doctoral thesis has been dedicated to
the generation and study of a new mouse model deficient in XPOT.
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In recent decades, extensive research has focused on understanding the impact of
protein homeostasis on aging. Disruption of proteostasis has been linked to accelerated
aging, while its experimental amelioration has been demonstrated to retard the aging
process. The maintenance of proteome integrity also plays a significant role in tumor
development. Disruptions in protein homeostasis can confer an advantage to cancer cells,
whereas, conversely, proteostasis may exert a protective role.

In order to unravel some of these regulators of longevity and cancer, we focused
on the mechanisms that protect the cells through proteostasis enhancement, guided by
studies that identified two genes with functions not previously associated with them:
Zfand2b, encoding AIRAPL, a protein involved in the protection against
myeloproliferative neoplasms, and Xpot, that codes for the tRNA exportin XPOT whose
loss in budding yeast expands lifespan by changes in the subcellular localization of
tRNAs. Firstly, we explored regulatory mechanisms of protein homeostasis through the
proteostasis factors AIRAP and AIRAPL and how they can contribute to
myeloproliferative malignancies. Finally, we assessed strategies for proteostasis
amelioration to study aging and cancer through the principal tRNA transporter XPOT.

The specific objectives of this Doctoral Thesis were:
1. Generation and characterization of Zfand2a-Zfand2b deficient mice to further

analyze the role of these proteins in proteostasis control during myeloid
malignancies.

2. Generation and characterization of Xpot-deficient mice to explore the role of this
protein in proteostasis control during aging and tumorigenesis.
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EXPERIMENTAL PROCEDURES
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Molecular Biology Methods

DNA genotyping

Genomic DNA was isolated from mouse and embryo tail biopsies and using
alkaline lysis buffer (NaOH 25 mM, EDTA 0.2 mM, pH=8) followed by 99°C incubation
for 90 min and posterior neutralization (Tris 40 mM, pH=7.4). In all cases, PCR was
performed using Platinum™ Taq DNA polymerase (Invitrogen) under the following
conditions: denaturation at 95 °C for 30 seconds, annealing at 60 °C for 30 seconds, and
extension at 72 °C for 45 s, with 35 cycles of amplification. AIRAP-AIRAPL double
knockout mouse model was genotyped using the following oligonucleotides: For Zfand2a
genotyping: 5’-GGA TGT GCT GCA AGG CGA TTA AGT TGG GTA ACG-3’, 5’-
ACC CAT GTA AGA GCC AGG CAC TTG CAC-3’ and, 5’-GGG CGG AAT GGA
TTT GCT GAT CAA GAG-3". For Zfand2b genotyping: 5’-CGC CCA CCC CCC GGA
TCT AAG-3’, 5’-GCA GGC ATC GCA CTT GAG TGG C-3’ and, 5’-GAG CCG AGC
TGT CAG CGC TTG-3’. PCR products consisted in a band of 329 base pairs (bp) for the
mutant Zfand2a allele, and 561 for the wild-type allele. In the case of Zfand2b, a band of
561 bp for the mutant allele and 329 for the wild-type allele. For Xpot genotyping: 5°-
GGG ATCTCATGC TGG AGT TCT TCG-3°,5’-GGC TGT TTC TTT GTT TTG AGT
CAG G-3’ and, 5’-ATT TAA AGC TTC CGG GTT AAC TAG AGC-3’. PCR products
consisted in a band of 574 for the mutant allele and 435 in the case of the wild-type allele.
Fibroblasts for both mice model used in cell culture experiments were also genotyping
with the same oligonucleotides

RNA preparation and quantitative-real-time analysis

Collected cells or tissues were homogenized in TRIzol reagent (Life
Technologies) and RNA was extracted with the RNeasy Mini kit (QUIAGEN) following
the manufacturer’s instructions. After extraction, samples were quantified using a
NanoDrop ND-1000 spectrophotometer (Nanodrop Technologies) and evaluated for
purity (260/280 nm ratio). cDNA was synthesized with the QuantiTect Reverse
Transcription kit (QUIAGEN) using 1 pg of total RNA and following the manufacturer’s
instructions. Quantitative RT-PCR analysis was performed in triplicate for each sample
with 20 ng of cDNA using an Applied Biosystems 7300HT Real-Time PCR System. We
used SYBR® green PCR Universal Master Mix (Applied Biosystems). For Zfand2a
expression measurement we used the following oligonucleotides: 5’-ACC CAT GTA
AGA GCC AGG CAC TTG CAC-3’ and, 5’-GGG CGG AAT GGA TTT GCT GAT
CAA GAG-3’. For Zfand2b expression measurement: 5’-GCA GGC ATC GCA CTT
GAG TGG C-3’ and, 5’-GAG CCG AGC TGT CAG CGC TTG-3’. For Xpot expression
measurement: 5’-GGC TGT TTC TTT GTT TTG AGT CAG G-3’ and, 5°-ATT TAA
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AGC TTC CGG GTT AAC TAG AGC-3’. As internal control, gene expression was
normalized to the f-actin gene, using the following oligonucleotides: 5’-CTG AGG AGC
ACC CTG TGC T-3’ and, 5’-GTT GAA GGT CTC AAA CAT GAT CTG-3’. Relative
expression was calculated by RQ=2-244¢,

RNA extraction for RNA-seq analysis

After extractions, tissues were quickly snap-frozen in liquid nitrogen, and then
stored at -80 °C until RNA extraction. Liver and colons samples were homogenized using
a mortar and a pestle with liquid nitrogen, taking special care to maintain the extreme-
cold conditions at all times and previously cleaning all the material with RNaseZap
(Invitrogen). RNA was then extracted with TRIzol Reagent (Life Technologies), purified
with ethanol precipitation and diluted in an appropriate amount of TE buffer pH 8.0,
following the manufacturer’s protocol. RNA quantity and quality was determined with a
Bioanalyzer 2000 (Agilent).

Protein isolation for Western blot analysis and Proteomic analysis

For protein isolation from cultured cells, these were washed in 1x PBS and
homogenized in RIPA lysis buffer containing 100 mM Tris pH 7.4, 150 mM NacCl, 10
mM EDTA pH 8.0, 1% sodium deoxycholate, 1% Triton X-100 and 0.1% sodium dodecyl
sulfate (SDS), supplemented with protease inhibitors cocktail (Complete, EDTA-free,
Roche) and phosphatase inhibitors (PhosSTOP, Roche). In the case of tissues, these were
snap-frozen after extraction and stored at -80 oC prior to being homogenized in the same
RIPA lysis buffer with a Polytron homogenizer. Protein concentration was determined
with the Pierce BCA Protein Assay Kit. Different aliquots were prepared to be studied
through proteomic analyses in the corresponding cases and in another set for western blot
analysis. For Western blot analysis equal amount of total proteins were loaded onto SDS-
polyacrylamide gels. Then, gels were transferred to PVDF membranes, blocked with 5%
bovine serum albumin (BSA) in TBST buffer (20 mM Tris pH 7.4, 150 mM NaCl and
0.05% Tween 20) and incubated overnight at 4 °C with primary antibodies diluted in
TBST-3% BSA. After washing, membranes were incubated for 1 h with fluorescently
labelled secondary antibodies and scanned on an Odyssey infrared scanner (LI-COR
Biosciences). The primary antibodies used in this study were: anti-ZFAND2B (Atlas
antibodies, HPA035260), anti-ZFAND2A (MyBioSource, MBS3214310), anti-XPOT
(Merk, SAB2102726), anti-XPOS5 (Merk, HPA(018402), anti-XPO1 (Cell signaling,
D6V7N), and anti-B-actin (A5441; Sigma-Aldrich). For proteomic analyses, 3ug of total
extract protein were used. Samples were digested with trypsin and labelled with TMT-
11. The proteomics analyses were performed in the CRG/UPF Proteomics Unit which is
part of the Spanish National Research Infrastructure ICTS Omics Tech.
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Plasmid and sgRNA cloning

sgRNA were designed to target human Xpot, human and mouse Xpo5 and , human
and mouse Xpol exons. In. each case, three sgRNAs were designed to target different
regions of the first exon of each gene by using Benchling CRISPR Design tool. For the
infections of human and mouse cells, we used the lentiviral vector lentiCRISPRv2
developed by Dr. F. Zhang (MIT, Boston,USA) 1°° (Addgene, #52961), where cloned the
following sgRNAs:

- sgRNA-control: 5’-GGAGACGGGATACCGTCTCT-3’

- sgRNA-human-Xpot-1: 5>-TTAATTACCTGTATGTCCTC-3’

- sgRNA-human-Xpot-2: 5>-TAAAAATTTCCCCAGATGCC-3’
- sgRNA-human-Xpot-3: 5’-AGCTTCTGCACACACCTGCC-3’

- sgRNA-human-Xpo5-1:5’-GATGAGGTTGGCATGTCGTT-3’

- sgRNA-human-Xpo5-2: 5’-GCAGCCTCCCGAGCACAACA-3’
- sgRNA-human-Xpo5-3: 5’-GTATCTGAAGAACAGTGTCA-3’
- sgRNA-human-Xpo!I-1: 5’-GCTAACATTGTCATAATTGC-3’
- sgRNA-human-XpoI-2: 5’>-TCAACTGTGTCAGTTTGTAA-3’
- sgRNA-human-XpoI-3: 5’-TTAAATGCTTAGATTTGACT-3’
- sgRNA-mouse-Xpo35-1: 5’-GATGTTCATCCTTCTCCGAC-3’

- sgRNA-mouse-Xpo5-2: 5~ ATGGAACAGCATGTCCCGAT-3’
- sgRNA-mouse-Xpo5-3: 5>-TCAGATAGACCTTCTCCAAT-3’
- sgRNA-mouse-Xpol-1: 5’-TCGACCCGTGTCCAAGCATC-3’
- sgRNA-mouse-Xpol-2: 5’-CTCTGACCCAACTTGTGTAG-3’
- sgRNA-mouse-Xpo!l-3: 5’-TTCCTTACCTCTACACAAGT-3’

Northern blot analysis

Isolation of total RNA from cell lines was performed using the Trizol Reagent
(Invitrogen) according to the manufacturer’s instructions. Typically, 5 ug of RNA was
separated in a 10% denaturing urea-polyacrylamide gel (20 % 25 cm; Sequagel, National
Diagnostics). The RNA was blotted on Hybond- N+ membranes (GE Healthcare) and
fixed by ultraviolet cross-linking. Membranes were pre-hybridized in 5x SSC, 20 mM
Na2HPO4, pH 7.2, 7% SDS, and 0.1 mg ml™! sonicated salmon sperm DNA (Stratagene)
for 1 h at 50 °C. Hybridization was performed in the same buffer overnight at 50 °C
including 100 pmol of the different DNA [5'-32P]-labeled probes. Blots were
subsequently washed twice at 50 °C with 5x SSC, 5% SDS and once with 1x SSC, 1%
SDS and analyzed by phosphorimaging. Membranes were re-hybridized at 50 °C using a
DNA probe complementary to U6 snRNA to check for equal loading. Quantification of
band intensities was performed using ImageQuant software. Following are indicated the
[5'-32P]-labeled probes:
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- U6 snRA probe: 5'-GCAGGGGCCATGCTAATCTTCTCTGTATCG-3'

- tRNAMetcrprobe:5’-GGGCCCAGCACGCTTCCGCTGCGCCACTCTGC-3’

- tRNAP® GG probe: 5°-CTA AGC GAG AAT CAT ACC CCT AGA CCA
ACG AGCC-3

- tRNA”%probe: 5-TAGAAGTCCAATGCGCTATC-3’

- tRNAM probe: 5’-ATGCTCTACCGACTGAGCTA-3’

- tRNASY probe: 5>-TACCACTGAACCACCAATGC-3’

- tRNAD probe: 5>-CTACAGTCCTCCGCTCTACC-3’

- tRNAMprobe: 5°- GACCACTCGGCCATCCTGAC-3’

Cell Biology Methods

Cell culture

We maintained HEK-293T, NB-4, SKM-1, KG-1, NOMO-1, HL-60, K-562,
HEL, JEKO-1, GRANTA, HT, PFEIFER, MEC-1, and JVM-3 cell cultures in Dulbecco’s
modified Eagle’s medium (DMEM) supplemented with 10% fetal bovine serum (FBS),
1% penicillin-streptomycin-L- glutamine and 1% antibiotic-antimycotic (Gibco).
Hematological cell lines MRCS5, A549, Calu-1, H-226, H-358, H-661, H-1792, H-1993,
H-2009, FaDu, LNCaP, U-2-OS, MDA-MB-231, and HCT-116 cell cultures in Roswell
Park Memorial Institute (RPMI) medium supplemented with 10% FBS, 1% penicillin-
streptomycin-L- glutamine and 1% antibiotic-antimycotic (Gibco). In the case of mouse
fibroblast cell cultures, DMEM supplemented with 10% FBS, 1% penicillin-
streptomycin-L- glutamine and 1% antibiotic-antimycotic plus 1X non-essential amino
acids, 10 mM HEPES buffer, 100 uM 2-mercaptoethanol and 1X sodium pyruvate (all
from Gibco).

Viral packaging and cell transduction

For lentiviral infection, HEK-293T cells were transfected with the corresponding
lentiCRISPRV2 vector with second-generation packaging plasmids using Lipofectamine
reagent (Life Technologies). Supernatants were filtered through 0.45 pm
polyethersulfone filters to collect the viral particles and added in a 1:3 dilution to
previously seeded human and mouse fibroblasts, supplemented with 0,8 pg/ml polybrene
(Millipore). Antibiotic selection was done two days after infection and subsequent studies
were performed two week later.
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Subcellular fractionation

To perform subcellular fractionation the REAP method was conducted %7, with
slight modifications. Cells were collected and washed with 1X cold PBS. After
centrifugation, supernatants were removed from each sample and cell pellets were
resuspended in 900 pL of ice-cold 0.1% NP40 (Calbiochem, CA, USA) in PBS and
resuspending 5 times using a p1000 micropipete. Supernatant was collected as cytosolic
fraction and subsequently stored at -80 °C until further use. This step was repeated once
again, with the supernatant being discarded. Finally, remaining pellet was resuspended
kindly in 1X PBS, and designated as nuclear fraction.

Animal model methods

Animal care

All animal procedures were performed in accordance with institutional guidelines
and approved by the Committee of Animal Experimentation of the Universidad de Oviedo
and the Consejeria de Medio Rural y Cohesion Territorial, Principado de Asturias. All
animals were housed in a facility with a photoperiod of 12 h light/12 h dark, at 22 +2 °C,
50 + 10% relative humidity and fed ad libitum with standard diet.

