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ABSTRACT

RTP801/REDD1 is a stress-responsive protein overexpressed in neurodegenerative diseases such
as Alzheimer’s disease (AD) that contributes to cognitive deficits and neuroinflammation. Here
we found that RTP801 interacts with HSPC117, DDX1, and CGI-99, three members of the tRNA
ligase complex (tRNA-LC), which ligates the excised exons of intron-containing tRNAs and the
MRNA exons of the transcription factor XBP1 during the unfolded protein response (UPR). We
also found that RTP801 modulates the mRNA ligase activity of the complex in vitro, since RTP801
knockdown promoted XBP1 splicing and the expression of its transcriptional target, SEC24D. On
the contrary, RTP801 overexpression inhibited the splicing of XBP1. In this line, in human AD
postmortem hippocampal samples, where RTP801 protein levels are upregulated, we found that
XBP1 splicing dramatically decreased. In the 5xFAD mouse model of AD, silencing RTP801
expression in hippocampal neurons promoted Xbp1 splicing and prevented the accumulation of
intron-containing pre-tRNAs. Finally, the tRNA-enriched fraction obtained from 5xFAD mice
promoted abnormal dendritic arborization in cultured hippocampal neurons, and RTP801
silencing in the source neurons prevented this phenotype. Altogether, these results show that
elevated RTP801 impairs RNA processing in vitro and in vivo, in the context of AD and suggest

that RTP801 inhibition could be a promising therapeutic approach.
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RESUMEN

Las enfermedades neurodegenerativas son un conjunto de enfermedades devastadoras
principalmente caracterizadas por la pérdida de poblaciones neuronales especificas. Entre las
mas destacadas se incluyen la enfermedad de Alzheimer (EA), la enfermedad de Huntington (EH)
o la enfermedad de Parkinson (EP). En los ultimos afios se ha propuesto que un mecanismo
patogénico comun en las distintas enfermedades neurodegenerativas es una sintesis proteica
alterada. Precisamente, los ARN mensajeros (ARNm) y de transferencia (ARNt) son elementos

esenciales para una correcta traduccion.

El complejo ARNt ligasa es un complejo multiproteico descubierto en 2011 compuesto por las
proteinas HSPC117, DDX1, CGI-99, FAM98B y ASW. Este complejo participa en el procesamiento
de los ARNt con intrén y de ARNm especificos, como por ejemplo el ARNm del factor de
transcripcién XBP1. Concretamente, el complejo ARNt ligasa se encarga de ligar los exones
después del corte endonucleolitico. Por lo tanto, un correcto funcionamiento de este complejo

es clave para regular el reservorio de ARNt y ARNm de las células.

RTP801 es una proteina de respuesta al estrés cuyos niveles estdn incrementados en los
cerebros de pacientes con enfermedades neurodegenerativas como la EA, la EH o la EP.
Resultados previos del grupo demostraron que el silenciamiento de RTP801 en el hipocampo de
ratones modelo de la EA y de la EH mejoraba su cognicién y reducia su neuroinflamacion. Asi
pues, niveles aumentados de RTP801 parecen ser patoldgicos para el cerebro. Curiosamente, en
resultados preliminares del grupo se observd que RTP801 interaccionaba fisicamente con

HSPC117 y DDX1, dos de los miembros del complejo ARNt ligasa.

Por este motivo, nuestra hipdtesis de trabajo en esta tesis era que los altos niveles de RTP801
en la EA podrian estar afectando el funcionamiento del complejo ARNt ligasa y, por ende, el

reservorio de ARNt y ARNm celulares, lo que contribuiria a la exacerbacién de la patologia.

Asi pues, en el primer objetivo de esta tesis hemos estudiado la naturaleza de la interaccion

entre RTP801 y los miembros del complejo ARNt ligasa.

Mediante la técnica de la inmunoprecipitacién, confirmamos la interaccion de RTP801 con
HSPC117 y DDX1, y, ademas, observamos que RTP801 también interaccionaba con CGI-99, otro
miembro del complejo. A continuacion, analizamos si la interaccién de RTP801 con el complejo
podria estar estabilizando o desestabilizando dicho complejo. Observamos que los niveles

proteicos de RTP801 no influian en los niveles proteicos de los miembros del complejo, ni en
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neuronas corticales de rata en cultivo ni en células HEK293 humanas. De forma similar, los
niveles de RTP801 tampoco afectaban a la expresidon genética de DDX1 ni de HSPC117. Estos
resultados sugieren que RTP801 no estabiliza los miembros del complejo ARNt ligasa ni tampoco

promueve su degradacion.

Por el contrario, observamos que los niveles proteicos de DDX1 y de HSPC117 si que afectaban
a los niveles proteicos de RTP801. Concretamente, DDX1 y HSPC117 parecian estabilizar a la
proteina RTP801. Por el contrario, los niveles de DDX1 y HSPC117 no regulan la expresion
genética de RTP801. Esto indica que la interaccion de RTP801 con el complejo puede estar

evitando su propia degradacion por parte del proteasoma.

Teniendo en cuenta que la interaccién de RTP801 con el complejo no parecia estabilizadora ni
de cardcter estructural, nos planteamos que RTP801 podria estar modulando su actividad ARNm

ligasa. Por ello, en el segundo objetivo de esta tesis investigamos el rol de RTP801 en la actividad

ARNm ligasa del complejo sobre XBP1, tanto a nivel fisiolégico como en el contexto de la EA.

En primer lugar, observamos que el silenciamiento de RTP801 en células HEK293 promovia el
empalme de XBP1 vy la transcripcién de una de sus dianas transcripcionales, llamada SEC24D. Por
el contrario, la sobreexpresién de RTP801 en el mismo modelo celular inhibia el empalme de
XBP1. Estos resultados indican que RTP801 inhibe el empalme de XBP1 in vitro, puesto que sus

niveles estan inversamente correlacionados.

En segundo lugar, estudiamos el estado de RTP801, de los miembros del complejo y del
empalme de XBP1 en muestras de hipocampo de pacientes de la EA. Confirmamos, como ya
habiamos descrito anteriormente, que los niveles de RTP801 estan aumentados en pacientes de
la EA en comparacién con individuos sanos. Sin embargo, los niveles de los miembros del
complejo ARNt ligasa permanecian invariables entre condiciones. Sorprendentemente, el
empalme de XBP1 estaba drdsticamente alterado en el hipocampo de pacientes de la EA. Estos
resultados indican que, a pesar de que los miembros del complejo no estan alterados en la EA,
su actividad parece estarlo. Ademas, descubrimos que los niveles proteicos de RTP801, de la
forma ligada de XBP1 y de la forma fosforilada de una proteina marcadora de estrés reticular

(elF2a) eran muy buenos clasificadores de la presencia o ausencia de la EA.

Por ultimo, usamos ratones modelo de la EA (5xFAD) para estudiar el empalme de XBP1 in vivo,

y el papel que RTP801 jugaba en él. Como en trabajos anteriores, inyectamos virus
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adenoasociados en el hipocampo de ratones control y de ratones 5xFAD con el objetivo de
disminuir la expresién de RTP801 especificamente en las neuronas. Un mes después, aislamos
el ARN del hipocampo para analizar el estado del empalme de Xbpl. Observamos que la
disminucién de la expresion de RTP801 promovia significativamente su empalme, de forma
similar a los resultados obtenidos in vitro. Interesantemente, la disminucién de la expresion de
RTP801 en el hipocampo de ratones 5xFAD también promovia la expresion de una diana
transcripcional de XBP1 llamada Bdnf, que resulta ser una neurotrofina muy importante para la

plasticidad neuronal, el aprendizaje y la memoria.

Asi pues, los resultados del segundo objetivo de la tesis sugieren que RTP801, la cual esta
incrementanda en el contexto de la EA, inhibe el empalme de XBP1, y muy probablemente lo

hace a través de su interaccion con los miembros del complejo ARNt ligasa.

Finalmente, en el tercer objetivo de esta tesis exploramos si RTP801 también inhibia la actividad
ARNt ligasa del complejo, es decir, si RTP801 podia modular el empalme de los ARNt con intrén.
Para ello, aprovechamos el modelo animal descrito en el segundo objetivo y a partir del RNA
obtenido aislamos la fraccién de ARN que contiene mayormente los ARNt. Una parte de este
ARNt lo usamos para experimentos de secuenciacion y la otra parte para analizar su posible

toxicidad y su funcionalidad.

Con respecto a los experimentos de secuenciacion, observamos que los ratones 5xFAD
presentaban una acumulacion de ARNt inmaduro (pre-ARNt) en el hipocampo, pero solo de
aquellas familias de ARNt que presentan intrén. Estos resultados sugieren que en los ratones

5xFAD hay un problema en el procesamiento de ARNt, y especificamente en su empalme.