Generation of new mouse models

To generate AIRAP-AIRAPL new mouse model, AIRAPL mouse model and
AIRAP mouse model were crossed. Because this animal exhibited a mixed genetic
background, the resulting animals were mated with a C57BL/6N pure strain. Resulting
animals were then backcrossed again for a total of 10 times, ensuring the acquisition of
an animal with a pure C57BL6 bacground. The Xpot mouse model was carried
ogenerrated by the Mutant Mouse Resource and Research Center (MMRRC) through
gene trapping in mouse embryonic stem (ES) cells. C57BL/6N mouse ES cells were
electroporated with linearized plasmid DNA including an IRES:/acZ trapping cassette
and a floxed promoter-driven neo cassette. ES cell clone HEPD0794 1 Al1 containing
the trapping cassette inserted between the exons 5 and 6 in Xpot gene into chromosome
10, was injected into C57BL/6J-Tyr<-Bd blastocysts. Resulting chimeras were mated to
C57BL/6N. Progeny were subsequently backcrossed to C57BL/6N.
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Serum metabolites and cell blood analyses

For analysis of serum metabolites, blood was extracted from the mandibular sinus
of mice previously anesthetized with isoflurane. EDTA was used as anticoagulant. Blood
was centrifuged at 2,000 g and 4°C, and plasma in the supernatant was collected and
measured immediately with an Element HT5 hematology analyzer. For blood glucose
determinations, animals were starved for 6 horas to avoid alterations due to food intake.
Glucose levels were measured with an Accu-Check glucometer (Roche Diagnostics)
using blood from the tail vein. Special attention was paid to avoid inducing additional
stress beyond that inherent to the procedure itself, ensuring that glucose levels remained
unaffected. For hematological analysis, blood was extracted as above. Cell counting in
blood was performed using an Abacus junior vet equipment in the case of AIRAP-
AIRAPL mouse model once a month, and Skyla VB1 Veterinary Clinical Chemistry
Analyzer in the case of Xpot mouse model.

Histological analysis

Tissues were collected in 4% paraformaldehyde in PBS and embedded in paraffin.
H&E staining was performed by Servicios Cientifico Técnicos from University of Oviedo
(Oviedo, Spain), and all samples were analyzed by a pathologist. For the processement
of the embryonic samples, paraffin embedding, as well as the subsequent serial sectioning
and hematoxylin and eosin staining, were conducted by Patologia Molecular Comparada
from Centro de Investigacion del Cancer (CIC), University of Salamanca. A pathologist
from this group analyzed the embryonic samples

Flow cytometry studies

Blood was extracted from mice through cardiac puncture while they were
anesthetized with isoflurane throughout the entire procedure. EDTA was used as an
anticoagulant. For processing, 10 ml of cold 1X red blood lysis buffer (RBC) (150 mM
NH4Cl, 10 mM HNaCOs, 1 mM EDTA, pH 7.4) was added to the total volume of obtained
blood (1 ml) and allowed to act for 3 min on ice. Subsequently, FACS buffer (1X PBS,
10% FBS 2 mM EDTA) was added to halt the lysis. The mixture was centrifuged at 400g
for 4 min at 4 °C, and the supernatant was removed. This process was repeated twice.
Finally, the cell pellet was resuspended in an appropriate volume, 200 ul in the case of
the AIRAP-AIRAPL mouse model, and Xpot 200 pl in the case of the Xpot mouse model.
To process the spleen, initially, a small longitudinal incision was made to rupture the
visceral peritoneum covering it. Subsequently, the spleen was mechanically
disaggregated on a pre-moistened 40 pm cell strainer with FACS buffer, using a plunger,
and the cells were collected in FACS buffer. After centrifugation and removal of the
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supernatant, RBC lysis buffer was added, and allowed to act for 3 min. The lysate was
neutralized with FACS buffer and then centrifuged. The resulting pellet was resuspended
in the appropriate volume of FACS buffer. To process the bone marrow. The tibiae and
femurs of the hind limbs were collected and cleaned, removing the surrounding muscle
tissue. By centrifuging them at 2000 g for 15 s, the cells comprising the bone marrow
were collected in FACS buffer. At this stage, the same procedure as for the spleen was
followed to lyse the red blood cells using RBC lysis buffer. Finally, the resulting pellet
was resuspended in the appropriate volume of FACS buffer.

To carry the cytometry analysis, in the case of AIRAP-AIRAPL mouse model 10
million cells from spleen, bone marrow and the total number of blood cells were mixed
with the antibodies in 0.5 ml of FACs buffer. 30 min later, they were centrifuge at 1200
rpm for 5 min and resuspended again in 0.5 ml of FACs buffer with 5 G of propidium
iodide. 10 min later, the sample was pumped into the Northern Lights Spectral Citometer
Cytek from the Unidad de Citometria de Flujo y Separacion cellular at ISPA-FIMBA
(Oviedo, Spain). In the case of Xpot mouse model, 1 million cells from spleen, bone
marrow and half the number of total blood cells were mixed with antibodies from the
lymphoid panel. Simultaneously, an equivalent number of cells were mixed with
antibodies from the myeloid panel. 30 min later, they were centrifuge at 1200 rpm for 5
min and resuspended again in 100 pl of FACS buffer with 2.5 ng of DAPI. 10 min later,
the sample was pumped into CytoFLEX (Beckman Coulter Life Sciences) flow cytometer
from Servicios Cientifico-Técnicos of University of Oviedo (Oviedo, Spain). Data from
both approaches were analyzed by the computational program FlowJo. The antibody
quantities used were those recommended by the commercial suppliers.

Antibodies used in the characterization of progenitor and effector population of
the AIRAP-AIRAPL mouse model were the following: CD45-PerCP (Abcam, ab10558),
CD3-Pacific Blue (Biolegend, 100213), B220-APC-Fire750 (Biolegend, 103259),
Nkl1,1-Alexa Fluor 660 (eBioescience™, MA1-70100), Ly6G-PE Fluor 610
(eBioescience™, 61-96668-82), Ly6C-Alexa Fluor 700 (Biolegend, 128024), CD115-PE-
Cyanine 7 (Biolegend, 135523), CD11b-PerCP-¢710 (eBioescience™, 46-011-280),
cKIT-PE (Biolegend, 105808), Ly-6A/E(Scal)-Brilliant Violet 421 (Biolegend, 108128),
CD135-APC (Biolegend, 135310), CD34-FITC (eBioescience™, 11-0349-42), CD48-
Brilliant Violet 605 (Biolegend, 103441), CD150-Brilliant Violet 785 (Biolegend,
115937), CD127-Brilliant Violet 510 (Biolegend, 135033), CD16/32-Brilliant Violet 650
(BD bioesciences, 751690), F4/80-Alexa Fluor 532 (eBioescience™, 54-4801-82),
CDl11c-Brilliant Violet 570 (Biolegend, 117331), SiglecF-Brilliant Violet 480 (BD
bioesciences, 746668), CD123- Brilliant Violet 711 ( BD bioesciences, 740730).

Antibodies used in the characterization of lymphoid population of Xpot mouse
model were the following: CD45-PerCP-Cyanine 5.5 (eBioescience™, 45-0451-82),
CD3-FITC (eBioescience™, 11-0032-82), CD45R (B220)-APC (eBioescience™, 17-
0452-82), CD4-Alexa 700 (eBioescience™, 56-0041-82), CDS8-PE-Cyanine7
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(eBioescience™, 25-0081-82). Antibodies used in the characterization of myeloid
populations of Xpot mouse model were the following: CD45-PerCP-Cyanine 5.5
(eBioescience™, 45-0451-82), F4/80-FITC (eBioescience™, 11-4801-82 ), Ly6G-PE610
(eBioescience™, 61-96668-82), CD11B-APC (eBioescience™,17-0112--82), Ly6C-
Alexa Fluor 700 (Biolegend, 128024), CD14-PE-Cyanine7 (Biolegend, 123316).

Indirect calorimetry and locomotor measurements

All measurements were performed using the Comprehensive Laboratory Animal
Monitoring System (Oxymax CLAMS system by Columbus Instruments) and analyzed
following manufacturer's instructions. Mice were housed individually and kept on a
12:12-h light—dark cycle. Mice were monitored for 48 h and the first 24 h were discarded
in the analysis, considering them as acclimation period. Total ambulatory activity and
food consumption were measured. Food intake was normalized to body weight. Rates of
oxygen consumption (VO2), CO; production (VCO2) and energy expenditure (EE) were
determined and normalized to body weight.

Rotarod test

Motor coordination was evaluated with a Rotarod LE8500 (LSI, LETICA) system
by measuring the running time in the rotating bar until fall. The bar started rotating at a
speed of 4 rpm and progressively increased to 40 rpm after 5 min. Rotarod tests were
performed for 8 days, considering the first 4 days as acclimation. Each day, the test was
repeated 3 times in each mouse, leaving a minimum rest of 30 min between each run.

Forelimb grip strength test

The strength of the mice was assessed through a grip strength test using the
BIOSEB’s Grip Strength Test apparatus (BIOSEB, BIO-GS4). The mice gripped a lever,
pulled, and the force applied was measured in grams. This test was conducted on three
different days, with three measurements each day, leaving a minimum rest of 30 min
between each measure.

Colorectal carcinogenesis

For colon tumor induction, Xpor™* or Xpot*~ females of 2 months of age were
injected intraperitoneally with 12.5 mg/kg of azoxymethane (AOM; Sigma Aldrich, Ref.
A5486). After 5 days, dextran sulfate sodium (DSS; MP Biomedicals, Ref. 160110) at
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1.5% was administered in the drinking water for 5 consecutive days. Next, normal water
was given for 16 days, followed by two cycles of 5 days on DSS with another cycle of 16
days on standard water between them '5%15°, Ten days after the last DSS cycle, mice were
euthanized and colons were extracted, flushed with PBS, measured, and then fixed in 4%
paraformaldehyde solution (PFA). Longitudinal sections of colons were stained by
hematoxylin and eosin (H&E) and tumors were counted and evaluated by their
histological features.

Lung carcinogenesis

For lung tumor induction, urethane (Sigma, 1 mg/kg body weight) was
administrated intraperitoneally in 8-week-old-mice. Urethane injection was repeated after
48 h, followed by ten weekly urethane administrations urethane administrations to
compensate the relative resistance of C57BL/6 mice strain to this carcinogen.
Immediately after finishing the protocol, mice were euthanized, and lungs were harvested
and fixed in 4% formaldehyde. Paraffin-embedded samples were cut into serial sections
of 100 um with a microtome and stained with H&E for subsequently pathological
evaluation.

Bioinformatics and statistical methods

Statistical analysis

Animals of the same age, sex and conditions were used for comparisons between
mice groups. The number of mice included per group was based on previous experiments
with randomized distribution. Unless otherwise specified in figure legends, all
experimental data are reported as mean + 95% of confidence interval (CI). Comparison
between two groups with normal distribution was performed using a two- tailed Student’s
t-test assuming same standard deviation (SD). Survival analysis was performed by using
the Kaplan-Meier method, and statistical differences were analyzed with the log-rank
(Mantel-Cox) test and Gehan-Breslow-Wilcoxon test. Body weight was analyzed using a
multiple t-test method assuming same SD. All statistical tests, data analysis, and plots
were generated using R and RStudio (R Core Team, Vienna, Austria, https://www.r-
project.org; RStudio Team, Boston, MA, USA, https://www.rstudio.com) and GraphPad
Prism 9.0. Plots and figures were modified using Adobe Illustrator CC.
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RNA-seq, proteomics and bioinformatic analysis

Libraries were prepared using the TruSeq Stranded Total RNA with Ribo-Zero
Gold (Illumina) and sequenced as 150 bp paired-end on a NovaSeq6000 Illumina
platform with at least 20 million reads per sample by Macrogen. Paired-end reads were
aligned to the GRCm39 genome (Ensembl release 106) using STAR (2.7.10a) with
default parameters '%°. Raw counts were imported and summarized to gene-level count
matrices using tximport (1.22.0) and differential expression analysis was performed using
with DESeq2 (1.34.0) '®!. An adjusted P-value <0.05 was used as the significance
threshold for the identification of differentially expressed genes. Gene-set enrichment
analysis (GSEA) were performed using the R package fgsea (1.20) 2. Genes were pre-
ranked by the base-2 logarithm (in) of the fold change multiplied by the negative base-10
logarithm in of the p value [log2FoldChange * -loglO(pvalue)]. GSEA was tested for
enriched gene-sets from the Gene Ontology (GO) sub-collection extracted from the
mouse Molecular Signatures Database through msigdf (7.4). Analysis were performed
using R (4.1.3) within RStudio (https://www.rstudio.com/). Plots representing
normalized enrichment scores (NESs) from GSEA were generated using GraphPad Prism
9.0. and RStudio.
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1. Generation of a new mouse model deficient in
two proteostasis factors, AIRAP and AIRAPL

Maintaining protein homeostasis is crucial for an appropriate response to dynamic
environments. The presence of regulatory mechanisms of protein quality control
preserves the stability and functionality of the proteome, with the ER playing a pivotal
role in this regulatory process. Consequently, several components of protein quality
control machinery have been implicated in cancer and aging %1%, Among them, in this
first section of the doctoral thesis we are focusing on the proteostasis factors AIRAP, and
AIRAPL, encoded by Zfand2a and Zfand2b genes, respectively. Their orthologue AIP-1
is associated with impaired proteostasis during aging in Caenorhabditis elegans *°, and
recently studies conducted by our laboratory have linked AIRAPL to tumorigenic
processes in the hematopoietic system. Its absence in mice leads to alterations in this
compartment, ultimately resulting in the development of myeloid malignancies #*. On the
other hand, although AIRAP plays a similar role in proteostasis maintenance, its
deficiency is not associated with any pathological phenotype in mice. To gain insight into
these homologous proteins and their role in the generation and development of MPN,
have generated a new knock-out mouse model deficient in both proteostasis factors.

1.1 Generation of AIRAP-AIRAPL deficient mice

With the aim of generating a double knockout mouse model deficient in Zfand2a
and Zfand2b, we initially crossed the Zfand2a"" mice obtained from the David Ron
Laboratory *! with the Zfand2b*" previously generated in our laboratory #*. This breeding
resulted in a typical percentage of newborn pups following Mendelian inheritance
patterns, with 6.25% of each genotype combination: Zfand2a™*- Zfand2b""* (as a wild
type control), Zfand2a™"-Zfand2b*", Zfand2a*"-Zfand2b™", and the double knock out
Zfand2a”"-Zfand2b™".

Due to the crossing of two different mouse strains, we initially obtained what we
refer to as a mixed strain. Subsequently, after ten consecutive crosses with C57BL6
parental mice, we successfully established the double knockout mice with a pure C57BL6
genetic background. To verify that the mouse model did not express Zfand2a or Zfand?2b,
we extracted fibroblast from the four different genotypes, expanded them in cell culture
and extracted RNA to study the expression of AIRAP and AIRAPL at the transcriptional
level by real time quantitative PCR (RT-qPCR) (Figure 8). We did not find expression
of Zfand2a in Zfand2a~-Zfand2b"", neither in Zfand2a™"-Zfand2b”~ mice. Likewise, we
did not observe expression of Zfand2b in Zfand2a*"-Zfand2b™-, or Zfand2a’"-Zfand2b™"
mice.
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Figure 8. Generation of the double knockout AIRAP-AIRAPL deficient mouse model. (A) Schematic
representation of the knockout alleles of Zfand2a and Zfand2b alleles. (B) Generation of AIRAP-AIRAPL
knockout mouse model by crossing AIRAP deficient mouse model and AIRAPL deficient mouse model.
(C) gPCR analysis of Zfand2a and Zfand2b expression of mouse fibroblast extracted from the mouse
model. (D) Representative image of the four different genotypes.