Para dilucidar si RTP801 podia estar jugando un papel en este empalme aberrante, estudiamos
los niveles de pre-ARNt exclusivamente para aquellas familias de ARNt con intrén en el
hipocampo de las siguientes condiciones: ratones control y ratones 5xFAD, con o sin disminucién
de la expresion de RTP801. Sorprendentemente, observamos que casi todos los pre-ARNt se
acumulaban en los ratones 5xFAD y que el silenciamiento de RTP801 prevenia este fenémeno.
En otras palabras, RTP801 realmente estaba contribuyendo a la acumulacién de pre-ARNt con

intron en los ratones 5xFAD, probablemente mediante la inhibicidon del complejo ARNt ligasa.

En ultimo lugar, analizamos si los ARNt procedentes de los ratones 5xFAD eran téxicos para

neuronas en cultivo, o si afectaban a su arborizacion. Para ello, transfectamos neuronas
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hipocampales en cultivo con ARNt procedente de las condiciones experimentales indicadas
anteriormente, y realizamos una inmunofluorescencia. Para ello se utilizé un anticuerpo contra
MAP2 para marcar las neuronas y un anticuerpo contra la proteina caspasa 3 activa como
marcador de apoptosis incipiente. Observamos que el ARNt transfectado no era téxico en
ninguna de las condiciones, a juzgar por el grado de condensacién de la cromatina y por la
intensidad y la distribucién del marcaje para la caspasa 3 activa. Sin embargo, en referencia al
efecto de los ARNt sobre la arborizacién neuronal, observamos que los ARNt provenientes del
hipocampo de ratones 5xFAD inyectados con los virus control inducian un aumento de la
ramificacion neuronal, el cual era prevenido por el noqueo de RTP801. Estos resultados sugieren
que el reservorio de pre-ARNt diferencial de los ratones 5xFAD sin noqueo de RTP801 puede

influir en la ramificacidn de las neuronas, sin llegar a afectar su viabilidad.

En conjunto, en esta tesis demostramos el rol inhibitorio de RTP801 en la actividad ARNm ligasa
y ARNt ligasa del complejo ARNt ligasa. Ademas, presentamos este rol como un nuevo
mecanismo patoldgico en la EA, que puede contribuir a su exacerbacién. Por tanto, esta tesis
describe una nueva funcién de la proteina RTP801 la cual tendrd que ser estudiada en mayor

profundidad, ya que supone una potencial diana terapéutica para la EA.
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B-TrCP
2D

3D
4EBP1
6-OHDA
AB
aaR$S
AAV
AD
AICD
ANOVA
ANG
APOE
APP
ASW
ATF4
ATF6
ATP
AUC
BDNF
BLAST
BSA
CAl
cAMP
CDR
C/EBP
CHAPS
Clp1
ClvCas3
cmv
CNP
CREB
CRG
CT

CTF

Beta-transducin repeat containing
Two-dimensional

Three-dimensional

Eukaryotic translation initiation factor 4E-binding protein 1
6-hydoxydopamine

Amyloid beta

Aminoacyl-tRNA synthetase

Adeno-associated virus

Alzheimer’s disease

Amyloid precursor protein intracellular domain
Analysis of variance

Angiogenin

Apolipoprotein E

Amyloid precursor protein

Ashwin

Activating transcription factor 4

Activating transcription factor 6

Adenosine triphosphate

Area under the curve

Brain-derived neurotrophic factor

Basic local alighnment search tool

Bovine serum albumin

Cornu Ammonis 1

Cyclic adenosine monophosphate

Clinical dementia rating

CCAAT/enhancer-binding protein
3-((3-cholamidopropyl) dimethylammonium)-1-propanesulfonate
Cleavage factor polyribonucleotide kinase subunit 1
Cleaved caspase 3

Cytomegalovirus

2’,3’ cyclic nucleotide phosphodiesterase

Cyclic adenosine monophosphate response element-binding protein
Centre de regulacié genomica

Control

C-terminal fragment
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cuL4 Cullin 4

DDB1 Damage-specific DNA binding protein 1
DDIT4 DNA damage inducible transcript 4
DDIT4L DNA damage inducible transcript like
DDX1 DEAD-box helicasel

DEPC Diethyl pyrocarbonate

DG Dentate gyrus

Dig2 Dexamethasone-induced gene 2

DIV Days in vitro

DMEM Dulbecco’s modified Eagle’s medium
DNA Deoxyribonucleic acid

DSP Dithiobis(succinimidyl propionate)

E18 Embryonic day 18

EDTA Ethylenediaminetetraacetic acid
eEF1A Eukaryotic elongation factor 1A

eGFP Enhanced green fluorescent protein
elF2a Eukaryotic translation initiation factor 2a
EOAD Early-onset Alzheimer’s disease

ER Endoplasmic reticulum

eRF1 Eukaryotic release factor 1

EVs Extracellular vesicles

FAM98B Family with sequence similarity 98 member B
FBS Fetal bovine serum

FDA Food and Drug Administration

GC Genome copies

GFP Green fluorescent protein

GO Gene Ontology

GSK3p Glycogen synthase kinase 3 beta

GTP Guanosine triphosphate

GtRNAdb Genomic transfer ribonucleic acid database
HD Huntington’s disease

HEK293 Human embryonic kidney 293

HIF-1 Hypoxia-inducible factor 1

hPGK Human phosphoglycerate kinase
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ISR
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LDL
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MAP2
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miRNA
MOl
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Immunoglobulin G

Immunoprecipitation

Inositol-requiring enzyme 1
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INTRODUCTION

1. Alzheimer’s disease

Neurodegenerative diseases are a heterogeneous group of progressive disorders that affect the
nervous system and are characterized by the loss of specific populations of neurons. One specific
hallmark of neurodegenerative diseases is the pathological aggregation of proteins, which
eventually leads to chronic neuroinflammation. This is usually accompanied by an altered energy
homeostasis and an aberrant proteostasis. These abnormalities cause synaptic deficits and
deteriorate communication between neurons. Therefore, patients present a range of symptoms
including impaired memory, cognitive decline, mood changes, and loss of motor functions,
among others. Neurodegenerative diseases mainly affect elder people, although those ones
with a genetic cause might develop on younger adults. Most neurodegenerative diseases have
no cure, and the treatments are restricted to the relief of symptoms [1], [2]. Thus, extensive
research is required to fully comprehend the mechanisms of these diseases and to be able to

eradicate them.

The most common neurodegenerative diseases include Alzheimer’s disease (AD), Parkinson’s
disease (PD), amyotrophic lateral sclerosis, Huntington’s disease (HD), and spinal muscular

atrophy.

In this work we will focus on AD, the most common type of dementia, affecting millions of people
worldwide [3]. Memory loss is the most paradigmatic symptom, and one of the first to appear.
However, as the disease progresses, deficits in cognition and attention appear, as well as
changes in personality and behavior. The main risk factor is age, and since the world life
expectancy is continually rising, it is estimated that its prevalence could double in the next

decades [4].

1.1. History

Alzheimer’s disease is named after the German psychiatrist and neuroanatomist, Alois
Alzheimer. In 1906, he reported “a peculiar severe disease process of the cerebral cortex” to a
Psychiatry conference [5]. He described the case of Auguste Deter, a 51-year-old woman
suffering from memory problems, paranoia, confusion, and aggression. In the brain histology,
he found plaques and neurofibrillary tangles. Nonetheless, his discovery did not elicit much

interest until several decades later [6].

AD is characterized by the accumulation in the brain of extracellular amyloid B (AB) plaques and
intracellular neurofibrillary tangles of hyperphosphorylated tau. Although these plagues were

already described by Alois Alzheimer in 1906, the responsible protein was not identified until
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1984, when Glenner et al. [7] purified “an amyloid protein”, which was initially named “B-
peptide” or “amyloid A4 protein”. Two years later, different groups simultaneously identified

tau as the main component of the neurofibrillary tangles [8], [9], [10].

In 1987, the first drug trials specifically targeting the symptoms of AD were launched, trying to
assess the effectivity of tacrine. That same year, the first gene linked to hereditary types of AD
was discovered [11]. The gene, found on chromosome 21, coded for the amyloid precursor
protein (APP), the precursor of AP. Since Down syndrome patients present a trisomy of
chromosome 21 and develop premature deposition of amyloid in the brain, the authors

speculated that AD might be consequence of an aberrant processing of APP.

In the 1990s, treatments for AD started to appear. Indeed, the drug tacrine was approved by the
Food and Drug Administration (FDA) for the treatment of memory and thinking symptoms. In
1993, APOE (apolipoprotein E) €4 allele was identified as the first risk factor gene for AD [12],
[13]. Also in this decade, the first transgenic mouse models of AD were developed, which
expressed one or more isoforms of the human APP gene. Interestingly, most of them presented

behavioral or/and biochemical deficits observed in AD (reviewed in [14]).