1.2 Phenotypic characterization of AIRAP-AIRAPL deficient mice

Once we confirmed that the expression of the proteostasis factors were the correct
in each genotype, we proceeded to expand the lineage to generate a larger group of mice,
first working with the mice in a mixed genetic background, where the lifespan of the
mouse model was studied and finally with the pure C57BL6 strain. Lifespan studies
revealed that there are not major differences between the Zfand2a"-Zfand2b""" mice and
the wild type littermates. However, this was not the case for Zfand2a*"*- Zfand2b™", as we
already knew they have a shorter lifespan compared to the wild type. We observed that
the median survival of AIRAPL deficient mice was 567 days, in contrast to the 751 days
of the control wild type or the 679 days of the AIRAP deficient mice. The double
knockout mice exhibited a similar lifespan to the AIRAPL deficient mice, with a median
survival of 585 days (Figure 9).
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Figure 9. Lifespan study of AIRAP-AIRAPL deficient mouse model. Kaplan Meier survival plot of
AIRAP-AIRAPL deficient mouse model in mixed genetic background. n= 13 Zfand2a"*-Zfand2b *'*, n=
12 Zfand2a™*-Zfand2b 7, n=15 Zfand2a’*-Zfand2b *', n= 10 Zfand2a™"-Zfand2b ~-. Mean survival: 751
days Zfand2a """ Zfand2b ", 679 days Zfand2a” Zfand2b *'*, 567 days Zfand2a *'* Zfand2b *- and 585 days
Zfand2a 7" Zfand2b .

1.3 Hematologic characterization of AIRAP-AIRAPL deficient mice

To comprehensively characterize this mouse model and further investigate its
hematological phenotype, we conducted monthly blood monitoring of the animals,
assessing blood cell counts using the Abacus Junior Vet equipment (Figure 10 A). We
observed no differences between AIRAP deficient mice and their wild type littermates.
Conversely, white blood cell levels were significantly higher in the case of Zfand2a™*-
Zfand2b”- mice and notably even higher in the double knockout mouse model. By the 11%
month of life (Figure 10 B)., wild type had a median with blood cell count of 6,33 x 10°
cells/L, whereas Zfand2a*-Zfand2b” exhibited 17,17 x 10° what is higher than the
double counts in wild type. Interestingly, Zfand2a--Zfand2b”- mice had a median count
of 31,45 x 10° cells/L, nearly five times higher than Zfand2a**-Zfand2b*"*. On the other
hand, Zfand2a™"-Zfand2b*"" mouse model showed a median count of 8,22 x 10° cells/L.
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Figure 10. White blood counts of AIRAP-AIRAPL mixed mouse model throughout its lifespan. (A)
Total white blood cell count by hematological analyzer Abacus junior vet during 20 months of mouse model
in mixed genetic background. (B) White blood cells count at 11" months of life.
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Once the pure C56BL/6 murine model was successfully obtained, blood counts
were conducted using the Element HT5 hematology analyzer. The study revealed an
increase in the total white blood cell count of the double knockout mouse compared to
the count of the remaining genotypes. AIRAPL-deficient presented higher amounts of
WBC compared with wild type, and no differences were found in AIRAP mice compared
to wild type (Figure 11A). These data corroborated the findings previously established
in the mixed murine model.

Additionally, neutrophils, lymphocytes and monocytes cells were counted, along
with red blood cells and platelets. The count of these components was significantly
elevated in AIRAP-AIRAPL deficient mice. AIRAPL-deficient mouse exhibited a
greater increase of them compared to wild type mice, which is statistically significant
only in the case of neutrophils due to the low number of mice studied (Figure 11 A-D).
No differences were observed between AIRAP-deficient mice and the wild type
littermates. Interestingly, no differences have been found in the total number of red blood
cells (Figure 11 E) or platelets (Figure 11 F).
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Figurell. Blood cell counts of AIRAP-AIRAPL pure C57BL/6 mouse model at 6 months of life. All
count cells were done with the Element HTS hematology analyzer, 6-month-old mice represented (A) White
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1.3.1. Design of a hematological panel for the characterization of progenitor and
effector cell populations in AIRAP-AIRAPL mouse model for spectral flow cytometry

To gain a more in depth understanding of the hematological study in the murine
model, we designed an approach to characterize various populations during
hematopoietic differentiation, encompassing progenitor cell and effector cells
populations. Through this approach, we aimed to more accurately determine the specific
stage of hematopoietic differentiation at which the primary alterations occur in the mouse
model under study.

As AIRAPL deficient mouse model exhibits MPNs, cytometry studies were
conducted primarily on the myeloid lineage while also pretending to study the principal
lymphoid populations. According to the classical model of hematopoiesis, HSC sit at the
apex of a differentiation hierarchy (Figure 12) and give rise to increasingly restricted
progenitors, which subsequently produce and continuously replenish mature blood cells.
164 Tn this model, HSCs transition to long-term repopulating HSCs (LT-HSCs), and this
to short-term repopulating HSCs (ST-HSCs). Both populations possess self-renewal
capacity, although LT-HSC have a higher capacity due to their lower degree of
differentiation '6°. ST-HSC sequentially transition through the multipotent progenitor
(MPP) stage, which is a complex group of cells without self-renewal capacity. HSCs and
MPPs are contained within the Lin~ Scal™ ¢Kit" (LSK) compartment, a big population of
cells that does not express specific mature markers (Lin™ or lineage °) and express the
surface markers Scal and cKit, also known as CD117. LSK compartment is considered
as the less differentiated in the hematopoietic hierarchy. Within the MPP population, is
possible to distinguish among four different types of progenitors (MPP1/2/3/4), based on
the presence or absence of two membrane markers, CD150 and CD48 16, MPP1 is closely
related to ST-HSCs, also referred to as MPPS5, and is positioned downstream of HSCs but
upstream of less potent MPP2/3/4 67, MPP2 is biased toward the megakaryocyte
(MK)/erythroid lineage, MPP3 is largely granulocyte/macrophage biased, and MPP4 is
largely lymphoid biased.

Following the hematopoietic lineage, MPPs differentiate into common lymphoid
progenitors (CLP), which display lymphoid potential and finally will develop into mature
B and T cells, as well as natural killer (NK) cells. Additionally, they give rise to common
myeloid progenitor (CMP), which, in turn, gives rise to two major groups of myeloid
progenitors: megakaryocyte-erythrocyte progenitor (MEP), responsible at the end of the
platelet and erythrocyte production; and granulocyte-monocyte progenitor (GMP). GMPs
branches into two directions: on one hand, it generates macrophage and dendritic cell
progenitor (MDP); and on the other hand, it produces progenitors that eventually lead to
the granulocytic cells known as eosinophils, basophils, and neutrophils. MDPs are
responsible for generating dendritic cells, and the common monocyte progenitor (CMoP)
from which monocytes will be produced. Depending on the expression level of Ly6C cell
surface marker, is possible to differentiate between inflammatory, intermediate, and
patrolling monocytes. When monocytes extravasate to invade a tissue, they transform into
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macrophages, a population of phagocytic cells distinguishable by the expression of F4/80
marker. All these populations of progenitors and effector cells will be analyzed by flow
cytometry, using the Northern Lights spectral flow cytometer (Cytek) with the
combination of a total 20 markers represented in the Figure 12
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Figure 12. Hemeatopoietic hierarchy representation of the cell population studied in AIRAP-
AIRAPL mouse model. Arrows indicate close transition through differentiation. Dashed arrows represent
a transition were not all the steps of differentiation are represented. Grey arrow indicate different way of
differentiation. Cell population names in gray were not studied in flow cytometry analysis. HSPC
(Hematopoietic Stem and Progenitor Cell), LT-HSC (Long Term Hematopoietic Stem Cell) ST-HSC (Short
Term Hematopoietic Stem Cell), MPP (Multipotent Progenitor), CMP (Common Myeloid Progenitor), CLP
(Common Lymphoid Progenitor), MEP (Megakaryocyte Erythrocyte Progenitor), GMP (Granulocyte
Macrophage Progenitor), MDP (Monocyte Dendritic Progenitor), CMoP (Common Monocyte Progenitor)
NK cell (Natural Killer cell).

The cytometry study was conducted on the bone marrow (BM), spleen, and
peripheral blood (PB) of wild type mice to test the panel and characterize the populations
to study. Cells obtained from the tissues underwent red blood cell lysis to specifically
study the leukocyte line. A total of 8 million cells from the spleen and BM, as well as all
cells obtained from PB, were labeled with the antibody mix and subsequently injected
into the spectral cytometer. Propidium iodide was used as a viability marker. Subsequent
analyses were performed using the FlowJo software. Total population mentioned above
were successfully characterized (Figure 13). From the total events introduced in the
spectral cytometer, represented using FSC and SSC, we selected then only single cells or
singlets, and by selected the propidium iodide negative cells we chosen CD45" as the total
leucocytes to further characterize the cell populations. From CD45", T cell (CD3") and B
cell (B220%) population were obtained, and the rest were named as noTnoB cells. Within
noTnoB, CD11b* cells correspond with the total of myeloid cells and NK1.1* to NK cells.
From the myeloid cells we differentiated between neutrophils when expressing Ly6G,
macrophages when expressing F4/80", eosinophils as the SiglecF positives and basophils,
CD132". Furthermore, cells expressing CD1 1¢ were selected as dendritic cells. From cells
no expressing lineage markers (Lin") (CD3, B220, NK1.1, Ly6G, Ly6C, F4/80, CDl1Ic,
SiglecF and CD123) the progenitor cells were obtained. We were able to differentiate
between LK cells (Lin", Sca®,ckit"), LK cells (Lin", Sca, ckit"), and CLP (CD135" and
CD127"). From LSK cells we identified LT-HSC (CD135-, CD34"), ST-HSC (CD135",
CD34"), and the total of MPPs. Furthermore, form LK cells MPP1/2/3/4 were
characterized depending on the expression of CD48 and CDI150. Through this
comprehensive characterization strategy, we will be able to identify the different
populations of effector and progenitor cells in AIRAP-AIRAPL deficient murine model.
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Figure 13. Differential surface marker expression identifies different effector and progenitor cell
populations. Representative flow cytometry plots of the 20 cell surface markers studied on 12-months-old
murine bone marrow cells.
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2. Generation of a new mouse model deficient in XPOT

In most organisms, a decrease in overall health and vitality occurs over time,
concomitant with an increased incidence of several significant causes of morbidity and
mortality. With the aim of avant-garde genetic techniques, several groups have shown
that single genes can exert a profound influence on lifespan %8179, The genetic study of
lower organisms and its correlation with aging provides valuable insights that contribute
to our enhanced understanding of the aging process in higher organism. In yeast, many
genes that affect RLS, that means how many daughter cells a mother can produce before
it stops dividing, also play an important role in aging in C. elegans and M. musculus. A
comprehensive genome screen of viable budding yeast Saccharomyces cerevisiae, which
identified 238 long-lived gene deletions, has positioned the LOS! gene, Xpot orthologous
as one of the most significant contributors to the extension of RLS. This discovery is
particularly intriguing, as the role of LOS! as the primary determinant of subcellular
tRNA localization had never been previously associated with aging.'>> Motivated by our
laboratory’s interest in studying factors that regulate aging and longevity, and because of
the consequences of the deficiency of LOSI orthologous in vertebrates have not been
studied, we have undertaken the development of a knock-out mouse model deficient in
Xpot. In this second part of the doctoral thesis, we will focus on the generation of the
Xpot mouse model, as well as the different approaches carried out to characterize this
novel mouse model.

2.1 Generation of Xpot-deficient mice

To explore the importance of XPOT in the development of an organism and gain
deeper insight in the role of this exportin in aging, we have generated Xpot-deficient mice
using a “knock-out first” strategy !’!. The modified allele contains an IRES:/acZ trapping
cassette and a floxed promoter-driven neo cassette inserted between the exons 5 and 6 in
Xpot gene into chromosome 10. This construction disrupts the gene function, generating
anull allele. (Figure 14 A) The peculiarity of this design is that this cassette can be easily
modified in ES cells or through crosses with transgenic FLP and cre mice, allowing the

mutation to be reverted to wild type !"!.

To verify that the mouse model indeed did not express Xpot, we extracted
fibroblasts from Xpot’- and Xpot”~ mice, expanded them in cell culture and extracted
RNA and protein to study the expression of Xpot at the transcriptional level by RT-qPCR,
and at the translational level by Western blot analysis (Figure 14 B-C). We did not find
expression of Xpot in the knockout animal and levels approximately half when compared

£

with wild type littermate controls Xpo
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Figure 14. Analysis of Xpot expression in Xpot-deficient mice. (A) Schematic representation of a knock
+/+

out Xpot locus in chromosome 10. (B) qPCR analysis of Xpot expression of mouse fibroblast, n=3 Xpot™",
n= 3 Xpot"",n= 3 Xpot”; ordinary one-way ANOVA. **#* p< (,0001. Bar plots represent mean = SD. (C)
Western blot analysis of mouse fibroblast.

2.2 Phenotypic characterization of Xpot-deficient mice

Once we confirmed that the murine model, we were working with is indeed a
knock-out first model, we proceeded to expand the lineage to generate a larger group of
mice. To carry this out, heterozygous Xpor”’- mice were crossed to obtain null Xpor™.
Interestingly, only 2,36% of the total newborn mice were Xpot . 57,83 % corresponded
to Xpot™~ and 39,81% Xpor''*. A total of 932 pups were analyzed. As shown in Figure
15 A, theese percentages do not fit the Mendelian rates. The proportion of males and
females was equal in wild type and heterozygous mice, but we found fewer female pups
than male,7 versus 15 (Figure 15 B).

The small number of Xpor’ mice that were born exhibited smaller body size
compared to their Xpot™~ and Xpot™* littermates (Figure 15 C). From the day of their
birth, they displayed smaller body shape and throughout their lifespan, both males and
females consistently exhibited reduced body weights (Figure 15 D) There was no
discernible difference in the size of the Xpot - mice, making visual differentiation from
the wild type controls impossible, and there was no variation in their weight throughout
their lifespan (Figure 15 C-D).

Furthermore, Xpot knockout mice are characterized by a remarkably shorter
lifespan compared to their wild type littermates. Xpot~ mice live on average for 508,5
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days, while wild types live for 887,5 days. Additionally, there are not significant
differences between the lifespans of Xpot”~ (840 days on average) and Xpot™" mice
(Figure 15 E).
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Figure 15 . Phenotypic characterization of Xpot-deficient mice. (A) Percentage of mice born by
genotype n= 932 (B) Percentage of mice born by sex in each genotype, n= 371 Xpot™*, n= 539 Xpot"",n=
22 Xpo™. (C) Representative image showing the phenotypic appearance of these mice. (D) Body weight
curve in males and females from week 5 until die, for males n= 16 Xpot**, n= 17 Xpot*-,n="7 Xpot”, for
females n= 20 Xpot™", n=19 Xpot"-,n=2 Xpot”. Ordinary one-way ANOVA. **** p<(,0001 (E) Kaplan-
Meier survival plot, n= 36 Xpot™", n= 36 Xpot"-,n=9 Xpot”. Log-rank (Mantel Cox) test and Gehan-
Breslow-Wilcoson test. **** p<(0,0001.