With the arrival of the new millennium, major advances were achieved in the field of AD, leading
to a better understanding, diagnosis, and treatment of the disease. For instance, in 2004, a novel
imaging technique based on the detection of a tracer called Pittsburgh Compound-B was
announced [15]. This compound is bound to amyloid deposits and thus, can be detected by
positron emission tomography (PET). In the last years, the number of articles focusing on AD has
grown exponentially, which highlights the huge impact of this disease and the efforts done to

eradicate it [16].

1.2. Epidemiology

In 2006, it was estimated that 26.6 million people lived with AD worldwide. Moreover, this
number was expected to quadruple by 2050 [17]. As aforementioned, the main risk factor for
AD is age, and thus, its prevalence rises exponentially after 65 years. Indeed, an estimated 6.7
million Americans over 65 were living with AD in 2023. Of those, two-thirds were women, which
could be explained because of women’s longer life expectancy [4]. Regarding Europe, a meta-
analysis reported that the prevalence of AD was 5.05%, and again, it was higher in women than
in men [18]. Strikingly, in the United States, Black and Hispanic adults over 65 were much more
likely than White older adults to develop AD (19%, 14% and 10%, respectively). However, these
huge differences cannot be attributed to genetic factors, but rather, to socioeconomic

differences and structural racism [4].
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1.3. Symptoms

AD can be classified into two categories: early-onset AD (EOAD) and late-onset AD (LOAD). EOAD
refers to those AD cases that develop in patients younger than 65, generally in their 40s and 50s.
It represents approximately 5% of all cases and it usually has a rapid progression and an
aggressive course [19]. Indeed, the first case described by Alois Alzheimer corresponded to an
EOAD. On the other hand, the vast majority of AD cases are LOAD. LOAD is characterized by
progressive memory loss, including both the inability to acquire new memories and the struggle
to recall recent facts. This is followed by alterations in complex attention, executive function,
language, visuospatial function, and behavior [20]. EOAD patients differ from LOAD patients on
several clinical, neuroimaging and neuropathological features. For instance, EOAD patients tend
to have better memory but worse attention and visuospatial skills than LOAD patients. In

addition, EOAD patients present greater atrophy in the neocortex [19].

In most cases, AD is not diagnosed until there are clinical symptoms. However, longitudinal
studies show that pathological features of the disease start 10 to 20 years before that (preclinical
AD). Indeed, the 42 amino acid form of AB (AB42), and AB plaques are respectively found in the
cerebrospinal fluid (CSF) and in the brain years before the onset of AD [20]. The AB pathology
leads to neuroinflammation, which becomes chronic. The tau pathology tends to occur later
than the amyloidosis. All these pathological changes impair synaptic function and neuron

viability and eventually affect the patient’s cognition.

Mild cognitive impairment (MCI) is an early stage of memory loss or thinking problems that
develops between preclinical and symptomatic AD. However, people can also suffer MCI not
related to AD, and thus the diagnosis of AD in this stage must be performed using
neuropsychologic tests, but also studying the patient’s and relatives’ medical history,
neuroimaging, and biomarkers [21]. From this moment (symptomatic AD), the tau pathology,
the synaptic dysfunction, the brain atrophy, and the cognitive deficits progressively increase
until the appearance of dementia. The mean life expectancy after AD diagnosis is 7 years [21]. A
thorough neuropathologic analysis of the postmortem brain is necessary for a definitive
diagnosis of AD. Nonetheless, it is estimated that nowadays AD is correctly diagnosed in living
patients with more than 95% accuracy [21]. The course of preclinical and symptomatic AD is

illustrated in Figure 1.
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Figure 1. Time progression of major AD pathophysiological events. In the preclinical stage of AD,
pathological features such as accumulation of AR and neurofibrillary tangles, glial activation, and synaptic
deficits are already observed. With the onset of the cognitive impairment, the MCI phase starts. In this
stage, patients can be diagnosed with AD by neuroimaging and analysis of biomarkers. All these features,
as well as brain atrophy, continue to progress until the patient develops dementia. Death generally occurs
approximately 7 years after diagnosis. Severity of clinical symptoms in AD are represented with the Clinical
Dementia Rating (CDR) scale, ranging from 0 (normal cognition) to 3 (severe dementia). Image adapted

from Long et al. [20] and Counts et al. [22].

1.4. Risk factors

As aforementioned, age is the main risk factor for the development of AD [23]. Indeed, it is
estimated that the prevalence of AD practically doubles every 5 years after aged 65 [24]. Thus,

one third of the people age 85 or older have AD dementia [4].

In 1983, Heyman et al. [25] reported that EOAD was associated to a genetic factor. Later, Ballard
et al. [26] affirmed that genetics could explain 70% of the risk of developing AD. However, only
5-10% of EOAD cases (which in turn represent 5% of all AD cases) are directly caused by
pathological genetic mutations [27]. Thus, many genetic variants modulate the susceptibility to
AD, but they are rarely the direct cause of the pathology. The 3 genes sufficient to cause EOAD
are: APP, PSEN1 and PSEN2 (amyloid precursor protein, presenilin 1 and presenilin 2,
respectively). Of them, PSEN1 mutations are the most common and are characterized by the

earliest onset ages. Conversely, APP and PSEN2 mutations are rarer [27]. Interestingly, the
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proteins encoded by all these genes participate in the pathway involved in the production of AB.
Other mutated genes have been linked to EOAD, but not as disease-causing, but rather, as risk
variants. For instance, rare variants of sortilin-related receptor 1 gene (SORL1) are enriched in

EOAD patients compared to controls [27], [28], [29]

A well-known risk factor for LOAD is the isoform €4 of apolipoprotein E. APOE gene has 3
common isoforms: APOE €2, €3, and €4, with a frequency of 8.4%, 77.9%, and 13.7%,
respectively [30]. The €3 allele is neutral regarding AD risk, whereas €2 allele is protective. On
the other hand, the €4 allele is highly present among AD patients and it is associated with earlier
disease onset ages [27]. Although APOE €4 variant is not necessary nor sufficient to cause AD,

the risk of having the disease at age 85 for €4/ €4 homozygotes is 51-60% [27], [31].

Besides genetic factors, there are some acquired risk factors that increase the risk of developing
AD (reviewed in Silva et al. [32]). For instance, people with cerebrovascular diseases,
hypertension, type 2 diabetes, and traumatic brain injuries [33] are in more risk to develop AD.
It is unclear whether obesity is a risk factor for AD, since different meta-analysis have obtained
contradictory results. On the other hand, there are some factors that have been associated with
reduced risk of developing AD. These protective factors are the cognitive reserve, a healthy diet
or physical activity, among others. Indeed, a significant positive correlation was observed
between physical exercise and plasma levels of brain-derived neurotrophic factor (BDNF) in

patients with AD [34].

1.5. Etiology

As previously mentioned, AD is characterized by the accumulation of extracellular A plaques

and the presence of intracellular tangles of hyperphosphorylated tau.

The physiological function of AR has remained unclear for decades. However, the fact that it is
expressed throughout the lifespan, it is found in all vertebrates, and it is highly conserved among
species, suggests that it must have a crucial function [35]. In addition, AB depletion has adverse
consequences in multiple animal models (reviewed in Brothers et al. [36]). Nowadays, AP is
known to have antimicrobial activity, to promote recovery from brain injury, and to regulate

synaptic function, among others [36].

ApB derives from APP, which is a single transmembrane glycoprotein with a large extracellular N-
terminus and a shorter cytoplasmic C-terminus. APP is expressed in many tissues, especially in
neuron synapses [37], where it regulates synaptic formation [38], neurite outgrowth [39], and

cell adhesion [40]. APP can be processed by two different pathways. In the amyloidogenic

46



INTRODUCTION

pathway (termed like this because it promotes AB production), APP is initially cleaved by B-
secretase (also known as B-APP-cleaving enzyme-1 or BACE1), generating a membrane-bound
C-terminal fragment (CTFB) and releasing N-terminal sAPPB. CTFpB is then cleaved by the y-
secretase complex (composed of presenilin 1 or 2 and other proteins), which results in the
release of AB into the extracellular space and of APP intracellular domain (AICD) into the
cytoplasm. In the non-amyloidogenic pathway, APP is first cleaved by a-secretase, releasing
sAPPa and generating a membrane-tethered CTFa. Later, CTFa is cleaved by the y-secretase
complex producing AICD and releasing the P3 peptide [37], [41]. The processing of APP is
depicted in Figure 2A.

A

Non-amyloidogenic Amyloidogenk/ I l

\ y-Secretase a-Secretase B-Secretase y-Secretase

cleavage cleavage

= 4,
I,
==l
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AICD CTFa (C83) CTFB (C99) AICD

Figure 2. Formation of AP peptides and brain spreading of Ap plaques. (A) Generation of AR peptides.
APP can be sequentially cleaved by a- and y-secretase, releasing sSAPPa and P3 into the extracellular space,
and AICD into the cytosol. However, if APP is first cleaved by B-secretase, the action of y-secretase will
result in the production of an AR monomer and AICD. Image obtained from Chen et al. [42] (B)
Immunohistochemistry and spatiotemporal evolution of AR pathology according to Thal staging.