2.2.1 Serum biochemistry characterization of Xpot-deficient mice

Biochemical analysis of serum from 13-month-old Xpot”, Xpot”~ compared to control
Xpot™" mice, revealed that Xpor null mice displayed significantly lower levels of
cholesterol in blood, also a reduction in amylase levels, although these levels remained
within the normal range. The rest of the biochemical analytical values were similar to
those of the control group. Glucose analyses were conducted in a distinct group of animals
of varying ages, by using a glucometer. For this purpose, two peripheral blood extractions
were performed from the tail of the animals after they had fasted overnight on two
separate days. The graph in Figure 16 represents the means of these two days, showing
that Xpot”~ mice exhibit slightly lower glucose levels compared to their littermates Xpor™-
and Xpot™".
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Figure 16. Serum Biochemistry characterization of Xpot-deficient mice. Different serological
parameters from total serum, measured with the biochemistry apparatus Skyla. 13-month-old animals n= 4
Xpot™*, n=5 Xpot™", n= 4 Xpot”. Dashed lines indicate the normal range of cholesterol and amylase
concentration in a C57BL6 mice. Glucose graph represent the media of two measures in different days,
mice were from different ages, from 4 months to 1 year, without differences between age n= 7 Xpot*™*, n=
8 Xpot™- and n= 8 Xpot”. Ordinary one-way ANOVA, Holm-Sidak’s multiple comparison test. P< 0.05 *,

2.2.2 Histopathological characterization of Xpot-deficient mice

Histopathological analysis in 13-month-old animals revealed the presence of
extramedullary hematopoiesis in the spleen of Xpot '~ mice. H&E staining (Figure A-B)
showed an abundance of megakaryocytes in the spleen, which exhibit a decreased cellular
density in the interfollicular areas and normal sized lymphoid follicles. No significant
differences were observed between the spleens of Xpor"- and Xpot”-. H&E from livers
from 8-month-old mice showed lymphocyte infiltrate centrilobular in Xpot”~ and Xpot™-
(Figure 17 C-D). Other organs studied at the age of 13 months without relevant
differences between groups were thymus, lungs, brain, and heart.
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Figure 17. Histopathology studies. (A) Xpor” spleen with abundant extramedullary hematopoiesis. (B)
Diminished cellular density in interfollicular areas. (C) Lymphocytic accumulation indicated by arrows in
Xpot™ and (D) Xpot’- mouse livers.

2.3 Hematological characterization of the Xpot-deficient mice

Guided by the histopathological information about inflammatory infiltrates in the
liver and supported by previous studies using the Element HT5 hematology analyzer,
where an increase in total white blood cells in peripheral blood was observed (data not
shown), we decided to conduct more comprehensive flow cytometry studies. These
studies encompassed peripheral blood, spleen, bone marrow, and the inflammatory
infiltrate in the liver.

The study was divided into two parts, focusing on the immunophenotyping the
effector cells of the lymphoid and myeloid lineages. To achieve this, we employed two
distinct panels, allowing us to detect various cell population within these compartments
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by flow cytometry (Figure 18). Firstly, to study all the populations of interest, we
employed the computational program FlowJo, to divide the cells population into different
gates. From the total events introduced in the flow cytometry, represented using FSC and
SSC, we selected them into single cells or singlets, and by selected the DAPI marker, we
specifically selected the live cells (Figure 18 A). Starting with these live cells and
selecting the CD45" positive cells as a marker of global leucocytes, we differentiated
between the two lineages, lymphoid lineage (Figure 18 A) and myeloid lineage (Figure
18 B)

Within the lymphoid lineage (Figure 18 A), our panels enabled the differentiation
of B lymphocytes (CD45" B220%) and T cells (CD45" CD3"), further subdividing the
latter into cytotoxic T cells (CD45" CD3* CD8") and helper T-cells (CD45" CD3* CD4").
Additionally, we investigated NK cells (CD45",NK1.17). On the other hand, the specific
panel for the myeloid lineage (Figure 18 B), allowed us to differentiate cells expressing
the adhesion integrin CD11b marker, which is present in cell types such as neutrophils,
monocytes/macrophages, granulocytes, and NK cells. We referred to these CD11b" cells
as “myeloid cells”, even though this marker is also present in NK cells. However, the
percentage of this population in NK cells is so small that CD11b is a canonical myeloid
marker. Cells expressing the Ly6G marker (CD45" CD11b" Ly6G") were identified as
neutrophils. Cells that were Ly6G- were differentiated based on their size into eosinophils
(CD45" CDI11b" Ly6G~ SSC-AM) and a heterogeneous population of
macrophages/monocytes. Within this population, four subtypes were distinguished by the
expression of F4/80 and Ly6C receptors: macrophages (CD45" CD11b" Ly6G* SSC-Al°
F4/80"), patrolling/non classical monocytes (CD45" CD11b" Ly6G* SSC-A'® F4/80
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Ly6C'"), intermediates monocytes (CD45" CD11b" Ly6G* SSC-A"® F4/80- Ly6C™) and
inflammatory monocytes (CD45" CD11b" Ly6G* SSC-A'® F4/80" Ly6Ch).
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Figure 18. Gating strategy for specific population. (A) Lymphoid lineage is represented. A Xpot
spleen is represented. (B) Myeloid lineage is represented. The same Xpot ** spleen is represented, but they
were analyzed in different panels.

2.3.1 Lymphoid lineage characterization of Xpot-deficient mice

Based on these panels we found that the most altered population in all the
compartments studied from Xpot mouse model was the one corresponding to
lymphocytes B, which is significatively lower in Xpot-null mice when compared with
wild type mice. Surprisingly, the levels of B cells in Xpot”~ were considerably high
compared not only to Xpot’- but also with Xpot"" controls (Figure 19 A). Levels of T
cells were also elevated in Xpot”- when compared to control littermates (Firuge 19 B). In
the case of Xpot'- mice, higher T cell levels were observed in blood, but not in the other
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compartments, where they were found in lower proportion compared to wild type mice.
These results suggest that the increase in the number of T cells in Xpot” mice could
correspond to an increase in the number of CD4" cells, as evidenced by an increase within
the CD3+ population, along with a decrease in CD8" cells, both in blood and spleen
(Firuge 19 D). No differences were found in bone marrow (data not shown). NK cells
were especially high in blood of null-Xpot mice. However, this was not the case in bone
marrow, where they were found diminished. This population of innate immune cells in
Xpot*- mice followed the same trend as the knockout mouse but not as pronounced.
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Figure 19. Cytometry studies of different hematological compartments of Xpot-deficient mice.
Lymphoid lineage represented. (A) Percentage of B cells, (B) T cells and (C) NK cells of a total of CD45"
cells from peripheral blood, spleen, and bone marrow of Xpot mouse model. (D) represent percentage of
CD4" and CDS8" from the total of T cells (CD3") in blood and spleen. n= 5 Xpot"*, n= 5 Xpot™, n= 4
Xpot” 13-month-old mice.

2.3.1 Myeloid lineage characterization of Xpot-deficient mice

Regarding myeloid cells (CD11b"), they were especially high in the spleen of
Xpot'~ mice (Figure 20 A), where neutrophils, eosinophils, inflammatory monocytes and
intermediate monocytes (Figure 20 B-E) are high when compared to control and Xpot*~
mice. There were no differences when talking about patrolling/non classical monocytes
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into the total CD45" cells (data not shown). However, they were significatively lower
within the macrophage/monocyte population (Figure 20 F), perhaps due to the increase
of the inflammatory and intermediate monocytes increase.

In Xpot”~ blood and bone marrow, CD11b" cells, neutrophils, and eosinophils
exhibited higher counts compared to wild type (Figure 20 A-C). Interestingly, in
heterozygous mice, these populations in these compartments showed contrasting
behaviors. Inflammatory monocytes were reduced in both Xpot”- and Xpot™ mice in
blood and bone marrow (Figure 20 E), while patrolling/non classical monocytes showed
a slight increase (Figure 20 F). This last contrasted to the findings in the spleen.
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Figure 20. Cytometry studies of different hematological compartments of Xpot mouse model.
Myeloid lineage represented. (A) Percentage of CDI11b*, (B) neutrophils, (C) eosinophils, (D)
inflammatory monocytes, and (E) intermediate monocytes from total CD45" cells. (F) Patrolling / non
classical monocytes are represented from the total of monocytes/macrophages (CD45" CD11b" Ly6G").
Blood, spleen, and bone marrow were analyzed. n= 5 Xpot™", n= 5 Xpot"", n= 4 Xpot’~ 13-month-old mice.

2.3.1 Liver Inflammatory infiltrate characterization of Xpot-deficient mice

Blood
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Marrow

Due to the results obtained from the histopathological analysis on the liver, we
decided to characterize the hematological populations present in the inflammatory
infiltrate of livers from the mutant mice model’s. For this purpose, organ perfusion was
conducted through a continuous infusion of saline buffer, aiming to remove as much
peripheral blood as possible by irrigating the liver, focusing solely on studying the
infiltrate. Subsequently, mechanical disaggregation was performed, following a



procedure similar to that applied to the spleen. Flow cytometry analysis revealed a
considerable decrease in the B lymphocyte population (Figure 21 A), elevated levels of
T cells (Figure 21 B), and an increase in NK cells (Figure 21 C) in Xpot”’- mice.

Liver Inflammatory infiltrate

— 604 —
L-{'-) ANOVA:P =0.124 ’: ANOVA:P =0.313 L-F) 10.04 ANOVA: P = 0.141
g 601 Q 504 g
. .
O 9 O
ol . 40 —
(e} 0 Y o
o o . ° 50
Gl : S & =
204 ~—"
2 a— » 20 2 25
g LI g LRk 3
m Xpo‘r ¥+ Xpot* Xpot (&) Tpo[' - ch;t - Xpot x Xpot **  Xpot*~  Xpot 7~
= z

Figure 21. Cytometry studies from liver’s inflammatory infiltrate of Xpot-deficient mice. (A)
Percentage of B cells, (B) T cells and, (C) NK cells from the total of CD45" cells.

2.4 Physiological characterization of the Xpot-deficient mice across age

To further characterize Xpot deficient mouse model and study it throughout its
lifespan, we established two age-based groups of animals: one group comprised of young
mice, and the other of older mice. These groups were categorized based on the three
different genotypes, Xpot™*, Xpot*~, and Xpot’-. Subsequently, these mice underwent a
metabolic test using Oxymax apparatus (CLAMS), motor coordination test using the
Rotarod apparatus, a forelimb grip strength test.

2.4.1 Metabolic assessment of Xpot-deficient mice

Guided by previous studies that revealed the increasement of important metabolic
pathways as glycolysis or lipolysis, we decided to conduct metabolic studies in the murine
model using the Oxymax system. This apparatus provides information on oxygen and
carbon dioxide quantities consumed during the day, as well as the energy expended by
the animal and the respiratory exchange ratio, which informs us about the mouse’s energy
source. In addition to these metabolic data, the Oxymax system provides information
regarding the mouse’s movement throughout the day, as well as its water and food
consumption. The experiments were conducted in separate batches, and mice were placed
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in the metabolic cages of the system for two days, with measurements taken on the second
day considered optimal due to the animal's acclimatization.

Results revealed an increased in the consumption of oxygen and carbon dioxide in
young mice as well as when they age. Furthermore, an elevation in the energy expenditure
of Xpot’~ mice was found when compared to wild type (Figure 22 A-B). Surprisingly,
Xpot*- data showed the opposite when compared to wild type: oxygen consumption is
lower in young and old Xpor"~ mice. Carbon dioxide production is also lower when
young, with no differences found when compared with controls as they age. Energy
expenditure is lower throughout the life of the Xpot"- mice too. To better understand the
metabolic characterization of the mouse model across age, data obtained from the young
group were compared with data from the old group. No differences were observed in Xpot
null mice, but interestingly, differences were found when Xpotr were lacking in
heterozygosity in mice. Levels of carbon dioxide production increase with age, and
notably, the respiratory exchange also increase (Figure 22 C).

A Young group B Old group

C Xpot -

Figure 22. Oxymas assesment of Xpot-deficient mice. Oxygen consumption, carbon dioxide
consumption, energy expenditure and respiratory exchange ratio are represented. Two groups (A) young
mice(4-month-old) and (B) old mice (12-month-old). (C) Comparation between Xpot”" young group and
Xpot™- old group. For young mice group n= 4 Xpot'*, n= 4 Xpot™",n= 4 Xpot”. For old mice group n= 4
Xpot™*, n=4 Xpot™", n= 4 Xpot™".
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2.4.2 Coordination assessment of Xpot-deficient mice

Rotarod apparatus consists of a rotating cylinder on which the animal is placed, and
it gradually accelerates in speed. The goal of this test is to measure how long an animal
can stay on the rotating cylinder before falling off. This procedure allows us to assess the
animal’s ability to maintain balance and coordination. Animals with good neuromotor
function will be able to stay on the rod for a longer time and at higher speeds. Xpot mice
of both groups underwent this test for four days after a three-day training period. As
shown in the Figure 23 A, Xpot’- mice demonstrate reduced endurance in the Rotarod
apparatus compared to Xpor™*, at both 4 months and 12 months of age. Xpor™~ mice
exhibit similar endurance as the littermate’s control in their younger stages, but this
equivalence significatively changes as they age, implying a deterioration of
neuromuscular function over time.
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Figure 23. Rotarod assessment of Xpot mouse model. Latency to fall during an increasing speed rotarod
experiment of young mice (4-month-old) and old mice (12-month-old). For young mice group n=3 Xpot*",
n=4 Xpot™",n=35 Xpot”. For old mice group n=3 Xpot""*, n=4 Xpot"",n=3 Xpot”.

2.4.3 Strength assessment of Xpot-deficient mice

Following, by using a specialized grip strength meter, we assessed the muscular
strength and grip force of the mice’s forelimbs. The procedure was conducted on two
different days, with three measurements each one. The mean of these measurements is
represented in (Figure 24). To better analyze this data, the force should be normalized to
the length of the limb bones, which would require the sacrifice of the animal. This
measure was not taken to allow for the continuation of the experiments. However, the
results have shown no significant differences in the forelimb strength force between
groups.
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Figure 24. Forelimb grip strength assessment of Xpot-deficient mice. Strength is representing in grams
of young mice and old mice group. For young mice group n= 4 Xpot**, n= 4 Xpot*"n= 5 Xpot”. For the
old mice group n= 3 Xpot™", n=4 Xpot™", n=3 Xpot”.

2.6 Prenatal studies in the Xpot mouse model

When this project was initiated, fully recognizing the significance of the XPOT
protein for the proper development and functioning of an individual, the expectation was
not to obtain mice with a complete Xpot deficiency from the cross of two parental
heterozygous mice. Surprisingly, Xpot”’- mice were indeed obtained, but with a very low
birth rate—only 2.36% of the total newborn pups were completely deficient in XPOT
(Figure 15 A). This outcome did not fit to Mendelian ratio, where the expected
distribution would consist of 25% wild-type mice, 25% homozygous mice with two
mutant alleles, and 50% heterozygous mice. To address this phenomenon, we conducted
prenatal lethality studies with the primary objective of pinpointing the stage in embryonic
development at which the percentage of knockout mice deviated from the Mendelian
expectation. This key point thus plays a pivotal role in the murine model’s embryonic
development.

For this purpose, we crossed multiple pairs of parental Xpot"~ mice and monitored
for the presence of a plug after coitus. It is important to note that the typical embryonic
development period for a healthy mouse from the C57BL6 strain is 19 days. In our initial
assessment, conducted 12.5 days post-coitus (dpc), female mice were euthanized, and we
proceeded to extract the embryos. Variations in the number of embryos within the uterine
horns were observed among the females, with some embryos displaying abnormal size
and dark coloration. DNA extraction from these abnormal necropsied embryos was not
possible due to the presence of necrotic tissue. The remaining embryos were extracted,
and tail biopsies were performed for genotyping purposes. From the experiment involving
embryos at 12.5 dpc (E12.5), a total of 31 embryos were analysed, with 45.16% being
Xpot™, 41.94% Xpot*", and only 12.9% Xpot'~ (see Figure 25 A).
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Upon noticing a deviation in the percentage of the knockout (KO) genotype at a
specific prenatal developmental stage, we decided to study embryos at an earlier stage,
specifically at E10.5. Similar to the previous procedure, pairs of parental Xpot "~ mice
were crossed. However, upon examination, no differences were observed among the
fetuses within the uterine horns. A total of 34 embryos were studied, and following
genotyping, we found that the proportion of genotypes was as expected: 23.53% Xpot™™*,
50% Xpot™-, and 26.47 % Xpot’- at E10.5 (Figure 25 A)

Anatomically, both Xpot’- embryos at E10.5 and E12.5 exhibited smaller sizes
compared to wild-type controls and their corresponding heterozygous counterparts on the
respective embryonic days. Furthermore, a distinctive characteristic of these knockout
embryos was the near absence of fetal liver red colour at E10.5, making it impossible to
differentiate from the rest of the structures. This contrasts with wild-type or heterozygous
embryos, where a vivid red colour is attributed to the involvement of this fetal organ in
premature haematopoiesis. The colour distinction between Xpot”’- and Xpot™* and Xpot'
became notably evident at E12.5. The heart in Xpor”~ embryos at E12.5 also exhibited
greater clarity than in the other genotypes, and eye pigmentation was notably absent. No
differences were found between Xpor'- and Xpot™* at any of the developmental stages
studied (Figure 25 B).

Histopathological studies of the embryos were conducted, and hematoxylin and
cosin (H&E) stains revealed a hypoplastic liver in Xpot’~ embryos at both E10.5 and
E12.5. The fetal livers of these embryos were significantly smaller compared to the rest
of their organ structures, which were also smaller when compared to Xpot”* and Xpot'-
embryos but in a proportionate manner relative to the rest of the body. Focusing on the
fetal liver, a lower number of hematopoietic progenitor cells were found in Xpot”
embryos at both stages, with this characteristic being more pronounced in some Xpot”
embryos at E10.5 where it was difficult to differentiate hematopoietic progenitor cells
(Figure 25 C).
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Figure 25. Prenatal study of Xpot-deficient mice. On the left E10.5 is represented, on the right E12.5.
(A) Percentage of mouse embryo by genotype. 34 E10.5 and 31 E12.5. Chi-square test, * p<0,05. (B)
Representative image of E10.5 and E12.5 by genotype. The scale bar is present in the figure and with arrows
the fetal liver is indicated. (C) Representative H&E images from E10.5 and E12.5. The arrow on the embryo
indicates the fetal liver, and the arrows on the fetal liver image indicates the hematopoietic progenitor cells.
In the case of E10.5 Xpot”* n=3, Xpot"~ n=3, Xpot’ n=3. In the case of E12.5 Xpot”" n=4, Xpot'- n=4,
Xpot n=4.

2.7 Analysis of Xpot role in cancer

Several studies have established a connection between altered Karyopherin
expression—mainly elevated protein levels with occasional lower expression—and cell
transformation in various types of cancer cells!*?. XPOT overexpression has been
demonstrated to correlate with a poor prognosis in breast, ovarian cancers, and
mesothelioma!>3!134, In relation to this, tRNAs, the principal cargoes of XPOT, are
intimately associated with cell proliferation and cell-cycle control. Changes in their
abundance or nucleotide modification levels can have profound effects, leading to
aberrant translation, alterations in protein expression, and the onset of disease states,
including cancer”’. Therefore, we found it pertinent to conduct a more comprehensive
investigation to decipher the role of XPOT in cancer.

As a first approach, we assessed the mutational status of XPOT in various
malignancies using a cancer genome database (http://cbioportal.org). Our exploration of
XPOT mutations covered a curated set of 217 cancer studies, encompassing 70,655
human non-redundant tumor samples and 67030 cancer patients.

We found that XPOT exhibits mutations and amplifications in multiple tumor
categories, with particular significance in lung cancer, adrenocortical carcinoma, or
sarcoma, among others (with a somatic alteration frequency ranging from 17,95% to 0%
and with a mean frequency of 3% in all studies). Interestingly, a subset of tumors showed
deep deletions, as observed in cases such as colorectal cancer, melanoma, and
endometrial carcinoma. Furthermore, structural variants (fusions with MDM?2, LMD3 or
RASSF3 were identified in liver hepatocellular and breast invasive carcinomas, ovarian
epithelial and breasts tumors (Figure 26 A).

After conducting research on the type and frequency of mutations occurring along
the amino acid sequence of the XPOT protein, it was evident that the majority of
mutations were missense. These missense mutations were uniformly distributed across
the amino acid chain, with truncating mutations occurring less frequently. Most of these
truncating mutations occur at the beginning of the protein, potentially leading to a
heterozygous loss of XPOT function. Interestingly, this pattern was particularly
prominent in cases of colorectal cancer (Figure 26B).
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Figure 26 . Alterations in Xpot in different types of human tumors. Data were obtained from the
cBioportal database, from 217 combined studies with 70655 samples. (A) Percentage of alterations in Xpot
in different types of human tumors. The type of tumor is represented in the X-axis and the alteration
frequency in the Y-axis. Green indicates mutation; red, amplifications; blue, deep deletions; purple,
structural variants, and grey, multiple alterations. (B) Variants of uncertain significance from different
patients across the amino acid structure of XPOT. The positions in the protein sequence are reflected in the
X-axis, and in the Y-axis represents the number of patients with the mutation. There are 382 different
variants of uncertain significance, 269 of them are missense and are represented as green dots; 76 truncating
mutations, in grey; 6 inframe variants, in brown; 20 splice variants, in orange; and 11 correspond to fusion
variants, represented in purple.

2.7.1 Chemical carcinogenic protocols in Xpot-deficient mice

Considering all this information and noting that XPOT is frequently mutated in lung
and colorectal cancer—both of which have a high incidence in the population—we
selected them as subjects for our investigation into the significance of XPOT in the
generation and progression of cancer.

First, we conducted a lung adenocarcinoma protocol using the carcinogen urethane
in Xpor'- and Xpotr’~ male mice. This carcinogen induces activating mutations in the
oncogene KRAS, which resembling the genetic alterations found in human non-small cell
lung carcinoma ', Urethane was administered intraperitoneally when the mice were 8
weeks old, and we monitored their weight until 7.5 months after the initial urethane
administration (Figure 27 A). At this point, we collected their lungs for histopathological
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analysis, studying the number of tumors and induced dysplasia. Additionally, we
analyzed various histological changes in the lung samples, including alterations in tissue
structure, the presence of hemorrhagic foci, the inflammatory infiltrate status, the
presence of fibrosis and changes in the thickness of the alveolar membrane. We found no
significant differences between the two groups in neither of the parameter studied,
number of adenomas and carcinomas were similar between both groups (Figure 27 B-
C). Moreover, there were no significant differences in body weight.

Secondly, to explore the role of XPOT in colorectal tumorigenesis, we conducted a
carcinogenesis protocol based on inflammation in 8-week-old females with Xpot *- and
Xpot'- genotypes. This procedure involved the intraperitoneal injection of the chemical
carcinogen azoxymethane (AOM), which generates DNA adducts. It was followed by the
administration of dextran sulphate sodium (DSS) in the drinking water. DSS was given
in three cycles to induce inflammation, with each cycle followed by the administration of
normal water (Figure 27 D). Consequently, mice developed colitis-associated
neoplasms 73, We monitored the weight of the animals throughout the entire process but
did not find any differences. Interestingly, we observed no differences in the incidence of
dysplasia or adenocarcinomas between both groups, nor in the size of these malignancy
lesions (Figure 27 E-F).
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Figure 27. Two carcinogenesis protocols to study Xpot role in caner. (A) Diagram representing the lung
carcinogenesis protocol. (B) Representative images of H&E staining in lung. Arrows indicate carcinomas.
Xpot™* n=10, Xpot" n=10. (C) Adenomas and carcinoma counts representation. (D) Diagram representing
the colon carcinogenesis protocol. (E) Representative images of H&E staining in colon. Arrows indicate
carcinomas. Xpot** n=10, Xpot*~n=10. (F) Dysplasia and carcinomas counts representation.
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2.8 Molecular characterization of Xpot-deficient mice

To gain insight into the molecular mechanism by which the deficiency of Xpot
generates such phenotype in mice, we carried out full transcriptome and proteome
analysis in liver and colons form Xpor'*, Xpot"~ and Xpot’- mice. Consequently, we
conducted a comprehensive analysis of the murine Xpot model, encompassing both full
proteome and transcriptome. Given significant differences in blood glucose and
cholesterol levels, we prioritized the liver as the primary metabolic organ for this study.
Furthermore, recognizing the potential involvement of Xpot in colorectal cancer (despite
our negative results in the carcinogenic protocols) and its high rate of cell regeneration,
we also included the colon as a second target tissue for proteomic and transcriptomic
studies in these mice.

2.8.1 Proteomic profiling study of Xpot-deficient mice

First, we conducted multiplexed quantitative proteome analysis, utilizing the
tandem mass tag (TMT) workflow and high-resolution mass spectrometry, on liver and
colon samples from Xpot™*, Xpot™~, and Xpot "~ mice (with three independent samples for
each phenotype). The TMT-MS workflow identified only 698 common proteins among
the three Xpot phenotypes in colon protein extracts, and 749 proteins in livers. The
reduced number of identified proteins could be attributed to the absence of HPLC sample
fractionation, a decision made to manage study costs.

Due to the limited number of identified proteins in each tissue, the initial statistical
analysis did not unveil any significantly altered proteins. Nevertheless, we conducted a
Gene Set Enrichment Analysis (GSEA) to identify potential patterns or altered pathways.
Gene ontology analysis of preranked proteins for each phenotype revealed significant
alterations in biological processes related to protein synthesis, ribosomal biogenesis, and
translation, with the ribosome identified as the main altered cellular component. Notably,
these alterations were consistent in both liver and colon tissues, underscoring the
robustness of the results.

As depicted in Figure 28 A, both the heatmap of ribosomal proteins identified in
the proteomic study and the volcano plot analysis of ribosomal proteins (Figure 28 B
highlighted in red) indicate an increase in ribosomal proteins in the livers and colons of
Xpot knockout mice. Notably, this tendency was also observed in the colons of
heterozygous mice. These results suggest an accumulation of ribosomes in these tissues,
possibly indicating an alteration of the translational machinery in line with the deficiency
of the tRNA carrier protein.
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Figure 28. Proteomic analysis of Xpot mouse model. (A) Gene Set Enrichment Analysis (GSEA). (B)
Volcano plot for differential protein expression analysis. Ribosomal proteins are indicated in red.
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2.8.2 Transcriptomic profiling of the Xpot-deficient mice

Secondly, to further investigate and validate our previous findings, we conducted a
transcriptomic study on the same tissues from the murine Xpot model used for proteomic
analysis. For this purpose, we compared the full transcriptome of liver and colon samples
from Xpot"" (n=4), Xpot'" (n=4), and Xpot’- mice (n=3).

The multiple t-test analysis revealed a total of 25 and 71 differentially expressed
genes in the livers of Xpot"- and Xpot’~ mice, respectively, when compared to wild-type
animals (adjusted P-value <0.05 and log2 fold-change>0.5). In colon samples, we
identified 10 and 614 differentially expressed genes, respectively (Figure 29). Figure
30 A and Figure 30 B illustrate the unsupervised hierarchical clustering of the
differentially expressed genes in the liver (90 genes) and colon (624 genes), respectively,
confirming strong clustering between biological replicates, especially between Xpot 7

and Xpot ** in both organs.
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Figure 29. Volcano plot for differential gene expression analysis. X-axis represent the logarithm (base2)
of fold change (log2) and Y-axis shown the antilogarithm (base10) of adjusted p-value(p value, -log10).
Xpot™ (n=4), Xpot'" (n=4), and Xpot’- mice (n=3).