Increasing color intensity indicates increased pathology. Image obtained from Jouanne et al. [43].
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In 2002, Thal et al. [44] proposed that the AB pathology followed a descendent progression from
the neocortex (stage |) to the limbic system including the hippocampus, amygdala, and thalamus
(stages lI-1ll), and finally, to the brainstem, pons and cerebellum (stages IV-V) (Figure 2B).
Nonetheless, this spatiotemporal pattern of AR progression is less predictable than that of

neurofibrillary tangles [45].

Tau is a microtubule-associated protein that stabilizes the microtubules and therefore is
essential for cytoskeletal organization, trafficking, and neurite outgrowth [46]. Tau has multiple
phosphorylation sites, and several kinases and phosphatases can regulate its phosphorylation
status and function [47]. In physiological conditions, tau surrounds the microtubules and
ensures they stay in a compact form. Nonetheless, when there is an imbalance between
phosphorylation and dephosphorylation that results in tau hyperphosphorylation, tau self-
assembles and aggregates, generating insoluble neurofibrillary tangles [47] (Figure 3A). As a
result, the microtubules dissociate, and neuron viability is compromised. The aberrant

deposition of tau is not exclusive of AD, but rather, it is the hallmark of all tauopathies [48].
A Neurofibrillary tangle

Self-assembled
Vesicle tau

\; Kinesin

Figure 3. Formation and brain spreading of neurofibrillary tangles. (A) Generation of pathological
neurofibrillary tangles. In physiological conditions tau stabilizes microtubules allowing a correct
cytoskeletal organization and kinesin-mediated vesicle trafficking. In AD, tau is hyperphosphorylated,
causing its dissociation from microtubules and its aggregation, which eventually generates neurofibrillary

tangles. As a result, microtubules are disrupted, affecting their function, and leading to neuron death. (B)
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Immunohistochemistry and spatiotemporal evolution of neurofibrillary tangles according to Braak

staging. Increasing color intensity indicates increased pathology. Image obtained from Jouanne et al. [43].

The Braak stages, which were introduced by Braak et al. [49], are a measure of the severity and
the distribution of the neurofibrillary tangles’ pathology across the brain. Tau pathology starts
in the entorhinal region (stages I-Il), then moves to the limbic regions (lll-1V) and finally spreads
to the neocortex (V-VI) (Figure 3B). The fact that the spreading of neurofibrillary tangles follows
a clear pattern has led to the hypothesis that they might propagate like prions [50]. However,
the mechanism of propagation remains largely unknown. Interestingly, phosphorylation of tau
at serine-202 and threonine-205 appear to be crucial for tau aggregation and AD pathogenesis

since the phosphorylation status of these sites positively correlates with Braak staging [51].

1.6. Treatment

Unfortunately, there is no cure for AD or any drug that can arrest the progression of the disease.

Thus, all available treatments are intended to palliate the symptoms.

Acetylcholine is an important neurotransmitter for memory and learning, whose levels decrease
as AD advances [52]. The cholinergic hypothesis suggests that the cognitive decline observed in
AD is due to the dysfunction of cholinergic neurons [53]. Currently, patients at any stage of the
disease are treated with cholinesterase inhibitors, including donepezil, galantamine, tacrine or
rivastigmine, among others [54]. Different meta-analyses have shown that the treatment with

cholinesterase inhibitors has mild but significant therapeutic effect [55], [56].

N-methyl-D-aspartate receptors (NMDARs) are glutamate receptors also involved in memory
and learning. NMDARs are present in the synapses but also in extrasynaptic locations. It is
thought that extrasynaptic receptors might be activated by glutamate spillover from synapses
or by ectopic release of glutamate [57]. Therefore, activation of extrasynaptic NMDARs is linked
to a hyperactivity of glutamatergic neurons and might lead to excitotoxicity. Indeed, chronic
activation of extrasynaptic NMDARs triggers cell death pathways [58]. Since glutamate
excitotoxicity has been described in AD, different NMDAR antagonists have been tested. For
instance, memantine, an antagonist of extrasynaptic NMDARs is currently used for the
treatment of AD patients with dementia [59]. Clinical trials have demonstrated that memantine
is effective in patients with moderate to severe AD, either as monotherapy or in combination
with a cholinesterase inhibitor. However, its effect in patients at earlier stages remains unclear

[60].
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In recent years, immunotherapy against AR has appeared as a promising option for the
treatment of AD. Currently, there are 4 monoclonal antibodies targeting AB aggregates in the
late phase of clinical trials: lecanemab, aducanumab, gantenerumab, and donanemab [61].
Indeed, aducanumab and lecanemab were approved by the FDA in 2021 and 2023, respectively,
for the treatment of early stages of AD. Both reduced brain AB plaques and slowed down the
cognitive decline [62], [63]. These immunotherapies are expected to be successfully

implemented in a near future, giving hope for many patients.
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2. RTP801/REDD1

2.1. DDIT4 gene

RTP801, otherwise known as REDD1 (regulated in development and DNA damage responses 1)
or Dig2 (dexamethasone-induced gene 2), is a stress-responsive protein encoded by the gene
DDIT4 (DNA damage inducible transcript 4). In 2002, two different groups concurrently cloned
this gene and observed that its expression strongly increased under stress conditions. Shoshani
et al. [64] found that the expression of this gene, which they called RTP801, increased by hypoxia
via the transcription factor hypoxia-inducible factor 1 (HIF-1). Simultaneously, Ellisen et al. [65]
identified it as a transcriptional target of p53 in response to DNA damage and designated it as
REDD1. Soon afterwards, Wang et al. [66] described a novel dexamethasone-induced gene,

called dig2. Eventually, DDIT4 was the gene’s official name.

In humans, DDIT4 is located in the long arm of chromosome 10 (10g22.1) and it has a length of
2.1 kb. It presents 3 exons and 2 introns, and it has 3 splice variants [67]. DDIT4 is ubiquitously
expressed at low levels in human and mouse adult tissues, with lower expression in the brain.
DDIT4L (DNA damage inducible transcript like) is a paralog of DDIT4 and encodes for a protein
with 50% homology with RTP801, known as RTP801L or REDD2 [65], which has similar functions
[68].

Since the cloning of DDIT4, multiple stressors have been described to rapidly induce its
expression, such as reactive oxygen species (ROS) [69], heat shock or endoplasmic reticulum (ER)
stressors tunicamycin and thapsigargin [66], among others (reviewed in Kim et al. [70]). With
respect to the nervous system, DDIT4 is upregulated by dopaminergic neurotoxins like 6-
hydroxydopamine (6-OHDA), N-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP) and
rotenone [71], and by toxic proteins such as AB [72] and mutant huntingtin (mhtt) [73]. These
stressors act through many different transcription factors such as CCAAT/enhancer-binding
protein (C/EBP) [74], [75], [76], activating transcription factor 4 (ATF4) [76], or cyclic adenosine
monophosphate (cCAMP) response element-binding protein (CREB) [77], among others (reviewed
in Kim et al. [70]). On the other hand, DDIT4 expression decreases by testosterone [78], acute

resistance exercise [79] or suppressed mTORC1 activity [67].

Moreover, DDIT4 expression can be regulated by multiple micro RNAs (miRNAs). For instance,

miR-221, miR-495 and miR-630 downregulate DDIT4 (reviewed in Tirado-Hurtado et al. [67]).
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2.2. RTP801 protein

While human RTP801 is composed by 232 amino acids, the protein found in rat and mouse is
formed by 229 amino acids and has an 85% homology with humans. Like DDIT4 gene, RTP801
protein is ubiquitously expressed at low levels [64]. RTP801 is mainly localized in the cytoplasm
[65], although it is also present in the nucleus [74], [80], mitochondria [81], [82], [83], and
membranes [80], [84]. Interestingly, it is also found in dendrites, dendritic spines [85], and inside

extracellular vesicles (EVs) [86].