Surprisingly, despite the abundance of differentially expressed genes in colon
samples from Xpot™~ and Xpot’- mice, they exhibited no shared differentially expressed
genes (Figure 31 A). Instead, in both Xpot "~ and Xpot’- mouse livers, we identified four
upregulated genes (Rsclal, Amy2a5, Muc2, and Gm20547) and one downregulated gene
(Ighv1-72) (Figure 31 B). Notably, Rsclal is particularly relevant as it plays a critical
role in the negative regulation of glucose transmembrane transport through the SGLT1
cotransporter in the small intestine. RSC1A1 mediates the deceleration of the release of
SGLT1-containing vesicles from the trans-Golgi network!’*!7>, Additionally, Amy2a5
encodes pancreatic alpha-amylase 2a5 7, Gm20547 encodes a C3/C5 convertase of the
complement system 77, and Muc2 encodes the oligomeric mucus gel-forming Mucin 2.
Mucin 2 provides an insoluble mucous barrier that protects the intestinal epithelium and
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is particularly prominent in the gut, where it is secreted from goblet cells into the lumen

of the large intestine '8,
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Figure 30. Hierarchical clustering of the differentially expressed genes. (A) 90 genes are represented
from liver samples. (B) 624 genes are represented from colon samples. Xpot™* (n=4), Xpot*" (n=4), and

Xpot’~ mice (n=3).
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Additionally, the heightened expression of Bc/6 and reduced expression of Pax35,
along with several IghC and V genes, in the livers of Xpot”~ mice were particularly
noteworthy. PAX-5, also known as the B-cell-specific activator protein BSAP, serves as
a nuclear transcription factor crucial for the differentiation, development, and
proliferation of B-cells 14+!7°, Intriguingly, the inactivation of the Pax5 gene results in the
dedifferentiation of mature B cells into progenitor cells in the bone marrow, which
subsequently differentiate into activated T cells 8. On the other hand, BCL6 functions
as a transcriptional repressor with a significant role in the formation of germinal centers
in both normal and malignant lymphoid tissues. Bcl-6 acts as a master transcription factor,
regulating T follicular helper cells (Tru cells), which are essential for the generation of
germinal centers in the follicles of secondary lymphoid organs. These centers play a vital

role in B cell division and aiding in the fight against infections 81182,

Moreover, despite the striking differences between the two organs, we identified
three commonly differentially expressed genes in Xpot-deficient mice. Notably, we
observed elevated levels of Tnfaip2 and decreased levels of Nridl and Nrid2 in both
tissues (Figure 31 C). Tnfaip2 encodes the Tumor Necrosis Factor Alpha-Induced
Protein 2, participating in various physiological processes, including inflammation,
angiogenesis, cell differentiation, and proliferation 33, Tnfaip2 is enriched in the spleen,
male mature germ cells, hematopoietic and lymphoid tissues, and its expression can be
activated by other cytokines such as IL-1B, lipopolysaccharide, and interferon-y.
Dysregulation of TNFAIP2 has been reported in various cancers 34185 Nr1d1 and Nr1d2,
nuclear receptor subfamily 1 group D member 1 (Nrl1d1), and nuclear receptor subfamily
1 group D member 2 (Nrl1d2) are transcription factors that act as repressors of retinoic
acid-related orphan receptor binding elements. They are involved in the control of
circadian rhythms during liver aging and lipid metabolism 36187,
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Figure 31. Venn diagram for shared differentially expressed genes. (A) Differential gene expression in
Xpot™-and Xpot”-colons (B) Differential gene expression in Xpot™~ and Xpot”livers (C) Differential gene
expression in colon and liver from Xpot”” mice. Xpot™" (n=4), Xpot”~ (n=4), and Xpot’- mice (n=3).

83



IMMUNE_RESPONSE_REGULATING_CFELL_SURFACE_RECEPTOR_SIGNALING_PATHWAY

To gain a deeper understanding of the altered pathways in these organs, we
conducted Gene Set Enrichment Analysis (GSEA) using the Gene Ontology (GO)
database. Analysis of preranked proteins through Gene Ontology revealed numerous
significantly deregulated pathways in both the liver and colon of Xpot *~ and Xpot - mice
compared to wild-type animals (Figure 32). Firstly, an enrichment in gene sets related to
the activation of adaptive immune responses (leukocyte-mediated immunity, T-cell
activation, type II interferon production among others) was observed in the colon of
Xpot'- animals and in the liver of Xpot™~ animals. However, this response was negatively
enriched in the liver of Xpot’~ animals. It's worth noting that the liver, being an organ
highly vascularized, may correlate the decrease of immune-related pathways with the
reduction of lymphocytes in peripheral blood. Secondly, an enrichment in gene sets
related to the biogenesis of ribonucleoprotein complexes and ribosomes was observed in
both the liver and colon of Xpot”~ mice, confirming the findings from the proteomic study
and emphasizing the robustness of the results. This enrichment was not observed in
Xpot- mice and was even negative in the liver of the latter. Lastly, there was a negative
enrichment of genes involved in fatty acid metabolism in the liver of Xpor*’- and Xpor”
mice, with a positive enrichment in aerobic respiration and oxidative phosphorylation

genes in the livers of Xpot”~ mice.
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Figure 32. Gene Set Enrichment Analysis (GSEA) using gene ontology (GO). Xpot™" (n=4), Xpot'"
(n=4), and Xpot’~ mice (n=3).
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Finally, although not available at the time of writing this thesis, we conducted a
single-cell transcriptomic study of the bone marrow and spleen from these mice.
Preliminary results (not shown) seem to align with observations made in bone marrow
and spleen cytometry of Xpot knockout mice. We anticipate that these findings will
contribute to a more comprehensive characterization of the Xpot-deficient model, aiding
in the identification of potential molecular targets of this exportin.

2.9 Analysis of Xpot deficiency in vitro

Since its discovery over 25 years ago, much has been learned about Xpot, initially
associating it with the transport of tRNAs from the nucleus, where these adapter
molecules are transcribed, to the cytoplasm, where they carry out their final function. This
situates Xpot as a key player in protein synthesis and the proper functioning of the
proteome. Most of the knowledge about this protein has been derived from studies
conducted in lower organisms such as Xenopus oocytes and S. cerevisiae, where it was
initially linked to the aging process. However, despite its connection to the emergence of
various types of tumors in humans, there is limited information available on how it
functions and the role it plays beyond tRNA transport in mammalian cells. Therefore, in
this section, we focused on the study of Xpot in immortalized primary cells from the
murine model and various human cell lines. This involves investigating its expression,
along with that of other exportins, and exploring its response to different stress stimuli.
Additionally, we will generate cells deficient not only in Xpot but also in other
karyopherins related to tRNA export to study the trafficking of tRNAs from the nucleus
to the cytoplasm.

2.9.1 Exportin expression in cells derived from Xpot mouse model and human
cancer cell lines

In order to delve deeper into the molecular mechanisms of the mouse model we
proceeded to extract fibroblast from the mice ears, for their subsequent cultivation in cell
culture and immortalization using the lentiviral expression vector pLOX-Ttag-ires-TK.
We generated immortalized fibroblast from Xpor™*, Xpot*~, and Xpor™-, 3 different mice
from each genotype as biological replicates. Western blots analyses were done to study
the expression of XPOT, XPO5, XPOI in immortalized fibroblast, with no differences
between the protein expression of the Kaps XPOS5 and XPO1 (Figure 33 A). To further
investigate the relevance of XPOT in the tumorigenesis process specially in hematologic
neoplasms, and carry out this process in human cells, we decided to examine XPOT
expression, along with that of XPOS5 and XPO1, in various tumor human cell lines. This
includes cell lines derived from hematologic tumors (Figure 33 B), as well as other types
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of cancers (Figure 33 C). Differential expression levels of XPOT and the other studied
exportins were identified through Western blot analyses.
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Figure 33. Expression of XPOT, XPOS and XPO1 different cell lines. (A) XPO5, XPO1 and XPOT
expression in immortalized fibroblast from Xpot mouse model. Expression of B-actine was used as a
control. (B) XPOS5, XPO1 and XPOT expression in different human hematological tumorigenic cell lines.
(C) XPO5, XPO1 and XPOT expression in diverse human tumorigenic cell lines.

2.9.2 Generation of different cell lines deficient in Xpot, Xpo5 and Xpol by
CRISPR Cas9

The development of CRISPR/Cas9 as a genome editing tool has revolutionized
biomedical research by offering a relatively simple method, akin to molecular scissor, for
selectively removing genes as desired by the user. This system is based on the
endonuclease Cas9, which produce double strand breaks (DSBs) in the DNA, guide by a
small RNA called single-guide RNA (sgRNA) with homology for a specific region in the
genome. These breaks can be repaired through the non-homologous end-joining (NHEJ)
mechanism or by homology directed repair (HDR), resulting in the introduction of
mutations in the genome or the interruption of the gene sequence, thereby knocking the
gene 88, Taking advantage of this valuable system we generated cells lacking Xpo5 and
Xpol with the aim to study how they will respond when lacking not only Xpot but also
other exportins related with tRNAs. We decided to carry out this in the immortalized
fibroblast obtained from the mouse model Xpot 7, besides in Xpot ™, and the wild type
control Xpot *'*. In addition to this, we were interested also in studying it in human cell
lines, therefore we selected U20S, K562 and MRC5 cell lines as candidates for
CRISPR/Cas9 modification as well.

To conduct these experiments, we designed 3 different sgRNAs with homology for
the first exons of mouse XpoJ5 and Xpol genes, to be used in immortalized fibroblast; and
other 3 different sgRNAs toward human Xpot, Xpo5 and Xpol genes. Once infected with
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the lentiviral expression vector GeCKO v2 containing the genetic information for the
Cas9 expression as well as the specific sgRNA and performed the antibiotic selection to
be sure that we only work with the Cas9 expressing cells, we conducted Western blot
analysis for study the exportin expression. We were unable to knock out XPO1 in any of
the cell lines, both those derived from the murine model and human cell lines (Figure 34
A and C-D). Contrastingly, although not completely, we were able to knock out XPOS5
in both human cell lines K562 and MRC5 (Figure 34 E-D), as well as in the murine
fibroblast, even when lacking XPOT.
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Figure 34. Expression of XPOT, XPOS5 and XPO1 in CRISPR-Cas9 murine immortalized fibroblast
and cell lines. (A) Inmortalized fibroblast from Xpot mouse model, infected with 3 different sgRNAs with
homology to Xpo! sequence. (B) Immortalized fibroblast from Xpot mouse model, infected with 3 different
sgRNAs with homology to XpoJ5 sequence (C) U20S cell line infected with different sgRNAs against Xpo1,
Xpo5 and Xpot. The same sgRNAs where used in (D) K562 cell line and (E) MRCS cell line.

Considering that in budding yeast, the absence of the Xpot orthologous gene,
Lospl, leads to the accumulation of tRNAs in the nucleus, we aimed to investigate the
cytoplasmic/nuclear localization of tRNAs in the fibroblasts derived from the Xpot mouse
model. To address this study, we initially separated the cells into two fractions, nuclear
and cytoplasmatic, using a detergent-containing buffer. Subsequently, through the
Northern blot technique and the use of different probes targeting specific tRNAs, we
could examine their presence in both cell extracts. Furthermore, this study was conducted
on tRNAs which do not undergo the splicing process and those that do, being able to
study a possible disruption of the tRNA maturation. In Northern blots from spliced
tRNAS, was possible to observe the pre-tRNA, referring to the tRNA still with the intron,
the mature tRNA, which has already undergone the splicing process, and in some cases,
a smaller-sized tRNA fragment corresponding to the intron. The small nuclear RNA U6
was used as a loading control in all cases. Prior to conducting the Norther blot analysis,
a Western blot was performed on both extract samples. Antibodies against lamin A and
C, proteins that typically reside in the nucleus, were used, as well as o-tubulin, a protein
that typically remains in the cytoplasm. This approach served as a checkpoint to prevent
cross-contamination between the extracts (Figure 35 A). Finally, no apparent differences
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were found when comparing nuclear extracts among genotypes and cytoplasmic extracts
as well (Figure 35 B-E). Surprisingly, we could observe the presence of pre-tRNAs in
cytoplasm extracts, in control Xpot™* cells, Xpot™” and Xpot -, although without
differences in amount between genotypes (Figure 35 F-G).
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Figure 35. tRNA transport study of different tRNAs by northern blot analysis. (A) Western blot
against lamin A/C and tubulin to guaranty a proper cytoplasm and nuclei extracts separation. Northerns
blots against tRNAs that does not suffer splicing (B) tRNA-methionine (Met), (C) tRNA-proline (Pro),
(D) tRNA-arginine (Arg) and .(E) tRNA-lysine (Lys). (F) tRNA-tyrosine (Tyr) and (G) tRNA-leucine
(Leu). As a control snRNA U6 is used.

2.9.4 tRNA transport profile in immortalized fibroblast from Xpot-deficient mice
and lacking Xpo5 by CRISPR/Cas9 system

To investigate the role of other exportins in tRNA trafficking from nucleus to
cytoplasm, and together with XPOT, we selected double knockout fibroblast in both Xpot
and Xpo5 to conduct the Northern blot analysis. Since we were unable to achieve
knockout cells for Xpo1, this exportin was excluded from the study. Additionally, human
cell lines were not included in these analyses due to the unavailability of double-knockout
Xpo5 and Xpot cells. Therefore, as previously said, our focus was on murine fibroblasts
lacking Xpo5 and Xpot.
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Curiously, the results revealed an elevation of mature tyrosine tRNA in the nucleus
extracts from the double knockout cells compared to Xpot*'*, Xpot™- and Xpot”~ nucleus
extracts (Figure 36 A). Xpot""-Xpo5~- fibroblasts, also exhibited an elevation in mature
tRNAs in nucleus when compared with Xpot” cells, but it was not as pronounced as when
both exportins were lacking. Nucleus extracts from Xpor™-Xpo5~-, also showed a similar
increase of mature tRNAs, though not as high as in the double knockout. Furthermore,
concerning pre-tRNAs, there was a similar increase to that of mature tRNAs in the
nucleus when both exportins were deficient, and also in Xpotr" -Xpo5” extracts.
Surprisingly, this elevation was also observed in cytoplasm extracts. All these results
were quantified and represented in bar graphics (Figure 36 B).
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Figure 36. Transport profile of tRNA-Tyr in immortalized fibroblast from Xpot mouse model treated
with CRISPR/Cas9 to delete Xpo5. (A) Northern blot using U6 as a control. (B) Quantification, data
relativized to the control U6.
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Most living organisms can function properly in the face of internal and external
continuous changes because of rich networks of regulatory mechanisms. This holds true
at all levels of organization, spanning from gene networks to cellular biochemistry, from
tissue and organ properties to behavior of the whole organisms. The harmony between
these networks is what enables an individual to be healthy. Because no system exists in
isolation, the health of an organism is dependent on how well all the systems of the body
function together to execute homeostatic control. In this sense, the disorganization of
health-preserving circuits implies common patterns in disease pathogenesis. Thus,
delving deeper into the biology of physiological health could complement our
understanding of disease and expand the scope of new therapeutic approaches 1319,

Proteome stability is an essential requirement for a cell to maintain a healthy
status. Sustaining a healthy proteome poses a lifelong challenge for an organism;
however, protein homeostasis, or proteostasis is achieved through a conserved network
of quality control pathways. These pathways orchestrate the biogenesis of correctly
folded proteins, prevent proteins from misfolding, and remove potentially harmful
proteins through selective degradation. Nevertheless, the proteostasis network has a
limited capacity and decays with age. Its collapse deteriorates cellular functionality and
organismal viability, leading to metabolic, oncologic, or neurodegenerative
disorders 11,

Disruption of general proteostasis accelerates aging. For example, the
administration of advanced glycation end products (AGEs) or lipofuscin (an aggregate
of covalently cross-linked proteins, sugars, and lipids) to Drosophila melanogaster
results in the accumulation of AGE-modified and carbonylated proteins, leading to
diminished healthspan and lifespan '°2. Loss of the protease ZMPSTE24 abolishes the
normal proteolytic maturation of the protein prelamin A, inducing a progeroid syndrome
in mice characterized by a substantial reduction in lifespan '**. Additionally, mutations in
RPS9, promoting error-prone translation, cause premature aging in mice '°*. On the other
hand, experimental amelioration of proteostasis has demonstrated its potential to retard
the aging process. For instance, intranasal application of recombinant human HSP70
protein in mice has been shown to enhance protesasome activity, reduce brain lipofuscin
levels, improve cognitive functions, and extend lifespan '°°. In nematodes and flies, the
enforced overexpression of isolated proteasome subunits improves proteostasis,
increasing lifespan %, These findings underscore the intricate relationship between
proteostasis modulation and the aging trajectory.

Genomic instability and oxidative stress can lead to increased production of
damaged and/or dysregulated proteins in cancer cells 7. To manage the resulting
proteotoxic stress, cancer cells rely on sophisticated protein quality control mechanisms
to maintain a proper protein homeostasis for survival and growth. For instance, numerous
HSPs have been reported to be overexpressed in a wide range of cancers '°. The
overexpression of HSP90 can downregulate E-cadherin and promote epithelial
mesenchymal transition, a key step in tumor metastasis '°’. Autophagy is believed to play

93



a crucial role in promoting cancer cell survival and growth in advanced cancers by
providing substrates for metabolism through the intracellular recycling of damaged
proteins. Conversely, the regulation of protein homeostasis not only provides benefits to
cancer cells but also plays a detrimental role. Autophagy is considered a tumor suppressor
mechanism in the early phases of tumorigenesis, inhibiting tumors by removing
oncogenic protein substrates, toxic unfolded proteins, and damaged organelles, thereby
maintaining genomic stability !°%. Furthermore, studies indicate that multiple proto-
oncogenic proteins can be degraded by the UPS, functioning to suppress cancer growth
and progression .

In the present Doctoral Thesis, we have focused on investigating the protective
role of protein homeostasis during the aging process, along with its fundamental function
as a safeguard against the development of neoplasms. This exploration, conducted by the
generation of the two mice model previously explained, has been guided by preceding
studies in lower organisms. While many aging studies have primarily focused on non-
vertebrate model organism, such as yeast (S. cerevisiae), worms (C. elegans) and fly (D.
melanogaster) 2, it is essential to acknowledge that certain important aspects of human
aging and associated diseases, such as cancer, cannot be faithfully recapitulated in
invertebrate models as they lack specific organs and systems. These consequences are
highlighted in our presented work. The deficiency of AIP-1 in C. elegans results in a
reduced lifespan phenotype due to the accumulation of misfolded proteins within cells °.
Guided by these results, our laboratory previously generated an AIRAPL deficient mouse
model, with the principal aim to study this reduction in lifespan caused by proteostasis
imbalance. The generation of this mouse model finally led to associating AIRAPL as a
key regulatory factor in neoplastic transformation within the hematopoietic compartment
42 On the other hand, deficiency of Xpot ortholog Lospl in S. cerevisiae, robustly
extended its lifespan !>, However, when extrapolated to higher organisms, the same
correlation does not exist, and as is the case here, the opposite may occur.

Proteasomal adaptation to environmental stress links resistance to proteotoxicity
with longevity in C. elegans. Aipl was discovered to be induced under exposure to
arsenicals, maintaining proteostasis through the degradation of misfolded protein by the
UPS 404! The ability of Aipl to facilitate substrate access to the proteasome remains
consistent under basal conditions, responding not only to the effects of arsenic stress but
also effectively managing the expression of misfolding-prone proteins. Hence, its
deficiency leads to the accumulation of misfolded proteins throughout the worms life,
resulting in a diminished lifespan of the nematodes **. Mammals possess two genes
encoding Aipl proteins, with ZFAND2A encoding AIRAP and ZFANDZ2B encoding the
constitutively expressed paralogue AIRAPL. While both proteins share the ability to
promote substrate accessibility to the proteasome’s catalytic site, AIRAPL exhibits
additional features absent in AIRAP. These include the C-terminal CaaX motif, which
facilitates membrane association and targets the protein to the ER, UIMs that recruit
polyubiquitinated proteins to AIRAPL, and a capacity for regulated proteasomal
association requiring yet uncharacterized features of the protein’s C terminus. In C.
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elegans, the aipl gene encodes a protein with the structural features of AIRAPL, featuring
a measure of basal expression further induced by arsenite. The worm gene therefore
incorporates features of both AIRAP and AIRAPL, a pattern observed in most other
animal species. The splitting of the ancestral aip/ gene into an inducible AIRAP and a
constitutively expressed AIRAPL appears to be a relatively recent evolutionary feature,
primarily limited to mammals.

In mice, the deficiency of Zfand2b results in premature death. Our studies shown
an average lifespan of 567 days for AIRAPL deficient mouse model, compared to the 751
days observed in the control wild type mice. In contrast, Zfand2a deficiency does not
causes a reduction in lifespan, being the average quite similar to the control. This
difference may be attributed to the differences in the expression of both genes. As
mentioned earlier, AIRAPL is constitutively expressed, and is deficiency results in
proteostasis impairments. Conversely, AIRAP is expressed only under stress conditions,
so its deficiency will not be as notable unless cellular stress is induced. No significant
differences in lifespan were found in AIRAPL knockout mice compared to the double
knockout. In a similar manner, it could be possible to explain the neoplastic phenotype
characterizing AIRAPL deficient mouse, and the absence such a phenotype in the AIRAP
deficient mouse. But when both proteostasis factors are lacking, the white blood cell
count increases much more than when only AIRAPL is lacking.

Through this work we aimed to comprehensively characterize neoplastic
transformation in the hematological context, providing a deeper understanding of the
myeloproliferative neoplastic process in the mouse model. For this purpose, we
conducted the generation of a cytometry panel to be performed on a spectral cytometer.
Utilizing 20 markers, we were able to distinguish a total of 13 different progenitor cell
populations, with a specific focus on the myeloid lineage due to the myeloproliferative
phenotype of the subject of our study. Additionally, we identified a total of 10 effector
cell populations.

Our study serves as a compelling demonstration of the oncogenic relevance of
proteostasis deregulation in hematopoietic cells. While many studies on the molecular
mechanisms controlling HSC homeostasis have focused on analyzing genetic and
epigenetic alterations of key oncogenes and tumor suppressors, as well as assessing the
signaling and transcriptional changes induced by these genomic damages, our findings
present a different perspective. Specifically, our research reveals that the loss of not only
the proteostasis factor AIRAPL but also, in conjunction with AIRAP, contributes to the
transformation of myeloid cells. This provides causal evidence highlighting the crucial
role of proteostatic processes in regulating the quiescence, proliferation and
differentiation of HSCs, which finally contribute to maintain normal adult hematopoiesis.
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Deletion of Lospl in budding yeasts significantly increase their lifespan, due to
the retention tRNAs in the nucleus. As molecules responsible for decoding the genetic
code, tRNAs need to be located in the cytoplasm to be accessible to ribosomes, where
protein synthesis occurs. In S. cerevisiae, if the principal transporter of tRNAs is lacking,
most of these molecules remain trapped in the nucleus '°°, making them inaccessible to
ribosomes and consequently reducing protein synthesis. It is widely known that lowering
translation, either through mutations or pharmacological agents, is a geroprotective
mechanism that extends lifespan across taxa 2°1-20%, To illustrate this, the reduction of
ribosomal proteins or translation-initiation factors levels has been shown to increase
lifespan in C. elegans ***. The precise mechanism through which reducing translation
impacts lifespan remains unclear; one possibility is that attenuating protein synthesis
extends lifespan because the normal process of translation may induce some type of
damage that accelerates aging. While this is a conceivable explanation, it appears
unlikely, given the strong selective pressure for the beneficial aspect of protein synthesis.
Alternatively, it is plausible that the act of reducing translation triggers a cellular response
that extends lifespan. Consequently, animals with reduced translation rates may live
longer due to initiating a stress response, enhancing their ability to prevent or repair
damage that normally accelerates aging 2%. Further investigation is needed to clarify this
uncertainty. However it is known that not all translation perturbations exert their effects
on lifespan in the same manner, so they should respond to different mechanism 2%,
Towards the generation of Xpot null model, we aimed to further investigate whether the
deficiency of XPOT in mice would have similar effects on lifespan as observed in
budding yeast, either through the accumulation of tRNAs within the nucleus or via other
mechanisms.

When we embarked on this project, we hypothesized that haploinsufficiency of
Xpot in mice could have some impact on aging. We did not anticipate the generation of
fully deficient Xpot animals due to the critical importance of this protein in translation,
being Xpot the principal transporter of tRNAs, and high translation rates are necessary
during embryonic development. Several studies underscore the significance of molecular
trafficking through NPC for the proper organism development 8, Diverse mouse models
deficient in Nups have been reported to exhibit embryonic lethality. Examples include
mouse models deficient in Nup155 2% or Nup133 2%, key molecules involved in the
nucleoplasmic transport of proteins and RNAs. Additionally, the model deficient in
RanBP2 exhibits reduced size and impaired glucose metabolism when in heterozygosity,
but when the deficiency affects both alleles, it results in embryonic lethality 2%,

Taking this into consideration, it was surprising when we observed that Xpot null
model was viable, although with a birth rate that did not correspond to the expected.
Interestingly, we were able to observe differences within the small population of Xpot-
deficient mice in term of sex, obtaining a significantly lower number of females compared
to males. This observation may suggest a potential connection between this protein and
hormonal development. From the day of birth and throughout their development, Xpot”
mice are smaller than wild type, exhibiting generalized hypoplasia in all their organs,
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highlighting the significance of Xpot in the proper development of the organism not only
during embryogenesis but also during the adult stage, which ultimately translates into
premature death characterizing this murine model. In support of the aforementioned, Xpot
null mice exhibited an unhealthy appearance despite displaying seemingly normal
behavior. Contrary to our initial hypothesis, no differences in terms of lifespan were
observed when the protein deficiency occurred in heterozygosity. No differences in body
weight or physical appearance were found, being impossible to visually distinguish a
heterozygous mouse form a wild type one.

Biochemical studies revealed a potential relationship between Xpot and
cholesterol as well as glucose metabolism, later supported by liver RNA sequencing. In
Xpot 7~ mice, glucose related pathways were found to be disrupted, with key genes
Rsclal, or Muc?2 being upregulated. Upregulation of Rsclal is especially relevant as it
plays a crucial role in the negative regulation of glucose transmembrane transport.
Furthermore, a negative enrichment of genes involved in fatty acid metabolism was found
in the liver of Xpor”~ mice through the GSEA analysis. This finding could explain the low
levels of cholesterol in the serum of Xpot” mice.

The relevance of Xpot deficiency in hematological disorders was initially assessed
through the results obtained from histopathological studies. Anatomical and histological
examinations were performed in various organs, although alterations were only found in
spleen and liver. Despite the fact that hematopoietically active areas should not be present
in an adult spleen, several foci with hematopoietic activity were observed, along with a
high number of megakaryocytes, indicating extramedullary hematopoiesis in Xpor” mice.
Additionally, liver alterations were not associated with hepatocyte structure but,
surprisingly diverse areas of inflammatory infiltration were identified. This was further
supported by the information obtained from RNA sequencing, which highlighted
inflammatory response-related pathways as the most altered in liver.

Flow cytometry analyses in peripheral blood, bone marrow, and spleen supported
the observation that the Xpot deficient mouse model exhibited hematological
abnormalities. Among the most affected populations in all three compartments were B
lymphocytes, with a significant reduction in their numbers in the compartments studied.
B lymphocytes play a pivotal role in adaptive immunity, contributing to antibody
production, antigen presentation and the establishment of immunological memory. The
RNA sequencing analysis in the liver, which encompassed not only hepatocyte
transcriptomics but also information about all blood cells irrigating the organ, revealed a
substantial reduction in the levels of several immunoglobulins such as IghM, Ighg3,
Ighg2c, Ighkv3 and Ighvl. Additionally, key genes associated with B lymphocyte
expansion were found to be altered in the liver transcriptomics analysis. If we extrapolate
these data to the hematological context, it could be possible to understand better and
generate hypothesis about the reduction in B cell population numbers. Notably, Bcl6
expression was observed to be significatively high, while Pax5 expression levels were
drastically decreased. Bcl6 acts as a transcriptional repressor crucial for preventing
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premature activation and differentiation of B cells in the germinal centers of lymphoid
organs '7°, while Pax5 is essential for committing lymphoid progenitors to the B
lymphocyte lineage !0, These alterations could explain the drastic reduction in B cells
observed in the spleen, bone marrow and peripheral blood. However, transcriptomic
analyses were not performed in these compartments, which would be essential to affirm
the aforementioned findings. On the other hand, the Xpot”- spleen and peripheral blood
exhibit contrasting patterns, with elevated levels of B lymphocytes, suggesting a different

role of the protein when in haploinsufficiency.

An elevation of the total CD3" cell count was found in Xpot’-. We could
attributethis increase in the three compartments studied to a rise in the CD4" subgroup.
This is supported by the observation that, also within the CD3* cell population, the levels
of CD8" are diminished, while CD4" cells are increased. This elevation of CD4" could be
explained by the increased expression of Bcl6, which is a master regulator of follicular
CD4" T cells 8. The increase in NK cells in the peripheral blood of Xpot *~ mice may be
associated with an elevated inflammatory response, along with the elevation of most
myeloid cells in the spleen. It is noteworthy that nearly all studied myeloid populations
are heightened in the spleen of Xpot null mice, emphasizing elevated levels of
inflammatory and intermediate monocytes. Patrolling monocytes, which exhibit an anti-
inflammatory profile, were found to be significantly reduced in the spleen of Xpor'~ mice,
further supporting the idea that an elevated inflammatory response is occurring in the
Xpot mouse model. Additionally, eosinophils are elevated, suggesting a potential
autoimmune response, although further studies should be conducted to confirm this with
certainty.

To gain better understanding of the developed murine model and to investigate
the gene and protein expression profiles associated to Xpot loss, RNA sequencing and
proteomic analysis were conducted. Liver samples were selected to carry out these studies
due to the metabolic relevance of this organ to the entire organism. The colon was chosen
to further validate the data obtained in the liver and because of the existence of patients
with colon cancer and a loss of function in Xpot gene. Interestingly, the expression of
various genes related with the inflammatory response was altered. This, as discussed
earlier, along with the elevation of certain immune cells and the inflammatory infiltrate
found in the liver, supports the idea that this mouse model exhibits generalized
inflammation. This inflammation would not be limited to the liver but also extend to other
organs such as colon. We observed elevated expression levels of Tnfaip?2 in both tissues.
Tnfaip2 which encodes the Tumor Necrosis Factor Alpha-Induced Protein 2, plays a
pivotal role in the inflammatory process, as well as angiogenesis, cell differentiation and
proliferation. This finding supports the notion that Xpot-deficient mice exhibit systemic
inflammation.

Regarding the proteomic analyses, despite a limited number of peptide reads, a
notable observation is the generalized overexpression of ribosome components, from both
the large and small subunits. Ribosome biogenesis is the most energy consuming anabolic
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process in cells. Typically, cells exhibiting heightened rates of ribosome production are
associated with elevated protein synthesis, a characteristic observed in cancer cells or
embryonic stem cells 29219, These cells require rapid proliferation, leading to an
increased demand for ribosomes. In our context, where no direct association with cancer
was identified, it is plausible that a disruption in protein synthesis may induce
compensatory mechanisms, leading the cell to augment ribosome production. This
compensatory response would aim to maintain protein synthesis at a comparable rate in
the presence of the hypothetical disruption.