To date, any functional motif or structural domain has been identified from RTP801 amino acid
sequence. Indeed, RTP801 has not been associated to any enzymatic activity yet. Furthermore,
the entire crystal structure of RTP801 remains elusive. However, Vega-Rubin-de-Celis et al. [87]
were able to crystallize a portion of the human protein encompassing amino acids 89 to 226
when the non-conserved hydrophobic segment 2°FLPGF?* was deleted. They reported that
RTP801 contains two a-helices and four B-sheets, and they found that two non-contiguous
segments in the primary sequence clustered together in the three-dimensional (3D) structure to
form a surface patch with highly conserved residues. These segments are *8EPCG*! and a lysine-
rich sequence in the C-terminus (?*®KKKLYSSE?%), and the surface patch they form is essential
for the inhibitory role of RTP801 upon mTORC1 [87], probably because it is the region of
interaction with binding partners (Figure 4A-E). The importance of this region is manifested by
two more findings. First, 22°KK2%° promote an atypical activation of NF-kB (nuclear factor kappa
B) through the sequestration of IkBa (NF-kB inhibitor alpha) [88], [89]. Second, 2*8KKK??° are
thought to be essential for the subcellular localization of RTP801 [80], and for its ubiquitination

and subsequent degradation [70], [90].
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Figure 4. RTP801 protein structure. (A) Amino acid sequence of human RTP801 protein. Amino acids in
red represent the non-crystalized regions. Amino acids in blue are highly conserved and form a surface
patch necessary for RTP801-mediated inhibition of mTORCL1. (B) Representation of RTP801 structure (the
crystalized regions) colored in rainbow mode from the N- to the C-terminus. The dotted line depicts a
disordered region, and the arrowhead indicates the location of the hydrophobic 2°°FLPGF2%* deletion. (C)
Diagram of RTP801 topology. (D) Surface and stick representation of RTP801 conserved patch. The blue
gradient is proportional to the degree of conservation of the residues. (E) Prediction of RTP801 structure
according to AlphaFold Protein Structure Database. The color code indicates the model’s confidence,
which ranges from dark blue (very high confidence) to orange (very low confidence). Figure adapted from

Vega-Rubin-de-Celis et al. [87].

Both DDIT4 messenger RNA (mRNA) [66] and RTP801 protein [91], [92], [93] have very short
half-lives, with the latter ranging from 2 to 8 minutes, and thus they are accurately regulated.
RTP801 is mainly degraded via the ubiquitin-proteasomal system [65], [94], although it can also
be degraded in the lysosomes [90]. Thus far, three E3 ligases are known to polyubiquitinate
RTP801, targeting it for degradation: the CUL4-DDB1-ROC1-B-TrCP (cullin 4 — damage-specific
DNA binding protein 1 —regulator of cullin 1 — B-transducin repeat containing) E3 ligase complex,

which previously requires RTP801 phosphorylation by GSK3p (glycogen synthase kinase 3 beta)
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[93], Parkin [95] and NEDD4 (neural precursor cell expressed, developmentally down-regulated

4) [90].
2.3. RTP801 physiological functions

The main described function of RTP801 is to negatively regulate the mTOR/Akt pathway (mTOR
stands for mechanistic target of rapamycin) [71], [96], [97] although the exact mechanism is not
completely clear. mTOR is a serine/threonine kinase that can associate with different proteins
to form two complexes, mMTORC1 (mTOR complex 1) and mTORC2 (mTOR complex 2). Briefly,
mMTORC1 is mainly activated by nutrients such as amino acids, and it promotes translation and
the synthesis of biomolecules (lipids, nucleotides...) required for cell growth and proliferation.
Moreover, mTORC1 inhibits catabolism, by repressing autophagy and the biogenesis of
lysosomes. On the other hand, mTORC2 is generally activated by growth factors and promotes

actin cytoskeleton organization, proliferation, and survival [98] (Figure 5).
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Figure 5. Schematic representation of the mTOR signaling pathway. The main cellular pathways that lead
to the activation of mTORC1 and mTORC2 (in yellow) are illustrated. Direct or indirect activators of

mTORC1 and mTORC2 are shown in green, while indirect inhibitors of the complexes are in red (RTP801
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is depicted in darker red). Downstream mTORC1/2 effectors are shown in blue. mTORC1 promotes the
biosynthesis of nucleotides through p70S6K; protein synthesis through p70S6K and inhibition of 4EBP1
(eukaryotic translation initiation factor 4E-binding protein 1); lipogenesis via Lipinl, SREBP1 (sterol
regulatory element-binding protein 1), PPARy (peroxisome proliferator-activated receptor y), and PP2A
(protein phosphatase 2A); and autophagy repression via ULK1 (Unc-51 like autophagy activating kinase 1)
inhibition. mMTORC2 mediates actin polymerization through PKC (protein kinase C), RhoA and Racl, and
cell survival via Akt and SGK1 (serum and glucocorticoid regulated protein kinase 1). Figure adapted from

Kim et al. [99] and Laplante et al. [100] with Biorender.com.

In the nervous system, the mTOR pathway can also be activated by cytokines, neurotrophins like
BDNF or neurotransmitters [101], [102], [103]. All these inputs eventually activate either the
PI3K (phosphoinositide 3-kinase) pathway, the Ras pathway or both, which converge in the

inhibition of the heterodimer formed by TSC1 and TSC2 (tuberous sclerosis proteins 1 and 2).

The TSC1/TSC2 dimer acts as a GTPase-activating protein for the small G-protein Rheb (Ras
homologue enriched in brain), and thus catalyzes the transition from Rheb-GTP to Rheb-GDP, its
inactive form [104]. Phosphorylated TSC2 translocates from endomembranes to the cytosol
[105], which leads to the activation of Rheb and mTORC1 [70], [106]. Brugarolas et al. [96]
demonstrated that mTOR inhibition in response to hypoxia required RTP801 and TSC1/2 but
seemed independent of TSC2 phosphorylation. In the same year, Reiling et al. [107] reported
that Scylla and Charybdis (the orthologues of RTP801 in Drosophila) inhibited mTOR-mediated
growth by acting upstream of TSC1/2. Since RTP801 does not have any described enzymatic
activity or functional domains, the mechanism by which it regulates the mTOR pathway remains
a mystery. Different models have been proposed to answer how RTP801 activates TSC1/2, but

none of them have been completely demonstrated [84], [108].

Besides regulating the mTOR pathway, RTP801 regulates the timing of cortical neurogenesis and
neuron migration during brain development [109]. Indeed, RTP801 levels decrease as
neuroprogenitors differentiate into neurons. Thus, RTP810 knockdown in neuroprogenitors
accelerates their differentiation and alters their migration to the cortical plate resulting in an

ectopic localization of mature neurons.

In adulthood, RTP801 modulates neuronal plasticity and learning, since RTP801 knockout (KO)
mice present enhanced excitatory synaptic transmission and improved motor learning [110].
The improvement in motor learning, assessed by their performance in the accelerating rotarod,
correlated with increased filopodia and mushroom spines in the basal dendrites of neurons in

the motor cortex layer V [110].

55



INTRODUCTION

Moreover, our group has recently described that RTP801 also regulates the content and the
release of EVs [86]. Strikingly, endogenous RTP801 is present in EVs and its overexpression
increases their release. Regarding the content of EVs, both the silencing and the overexpression
of RTP801 affected their cargo. Thus, RTP801 overexpression promoted the loading of vesicles
with pro-apoptotic proteins, whereas RTP801 silencing led to the loading with anti-apoptotic

proteins.

Noticeably, RTP801 has a dual role depending on the cellular context. Thus, in proliferating cells
it has an anti-apoptotic role [64] while in differentiated cells it is pro-apoptotic [64], [71]. In this
context, RTP801 elevation has been associated both to cancer [111], [112], [113] and
neurodegeneration [71], [73], [95], [114].

2.4. RTP801 in neurodegeneration

2.4.1. RTP801 in Parkinson’s disease

In 2006, Malagelada et al. [71] reported that RTP801 was induced in cellular and animal models
of PD. They found that both DDIT4 mRNA and RTP801 protein levels were increased when
differentiated PC12 cells were treated with 6-OHDA. In addition, treatment with MPTP and
rotenone also increased RTP801 protein levels. RTP801 was also upregulated in the substantia
nigra of mice treated with MPTP, as well as in substantia nigra neurons of PD patients.
Interestingly, the authors described that RTP801 upregulation promoted cell death in cellular
models of PD, whereas cell death was prevented when RTP801 was silenced. Thus, RTP801 was
sufficient and necessary for neuronal death. Two years later, the same group described that
RTP801 promotes cell death in cellular models of PD by inhibiting mTOR signaling and reducing
the phosphorylation status of Akt at the serine 473 residue, which is essential for cell survival
(see Figure 5) [115]. Later, rapamycin was reported to protect against neuron death in in vitro

and in vivo models of PD, probably by blocking the translation of DDIT4 [92].

In 2013, the transcription factor ATF4 was found to protect against neuronal death in cellular
models of PD by maintaining the levels of the E3 ligase parkin, although the exact mechanism
by which parkin promoted survival was not clear [116]. One year later, RTP801 was described as
a parkin substrate [95]. Similarly, in 2016, the E3 ligase NEDD4 was also found to
polyubiquitinate RTP801, targeting it for proteasomal degradation [90]. Indeed, both parkin and
NEDD4 overexpression protected cells from 6-OHDA/RTP801-induced death.

Finally, in 2018, Zhang et al. [117] found that a mouse model of PD subjected to chronic stress

showed increased RTP801 levels specifically in dopaminergic neurons of the substantia nigra.
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Interestingly, they also described a reduced proteasomal degradation of RTP801, which
contributed to its high content. However, when RTP801 was inhibited the symptoms of
neurodegeneration were ameliorated. Altogether, these results show that RTP801 is induced by
PD mimetics, which leads to mTOR suppression, Akt inactivation, and cell death. Moreover,
RTP801 proteasomal degradation is impaired in PD. Thus, overexpression of RTP801-targeting

E3 ligases prevents cell death and slows down neurodegeneration, as illustrated in Figure 6.
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Figure 6. Schematic representation of RTP801 regulation in PD. PD mimetics promote the upregulation
of RTP801 in substantia nigra neurons, which leads to the inhibition of mTOR and Akt, and suppressed
pro-survival signaling. Moreover, 6-OHDA decreases NEDD4 protein expression [90]. NEDD4 and parkin,
as E3 ligases, polyubiquitinate RTP801 targeting it for proteasomal degradation and preventing cell death.

Figure created with Biorender.com.

2.4.2. RTP801 in Huntington’s disease

In 2016, our group found that mhtt elevated RTP801 mRNA and protein levels in vitro by
promoting its expression but also by inhibiting its proteasomal degradation [73]. RTP801
upregulation by mhtt induced cell death, and RTP801 silencing prevented it. Strikingly, while
RTP801 expression seemed not to be altered in the striatum of two HD mouse models
(HdHQ7/Q111 and R6/1), increased levels were observed in the striatum and cerebellum of

human HD postmortem brains.

Four years later, we reported that mhtt overexpression in rat cortical cultures induced a
significant reduction in the number of spines, which was accompanied by increased levels of
RTP801 in the remaining spines [85]. Likewise, RTP801 was enriched in the striatal synaptosomes

of HD patients, and of HdHQ7/Q111 and R6/1 mice. In addition, striatal RTP801 knockdown in
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R6/1 mice improved their performance in the accelerating rotarod, reverted abnormally high

levels of phosphorylated Akt, and increased the expression of synaptic proteins.

Recently, we described increased levels of RTP801 in the hippocampus of HD patients, which
positively correlated with gliosis markers [118]. Interestingly, although RTP801 was not altered
in the hippocampus of R6/1 mice, its silencing in neurons of the dorsal hippocampus prevented
cognitive deficits, partially rescued synaptic markers, and reduced gliosis. Moreover, the NLR
family pyrin domain containing 1/3 (NLRP1/3) inflammasomes were drastically activated in R6/1

mice, and RTP801 silencing corrected their levels.

Overall, these results suggest that mhtt induces RTP801 overexpression especially in the
synapses, which ends up affecting synaptic function and leads to motor and cognitive deficits.

The hallmarks of RTP801 in HD pathophysiology are illustrated in Figure 7.
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Figure 7. Proposed model of RTP801 effects in HD. Mhtt causes the upregulation of RTP801 in the
striatum and the hippocampus of HD patients, as well as in the striatal synaptosomes of HD mouse
models. The silencing of RTP801 in striatal neurons prevents aberrant Akt hyperphosphorylation, motor

dysfunction and loss of synaptic proteins. Hippocampal silencing of RTP801 prevents the increase in
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inflammasome components, gliosis, synapse loss, and cognitive deficits. Figure created with

Biorender.com.

2.4.3. RTP801 in Alzheimer’s disease

In 2003 Kim et al. [72] identified DDIT4 as an AP-responsive gene in a human cell line.
Interestingly, overexpression of RTP801 increased cell sensitivity to AB-toxicity while RTP801
downregulation had the opposite effect. Likewise, in 2020, Yi et al. [119] reported that AB
exposure increased RTP801 levels in mouse hippocampal slices. Moreover, they found that both
RTP801 overexpression and AP treatment suppressed hippocampal long-term potentiation
(LTP). However, when AR treatment was accompanied by RTP801 downregulation, the
impairment in LTP was abrogated. Furthermore, RTP801 downregulation reverted AB-induced

memory impairments. These results indicate that RTP801 contributes to AD pathogenesis.

In AD, there is an upregulation of the PKR (protein kinase R) pathway (reviewed in Hugon et al.
[120]), which senses many different stress signals. In 2009, Damjanac et al. [121] described
increased levels of phosphorylated p53 and RTP801 in lymphocytes from AD patients. Moreover,
the levels of phosphorylated PKR positively correlated with the levels of phosphorylated p53,
which in turn, had a significant correlation with RTP801 levels. Indeed, the knockout of PKR in
the 5xFAD mouse model of AD improved spatial memory, reduced brain amyloid accumulation

and neuroinflammation markers [122].

Similarly, our group recently reported that RTP801 mediates neuroinflammation in mouse
models of AD [114] and HD [118] (see Introduction section 2.4). Regarding AD, we described
that RTP801 downregulation in hippocampal neurons of 5XxFAD mice ameliorated cognitive
deficits, reduced neuroinflammation, and corrected the levels of inflammasome markers [114].
Moreover, our work described increased levels of RTP801 in postmortem hippocampal samples,
which positively correlated with both Braak and Thal stages of the disease. These results
demonstrated that RTP801 accumulates as the disease advances and therefore, could be a

biomarker of the progression of the pathology.

In line with this role in neuroinflammation, and as previously mentioned, RTP801 promotes an
atypical activation of NF-kB through the sequestration of IkBa [88], [89]. Noteworthily, the
expression of NLRP1 and NLRP3 inflammasomes is regulated by NF-kB [123], [124]. Indeed,
treatment of macrophages with lipopolysaccharide (LPS) increased RTP801 expression, NF-kB
activation, and inflammation, but these responses were suppressed by RTP801 knockdown. On

the contrary, RTP801 overexpression promoted NF-kB-dependent inflammation [89].
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Altogether, evidence shows that RTP801 regulates inflammation and neuroinflammation by

modulating the NF-kB pathway and the inflammasome (Figure 8).
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Figure 8. Graphical model of the pathological role of RTP801 in AD. The extracellular deposits of AB
eventually activate the PKR pathway, which promotes the transcription of DDIT4. RTP801 protein
sequesters IkBa, thus activating NFkB. RTP801 also modulates the NLRP1/3 inflammasome, gliosis, the
LTP and cognitive deficits, as observed by silencing it in hippocampal neurons [114]. Figure created with

Biorender.com.

Overall, RTP801 appears to be a master regulator of neurodegeneration, and its dysregulation
contributes to the progression and severity of the pathology. The great importance of RTP801
might be due to its regulation upon the inflammasome, but also upon mTOR, and thus, upon cell

growth, survival, and protein synthesis.

2.5. RTP801 potential novel functions

To date, any enzymatic activity has been linked to RTP801. Therefore, it is unclear how it
regulates the multiple processes in which it participates. What is more, RTP801 might have
functions not yet described. In order to assess this question, our group studied its physical
interactors by mass spectrometry (MS) [125]. Briefly, RTP801 was immunoprecipitated from rat
primary cortical neuronal cultures and the resulting immunocomplexes were resolved by
electrophoresis. The bands were numbered, cut, and analyzed by MS. Interestingly, two of the
identified proteins were DDX1 (DEAD-box helicase 1) and HSPC117, which are part of the tRNA
splicing ligase complex (tRNA-LC), first described by Popow et al. in 2011 [126]. Thus, RTP801

might have an unknown role in RNA splicing.
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3. RNA splicing

There are several different types of RNA, which can be classified by their function, structure, and
length. The RNAs that encode proteins are called mRNAs (or coding RNAs) and represent less
than 3% of our genome [127]. Indeed, the vast majority of our genome is transcribed to non-
coding RNA, which can be divided by its length in small or long non-coding RNA (sncRNA and
IncRNA, respectively). Generally, RNAs shorter than 200 nucleotides (nt) in length are considered
sncRNAs. In this group, we can find ribosomal RNA (rRNA), transfer RNA (tRNA) or miRNA, among
others. On the other hand, IncRNAs include transcripts from intergenic regions, introns, or

antisense transcripts [128].

All these RNAs, independently of their size or function, need to be processed to be
physiologically active. In this work, we will focus on the splicing of tRNAs and the unconventional

splicing of X-box binding protein 1 (XBP1) mRNA, in which the tRNA-LC participates.

3.1. tRNA

tRNAs are a type of sncRNA with a major role in protein synthesis since they allow decoding the
MRNA sequence into amino acids. Each tRNA molecule binds an amino acid and has a 3-nt
sequence called anticodon. When the anticodon of the tRNA is complementary to the 3-nt

sequence in the mRNA called codon, the respective amino acid is added to the nascent protein.

3.1.1. Structure

Nowadays, more than 150,000 tRNA molecules from different species spanning all domains of
life have been sequenced [129]. Strikingly, the great majority of tRNAs share a common

structure, which manifests the relevance of their unique architecture for proper function.