To delve deeper into the effects induced by Xpot deficiency on aging and further
explore the phenotype of haploinsufficient mice, we established two groups of animals,
one consisting of young mice and the other of adult mice. Using these groups, we
employed various approaches to investigate age-related differences. Metabolic studies
carried out with the Oxymax apparatus, supported the notion that Xpot - mice exhibit
metabolic alterations. During life, Xpot-null animals require increased oxygen
consumption and carbon dioxide production, displaying a significantly higher energy
expenditure than normal. These findings may be correlated with the observed increase in
gluconeogenesis and the decrease in blood glucose and cholesterol levels. Surprisingly,
the opposite occurs in haploinsuficient mice, who exhibit lower rates of oxygen
consumption and carbon dioxide production, as well as significantly reduced energy
expenditure through their lifespan, being this phenomenon observed in both young and
adult mice. Intriguingly, the observed trend of opposite results between Xpot'- and Xpot'-
is also evident in the flow cytometry analysis, suggesting again a different role of the
protein when in haploinsufficiency.

Neuromotor function and strength are two parameters that normally decay with
age. To assess that, rotarod tests and a forelimb grip strength test were performed in these
two age-groups. By using a rotarod apparatus we were able to observe that Xpot”- animals
exhibit a worse coordination when they are young, which persists throughout their lives.
Interestingly, heterozygous mice exhibit normal coordination, similar to that found in
wild type mice, but when they age, it declines, a decrease that was not observed in control
mice. This may suggest a reduction in coordination, which deteriorates with age in Xpor™
mice, albeit not at the same rate as in wild type mice. On the other hand, assessing
forelimb grip strength test we could not observe differences between mice. To obtain
more solid results, the strength should had been normalized to the length of the animal’s
tibia. However, to achieve this, the mice would have had to be sacrificed, a step that was
not taken due to the need for the continuation of experiments in these animals.
Nevertheless, these data are presented to show that Xpor’ do not exhibit obvious
reductions in strength, as their weakness phenotype might suggest.

One of the most distinctive features of this new mouse model is the low birth rate
observed in mice deficient in Xpot in homozygosity. The deviation from Mendelian ratios
led us to consider that a disruption in some point of embryonic development was
occurring. Therefore, we conducted a prenatal study in which we examined embryos at
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different days of their development to pinpoint the stage at which the proportions of mice
deficient in Xpot deviated from the expected values. Firstly, we decide to study embryos
at day 12.5 post coitus. When we achieved a sufficient number of E12.5 embryos, we
observed that at this stage of embryonic development, the percentage of embryos was not
as normally expected. While in a normal development, we should have obtained 25% of
mice deficient in the gene of interest in homozygosity, we only observed a 12.9% of them.
Subsequently, we decide to study earlier stages of fetal development, and embryos at day
10.5 were examined. At this point, we could observe that the proportion of all genotypes
was as expected according to Mendelian laws. This suggests that a key process occurring
between the development stages E10.5 and E12.5 prevented Xpo¢ null mice from
developing. Examining their morphology, the most noticeable feature of Xpot deficient
embryo is their small size when compared to their corresponding Xpot "+ and Xpot'-
littermates. Additionally, at day 12.5 post coitus it can be observed that Xpot - exhibit a
fetal liver with a less pronounced red color compared to the strong red color present in
wild-type mice. The same was observed with heart. Even though E10.5 fetal liver in wild
type is not really notorious, same differences in color were found between Xpot™* and
Xpot'- embryos. No differences in color or size were observed for these to organs between
wild-type and Xpot”- embryos.

Fetal liver exhibits a prominent red color in the embryo because it is a really
important hematopoietic organ during embryogenesis. During fetal development,
hematopoiesis occurs in multiple waves throughout the developing embryo and fetus,
including extraembryonic yolk sac, the para-aortic region of the embryo, fetal liver, and
placenta before eventually homing to the bone marrow where it occurs just before birth.
The first hematopoiesis in mice embryo is observed in the yolk sac as early as E8, often
referred to as primitive hematopoiesis, producing embryonic type erythroblasts and
primitive type macrophages. The following waves consist of yolk sac and embryo-
derived adult type hematopoiesis that produces erythro-myeloid progenitors and
lymphoid precursors. Finally, the first bone marrow-repopulating HSCs are produced in
the aorta-gonad-mesonephros region at E10-E11. These de novo HSCs seed the fetal liver
and the placenta around E11-E12 and expand to support hematopoiesis after birth 2!1-212,
In the meantime, yolk sac-derived erythro-myeloid progenitors are considered to seed the
liver as well to support hematopoietic homeostasis during embryo development. The fetal
liver is the major hematopoietic organ during development, supporting active erythron-
myeloid hematopoiesis and HSC expansion 2!3. To gain a deeper insight into the
hematopoietic activity of the fetal liver at E10.5 and E12.5, histopathological studies were
conducted. H&E staining revealed a decrease in hematopoietic progenitor cells in Xpot
deficient embryos at both E10.5 and E12.5. Among three Xpot’- embryos studied at
E10.5, one exhibited a limited number of hematopoietic cells in the fetal liver, difficult
to appreciate, while the other two showed a significantly reduced number compared to
the normal count in wild-type embryos. Fetal livers of all of them exhibited hypoplasia.
Regarding the four E12.5 embryos studied, two had a normal-sized fetal liver,
proportionate to the rest of the body, while the other two exhibited hypoplasia. Those
with a smaller fetal liver size had a lower number of hematopoietic progenitor cells. The

100



remaining Xpot” embryonic structures at both stages appeared to have normal
development, except for the ocular structures at E12.5 which lacked pigmentation when
compared to the pigmentation present in wild type embryos.

Considering the transition between these two stages, E10.5 and E12.5, as a crucial
checkpoint for fetal hematopoiesis development, and noting the decline in the percentage
of Xpot-null embryos between these specific points, we can infer a significant role of
Xpot in hematopoiesis during embryonic development. Furthermore, given the observed
absence of anomalies in the morphology of the rest of embryonic structures, we can
attribute the lower number of Xpot” at birth to disruptions in fetal hematopoiesis.
Additionally, those embryos that manage to develop will likely exhibit, as observed in
our flow cytometry studies, dysregulation in the production of various hematopoietic
cells, supporting the notion of the key role of Xpot in the hematopoietic compartment.

Given Xpot significant overexpression in a variety of tumors, we postulated that
its deficiency may potentially play a protective role against tumorigenesis. To explore
this possibility and considering that lung cancer is a tumor where XPOT is frequently
overexpressed, we decide to implement a chemical carcinogenesis protocol in these mice.
Additionally, as we had observed the presence of loss-of-function mutations in patients
with colorectal cancer, we also conducted a chemical carcinogenesis protocol to
investigate whether Xpot deficiency could promote tumor development in the colon. The
study was carried out in Xpor"- and Xpot** mice, with Xpot”- not being utilized due to
the limited number of mice available and the severity of the protocols involved. No
differences were found in the number or size of adenomas between Xpor'- and Xpot™*
mice, making it impossible to establish a correlation between the Xpot mouse model and
the development of lung and colorectal tumors.

The deficiency of Lospl in S. cerevisiae causes an accumulation of end-processed
intron-containing tRNAs !> because, in budding yeast, the splicing machinery for tRNA
is located on the outer surface of the mitochondria. However, the Los1-deficient yeast
strain is viable and present a robustly extended lifespan. Despite the accumulation of
tRNAs in the nucleus, they need to reach the cytoplasm for protein synthesis to occur.
Therefore, other tRNA-binding transporter proteins, such as Xpo5 22, Crml (Xpol in
humans) or Mex67-Mtr2 (NXF1 in humans), have to come into play to facilitate the
transport of tRNAs to the cytoplasm. Due to the lack of information regarding Xpot and
tRNA transport in vertebrates, we decided to investigate the trafficking of tRNAs from
the nucleus to the cytoplasm to determine whether our mouse model exhibited, like
budding yeast, an accumulation of tRNAs in the nucleus. To undertake this approach, we
not only examined the Xpot-null cells but also generated cells deficient in Xpo5 and Xpol
to study their roles in tRNA trafficking in our model. We can distinguish two major
groups of tRNAs based on their maturation process: those undergoing splicing mediated
by the TSEN complex and the tRNA ligase, and those that do not. Due to the distinct
affinities of exportins in budding yeast for tRNAs undergoing or not splicing, bearing in
mind that Xpo5 in S. cerevisiae only binds to tRNAs without introns and Xpot shows no
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affinity differences in this context, we aimed to study the transport of tRNAs undergoing
splicing and those not undergoing it.

For this approach, fibroblasts were extracted from the three genotypes of our
mouse model and subsequently immortalized using lentiviral expression vector pLOX-
Ttag-ires-TK. Following cell extraction, we conducted a meticulous separation of the
nucleus and cytoplasm using various detergents. After confirming the absence of cross-
contamination, we proceeded to study various tRNAs through Northern blot with specific
probes. No tRNA nucleus arrest was observed in mice fibroblast cells lacking Xpot,
neither in haploinsufficiency nor in homozygosity, in contrast to what happens in S.
cerevisiae. In addition, no apparent differences were observed in the quantity of tRNAs
in the cytoplasm of Xpot”~ or Xpot”- when compared to the wild type controls. This
observation confirms that, despite the loss of the main tRNA transporter in our mouse
model, the trafficking of tRNAs from the nucleus to the cytoplasm is not being affected,
at least for the studied tRNAs. Interestingly, through the study of the group of tRNAs that
undergo splicing, we observed tRNAs in the cytoplasmic fraction that still contained the
intron, indicating that they were transported without undergoing splicing in the nucleus.
This phenomenon was found in all three different genotypes and could shed light on
investigations suggesting that tRNA splicing not only occurs in the nucleus but also in
the cytoplasm. This is supported by studies that revealed the presence of TSEN complex
and the tRNA ligase complex in the cytoplasm, challenging the general notion that
splicing of non-coding RNAs only occurs in the nucleus 24,

These results could substantiate that indeed tRNAs are being transported to the
cytoplasm through other exportins. Therefore, utilizing fibroblasts obtained from the
murine model via the CRISPR/Cas9 system, we sought to generate double knockout mice
for Xpot and Xpol, Xpot and Xpo3, as well to obtain single knockout of Xpol and Xpo5
from wild type mice fibroblast. Unfortunately, we were unable to obtain mice deficient
in Xpol, most likely due to its crucial role in cell function as a transporter of numerous
proteins and RNAs through the NPC 4. Regarding Xpo5 knockout, we could not achieve
a complete reduction of the exportin in cells, but a significant decrease sufficient for
conducting tRNA transport studies through Northern blot was attained. Through the study
of the tyrosine-tRNA, differences in tRNA concentration were observed. Interestingly,
when both exportins, Xpo5 and Xpot, are absent, there is a higher accumulation of pre-
tRNAs in the nucleus. Additionally, there is a higher number of mature tRNAs in the
nucleus and lower number in the cytoplasm. Altogether, this indicates that Xpo5, along
with Xpot, transport tRNAs in the cells of our murine model. In summary, the data
obtained from the tRNA transport profile study do not allow us to confirm that a
disruption in tRNA trafficking is occurring in our mice model, even more in-depth study
in this field is needed. Therefore, despite Xpot’s only known function being the transport
of tRNAs through NPC, we have not been able to demonstrate alterations in this process.
This suggests possible new functions of XPOT, paving the way for further investigations
in the future.
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In summary, in this Doctoral Thesis, we have explored the significance of
maintaining proper protein during the aging process and tumor development. Building
upon previous studies in lower organisms, we generated two new murine models to focus
our investigation. Considering the lifespan reduction observed in C. elegans due to
deficiency in the proteostasis factor Aipl, the deficiency of its ortholog, AIRAPL, was
previously studied in mice, positioning this protein as a key factor in the development to
MPNSs. As deficiency in its homologous protein AIRAP in mice seemed to lack relevance,
we decided to study it in a context where both factors were deficient. This approach
demonstrated that AIRAP also plays a crucial role in the generation of MPNs.
Additionally, guided by evidence of increased lifespan in S. cerevisiae lacking the main
tRNA transporter protein Lospl, we generated a new murine model deficient in its
orthologous Xpot. However, we did not find similar results in terms of lifespan or tRNA
transporting, which could be associated with the low homology between Losp1 and Xpot
or the distinct context in which these proteins are studied, because the complexity of a
murine model differs from that of yeast. Nonetheless, the generation of Xpot deficient
mouse model has highlighted the importance of Xpot in the proper development of
hematopoiesis, a fact that had not been observed before. We hope that our studies shed
light on the important antineoplastic and geroprotective functions of protein homeostasis,
serving as a foundation for future research and contributing further knowledge to the
scientific community and to future medicine.
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. AIRAP deficiency alone does not produce any hematological phenotype.

. Myeloproliferative transformation triggered by AIRAPL deficiency is enhanced
by the absence of AIRAP.

. Xpot’ mice exhibit a reduced lifespan, whereas Xpot™~ animals have a similar
lifespan to their wild type littermates.

. Xpot’animals are born at a frequency ten-fold lower than the expected Mendelian
ratio.

. Xpot” mice present reduced body weight, increased energy expenditure, low
cholesterol, and glucose blood levels.

. Xpot-deficient mice exhibit elevated levels of most myeloid cells in the spleen,
bone marrow and peripheral blood, and reduced numbers of B cells, indicating
systemic inflammation that exposes a crucial role of XPOT in the hematopoietic
compartment.

. Loss of Xpot”~ embryos starts at E12.5 concurring with a crucial checkpoint for
fetal hematopoiesis.

. A link between Xpot deficiency and tRNA retention in cell nuclei has not been

found, hindering the association of the tRNA subcellular localization with the
phenotype of Xpot-deficient mice, and suggesting potential new XPOT functions.
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La deficiencia de AIRAP por si sola no produce ningtin fenotipo hematolégico.

La transformacion mieloproliferativa desencadenada por la deficiencia de
AIRAPL se ve potenciada por la ausencia de AIRAP.

Los ratones Xpot”~ presentan una esperanza de vida reducida, mientras que los
animales Xpot™ tienen una esperanza de vida similar a la de sus compafieros de
camada wild type.

Los ratones Xpot”- nacen con una frecuencia diez veces menor a la esperada segiun
la proporcion mendeliana.

Los ratones Xpot”~ tienen un peso corporal reducido, un aumento en el gasto
energético y niveles bajos de colesterol y glucosa en sangre.

Los ratones deficientes en Xpot presentan niveles elevados de la mayoria de las
células mieloides en el bazo, la médula dsea y la sangre periférica, ademds de una
reduccion en el numero de células B, lo que indicaria presencia de inflamacion
sistémica y pone de manifiesto un papel crucial de XPOT en el compartimento
hematopoyético.

La pérdida de embriones Xpot”- comienza en E12.5 coincidiendo con un punto de
control crucial para la hematopoyesis fetal

No se ha encontrado una conexién entre la deficiencia de Xpot y la retencion de
ARNts en los nucleos de las células, lo cual dificulta la asociacion entre la
localizacion subcelular de ARNts con el fenotipo de los ratones deficientes en
Xpot, sugiriendo posibles nuevas funciones de XPOT.
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