The length of canonical tRNAs ranges between 76 and 90 bases and their average mass is over
26,000 g/mol (=26 kDa), similarly to a 230 amino acid residue protein. Their secondary structure
is represented by the cloverleaf model and depends on internal base pairing that forms a stem-
loop or hairpin pattern when represented in two dimensions (2D). From 5’ to 3’, the hairpin
structures are the acceptor stem, the D-arm, anticodon stem, variable loop, and T-arm. The D-
arm, which stabilizes the tRNA tertiary structure, is named for the modified dihydrouridine base
found in the loop. The variable loop has a variable length, as its name implies. The T-arm, often
referred as the TWC arm, is crucial for enabling interactions with the ribosome and is named
after the presence of the universally conserved modified bases thymidine, pseudouridine and

cytidine. The anticodon is a 3-nt single-stranded region that determines translation specificity
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by base pairing with the mRNA’s codon. The cytosine/cytosine/adenine (CCA) 3’-terminal group,
found in the acceptor stem of tRNAs, is the region where the amino acid is covalently bound by
an ester linkage. The addition of the amino acid to the tRNA is known as charging or
aminoacylation and is performed by specific enzymes called aminoacyl-tRNA synthetases
(aaRSs). The ribosome does not read the amino acid carried by the tRNA, hence the specificity
of aminoacylation by aaRSs is essential. Therefore, if the tRNA is wrongly aminoacylated, the
protein will incorporate an improper amino acid even though the codon-anticodon base pairing
is correct, which was elegantly shown by Chapeville et al. in 1962 [130]. The base 5’ to the
terminal CCA is called the discriminator base because it is crucial for aminoacylation specificity.
Neither the CCA trinucleotide nor the discriminator base are base paired. The cloverleaf model
of the tRNA secondary structure is depicted in Figure 9A. Regarding the tertiary structure, tRNAs
fold into an L-shaped conformation, mainly through intramolecular interactions of the D- and T-
arms. Thus, 3D tRNAs present two branches: the acceptor branch and the anticodon branch. The

region where the branches meet is known as the elbow (Figure 9B).
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Figure 9. tRNA structure. (A) Cloverleaf representation of a tRNA in 2D. From 5’ to 3’ the regions are:
acceptor stem (blue), D-arm (orange), anticodon stem (yellow) containing the anticodon (gold), variable
arm (green) and T-arm (purple). The discriminator base is represented in red. The canonical positions of
the anticodon (34-36) and the discriminator base (73) are indicated, as well as the positions of conserved
modified bases such as dihydrouridine-16, and dihydrouridine-20 in the D-arm, and thymidine-54 in the
T-arm. Thin lines between bases represent internal base pairing. (B) Representation of the L-shaped 3D
tRNA structure. The different regions of the tRNA are depicted with the same color pattern as in (A).

Intramolecular interactions between the D- and T-arms (orange and purple respectively) in the elbow
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region promote tRNA folding. Canonical positions of the anticodon and the discriminator base are shown.

Figure adapted from Berg et al. [131].

3.1.2. Transcription

Codon degeneracy refers to the fact that different codons specify the same amino acid.
For example, both GCC and GCG codons specify the amino acid alanine (Ala). For this
reason, there are tRNAs with different anticodons that are charged with the same amino
acid. These tRNAs are called isoacceptor tRNAs (e.g., tRNA-Ala). The reason of this degeneracy
is that there are 61 codons (besides the 3 termination codons) but only 20 amino acids, or 21 if
we consider selenocysteine. In addition, an isoacceptor set can be composed of
multiple tRNA species that slightly differ in their nucleotide sequence. These tRNA
species with the same anticodon are called isodecoder tRNAs (e.g., tRNA-Ala-CGC) and each of
them is encoded by a different gene, as depicted in Figure 10. Indeed, there are 429 tRNA genes
encoded by the human genome according to GtRNAdb (Genomic tRNA database) [132]. The
reason of this genetic expansion remains elusive. However, a recent study suggests that the
presence of isodecoders is required to ensure proper translation and cell viability. For instance,
murine tRNA-Phe-GAA-1-1is required for neuronal function and its loss is partially compensated
by increased expression of other tRNAs [133]. Therefore, not all human tRNA genes are

transcribed in all cells and tRNA expression is tissue-specific [134].
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Figure 10. Scheme of alanine isoacceptors and isodecoders. The amino acid alanine has 4 different
isoacceptor tRNAs (tRNA-Ala-GGC, tRNA-Ala-UGC, tRNA-Ala-CGC and tRNA-Ala-AGC). tRNA-Ala-CGC
presents 4 isodecoders (tRNA-Ala-CGC-1-1, tRNA-Ala-CGC-2-1, tRNA-Ala-CGC-3-1 and tRNA-Ala-CGC-4-1).
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tRNA-Ala-CGC-1-1, tRNA-Ala-CGC-2-1 and tRNA-Ala-CGC-4-1 genes are found on chromosome 6 while

tRNA-Ala-CGC-3-1 localizes on chromosome 2. Figure adapted from Loher et al. [135] with Biorender.com.

In eukaryotes, tRNA genes are transcribed by RNA polymerase Il (RNA Pol Ill) and are highly
expressed at approximately 300,000 copies per cell. Transcription generates precursor tRNA

molecules (pre-tRNAs), which must be processed in order to obtain the mature tRNAs.

Besides nuclear tRNA genes, there are also mitochondrial tRNA (mt-tRNA) genes. In fact, 22 of
the 37 genes found in human mitochondrial DNA encode for tRNA genes. In humans,
mitochondrial transcription is driven by an RNA polymerase called POLRMT [136] and generates
long polycistronic transcripts from both chains of mitochondrial DNA. These long transcripts are
cleaved by endonucleases in order to separate mt-tRNAs from rRNAs and mRNAs. Processing of
mt-pre-tRNAs takes places in the mitochondria and requires the transport into this organelle of
nuclear-encoded aaRSs. Mature mt-tRNAs will participate in local protein synthesis within

mitoribosomes [137], [138].

3.1.3. Processing

In vertebrates, early tRNA processing occurs in the nucleus and includes intron splicing and
removal of the 5’ leader and 3’ trailer. However, it remains unclear which step occurs before, or
whether they happen simultaneously. Late tRNA processing includes addition of a CCA
trinucleotide on the 3’ end, nuclear export and aminoacylation. Throughout the processing,
many posttranscriptional modifications are introduced to the pre-tRNAs, which are essential for

their proper function [139].

3.1.3.1. Leader and trailer removal

The 5’ leader and the 3’ trailer are short sequences of nucleotides found in the 5" and the 3’ ends
of all pre-tRNAs, respectively. They have a variable length, with the average length of 6 nt at the
5’ leader and 10 nt at 3’ trailer of human pre-tRNAs [140]. 5’ leader removal is enzymatically
performed by ribonuclease P (RNase P) whereas 3’ trailer removal is performed by ribonuclease
Z (RNase Z, also known as ELAC2 in human). ELAC2 precisely cleaves the pre-tRNA after the

discriminator base to generate a new 3’ end site to which the CCA trinucleotide will be added.

3.1.3.2 Intron splicing

All human pre-tRNAs have a 5’ leader and a 3’ trailer but only 28 of them present an intron,
which is between 12 and 26 nt long and must be spliced out for tRNA maturation. The proportion

of tRNA genes with intron varies considerably between species. While this fraction is relatively
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similar within mammals and invertebrates (~7% in human, ~ 5% in mice, ~ 6% in both
Drosophila and Caenorhabditis), yeast genomes contain a higher proportion of intron-containing
tRNA genes (~ 25%) [141]. Human introns are always positioned one nucleotide 3’ to the
anticodon, although noncanonical positioning is detected both in eukarya and specially in
archaea [142]. tRNA splicing consists in two steps, first the cleavage, to remove the intron, and

then the ligation of the intron-free halves.

In mammals, the cleavage is performed by the tRNA splicing endonuclease (TSEN) complex,
which consists of two structural proteins (Tsen15 and Tsen54), two catalytic proteins (Tsen2 and
Tsen34), and cleavage factor polyribonucleotide kinase subunit 1 (Clp1), an essential kinase
whose exact function in tRNA splicing remains unclear but might play a regulatory role in tRNA
splicing in vivo [143]. Endonucleolytic cleavage generates two exons and one intron. 5’ exon has

a 2’,3’-cyclic phosphate terminus while 3’ exon has a 5’-hydroxyl (OH) terminus.

The excised tRNA exons are joined by tRNA ligases. There are two different chemical ligation
pathways classified from the origin of the phosphate group that bridges the exons: the 5’-
phosphate ligation pathway, found in plants and fungi, which takes a phosphate from the 5’ end
in the 3’ exon, and the 3’-phosphate ligation pathway, predominant in animals, which uses the
phosphate group in the 3’ end of the 5’ exon. Both pathways first need to open the 2’,3’-cyclic

phosphodiester on the 5’ exon.

In plants and fungi, the modification of the pre-tRNA ends and the ligation in the 5’-phosphate
ligation pathway is performed by an enzyme called Trll. It is unclear whether this pathway is
present in animals since a metazoan 5’-phosphate ligase has not yet been identified. However,
Clp1 associated to the TSEN complex was described to phosphorylate the 5’ terminus of the 3’
exon in vitro, suggesting the occurrence of coupled endonuclease and kinase reactions in
humans [144]. Therefore, even if vertebrates have the complete set of enzymes required for this

pathway, it might contribute to only a small, if any, fraction of tRNA splicing [142], [145].

In the 3’-phosphate ligation pathway, also known as animal pathway, the pre-tRNA halves are
directly ligated using the phosphate left on the 3’ end of the 5’ exon [142], [146]. In mammals,
the ligation is performed by the tRNA-LC, and specifically, by HSPC117, a ligase discovered by
Popow et al. in 2011 [126]. They found that HSPC117, also known as RtcB, is the essential subunit
of the complex since depletion of HSPC117 mediated by RNA interference (RNAI) inhibited
maturation of intron-containing pre-tRNAs both in vitro and in living cells. Additionally, a
mutation in a conserved cysteine residue abolished its ligase activity. However, RNAi-mediated

depletion of the other members of the complex did not compromise ligation as severely.
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HSPC117 joins the tRNA exon halves by incorporating the phosphate in the 3’ end of the 5’ exon

into the mature tRNA as a canonical 3’,5’-phosphodiester (Figure 11).
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Figure 11. The 5’- and the 3’-phosphate ligation pathways for tRNA intron splicing. The chemical
reactions illustrating the cleavage of pre-tRNA (left), the 5’-phosphate ligation pathway (upper), and the
3’-phosphate ligation pathway (lower) are shown. Proteins and enzymes involved in individual reactions
are also shown and unidentified factors are indicated by question marks. Proteins of plants and yeast are
shown in black while proteins of mammal are written in blue. The origin of the phosphate group used to
bridge the 2 exons is marked in red. In the 5’-phosphate ligation pathway, yeast Trl1 uses guanosine
triphosphate (GTP) as a phosphate donor for 5’-phosphorlyation while mammalian Clp1 uses adenosine
triphosphate (ATP). In the 3’-phosphate ligation pathway all the steps are performed by the tRNA-LC, but
HSPC117 is the 5’ ligase and the essential subunit, which requires cofactors like archease for full activity.

Figure adapted from Yoshihisa et al. [142] with Biorender.com.

Thus, phosphorylation of the 5 terminus of the 3’ exon by Clpl interferes with HSPC117-
mediated ligation [126], [146]. The other components of the tRNA-LC are DDX1, CGI-99, Ashwin
(ASW) and FAM98B (family with sequence similarity 98 member B). Moreover, this complex also
has some cofactors and some competitors. The name and function in tRNA processing of the

complex members and their regulators are summarized in Table 1.
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Name Function in tRNA processing
HSPC117/RtcB tRNA halves ligation [126]
DDX1 Promotes ligation by enabling the formation
of an HSPC117-guanylate intermediate [147]
tRNA-LC
CGI-99/CLE/RTRAF Unknown
ASW Unknown
FAM98B Unknown
Promotes ligation by enabling the formation
Archease of an HSPC117-guanylate intermediate [147],
[148]
L . L Protects HSPC117 from oxidation with the
Pyridine nucleotide-disulfide - . . . .
Coenzymes oxidoreductase domain 1 (PYROXD1) help of nicotinamide adenine dinucleotide
(phosphate) (NAD(P)*) [149]
S I N | Circularizes the 2’-phosphate in the 3’ end to
(RtcA) -terminalphosphate cyclase a 2’,3’-cyclic phosphate (antagonist of CNP)
(¢
[150], [151]
o Phosphorylates the 5’ end of the 3’ exon,
- impeding HSPC117 ligation [144]
. ANGEL2 Pephos,[:)horylates thfe 2’,3’-cyclic phosphate
Competitors in the 3’ end of the 5’ exon [152]
) o) . . Hydrolyses the 2’,3’-cyclic phosphate in the 3’
2,3’ cyclic nucleotide , , K
hosphodiesterase (CNP) end of the 5’ exon to a 2’-phosphate and a 3’-
AR hydroxyl (antagonist of RtcA) [150], [153]

Table 1. Function in tRNA processing of the members of the tRNA-LC, their coenzymes, and competitors.
Names and protein symbols are shown. Bold symbols indicate the form preferentially used in this work.

Table adapted from Gerber et al. [146].

Recently, Kroupova et al. [154] presented an elegant work identifying the regions of physical
interaction between the components of the human tRNA-LC, along with the crystal structures
of HSPC117 and the N-terminal domain of CGI-99. They also showed that the core of the complex
is formed by HSPC117 and the C-terminal alpha-helical regions of DDX1, CGI-99 and FAM98B, all
of which are necessary for complex integrity (Figure 12). These results suggest that these three
noncatalytic subunits (DDX1, CGI-99 and FAM98B) might function synergistically to generate an
interaction platform for HSPC117. On the contrary, the absence of ASW did not affect the

formation of the core of the complex.
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Figure 12. Architecture of the tRNA-LC. (A) HSPC117, along with the C-terminal alpha-helical regions of
DDX1, CGI-99, and FAM98B, constitutes the core of the tRNA-LC. ASW is not essential for the formation

of the complex. Figure adapted from Kroupova et al. [154]. (B) Schematic representation of the tRNA-LC.

3.1.3.3. CCA addition

Once removed the 5’ leader, the 3’ trailer, and the intron (if present), the next step in tRNA
processing is the addition of CCA nucleotides to the 3’ terminus by tRNA nucleotidyl transferase
1 (TRNT1). TRNT1 is a template-independent RNA polymerase that also catalyzes the addition of
CCA in mitochondrial tRNAs. The presence of 3’ CCA prevents the action of 3’ endoribonucleases,

is necessary for nuclear export, and serves as a substrate for aaRSs in the cytoplasm [139], [155].

3.1.3.4. Nucleus-cytoplasm transport

In mammalian cells, nuclear primary export of mature tRNAs is mainly performed by exportin-t
but also by exportin 5 [156], [157]. Both exportins require the cooperation of a small G-protein
called Ras-related nuclear protein (Ran) loaded with GTP in order to export the tRNA.
Experiments performed in Xenopus oocytes show that removal of the 5’ leader, the 3’ trailer,
and the intron, as well as 3’ CCA addition, nucleoside modification, and correct folding are

important for nuclear export [158].

Retrograde transport refers to the transport of tRNAs back into the nucleus and it is found in
animals, but is associated to stress conditions, such as amino acid deprivation [159] or viral
infections [160]. Indeed, Schwenzer et al. [161] described that, in human cells, oxidative stress
activates tRNA retrograde transport, which is rapid, reversible, and selective for certain tRNA
species. They also showed that tRNA retrograde transport is regulated by the integrated stress

response (ISR) pathway via the PERK-RTP801-mTOR axis (PERK stands for PKR-like ER kinase).
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Overall, tRNA retrograde transport is thought to represent a universal mechanism for

posttranscriptional regulation of global gene expression in response to energy availability [159].

3.1.3.5. Aminoacylation

Chemical binding of the amino acid to its cognate tRNA is known as aminoacylation and it is
performed by aaRSs. Aminoacylation happens mainly in the cytoplasm and the mitochondria
although it can also occur in the nucleus to a much lower extent. Indeed, it is unclear whether
tRNAs aminoacylated in the nucleus participate in cytoplasmic translation [162]. Aminoacylation
of the 22 human mt-tRNAs is performed by 20 nuclear-encoded mitochondrial aaRSs,
homologous to their cytosolic counterparts [139]. The GTPase named eukaryotic elongation
factor 1A (eEF1A) binds the aminoacylated tRNA and delivers it to the A site of the ribosome,
where it will do its canonical function in translation [163]. There is a specific aaRS for each
isoacceptor family (e.g., alanyl-tRNA synthetase charges the amino acid alanine to the alanine
isoacceptor family). In other words, there are 20 aaRSs, one for each of the 20 standard amino
acids. In mammals, the only exception is selenocysteine tRNA (tRNA-Sec), which is
aminoacylated by seryl-tRNA synthetase with a serine that is enzymatically modified. For many
tRNAs, the anticodon is the region that makes direct contact with the aaRS, thus ensuring a
correct charging. In addition, other specific nucleotides in the acceptor stem might be also
critical for recognition. Concretely, base 73, known as the discriminator base, isa common point
of recognition [131]. Besides the catalytic domain, some aaRSs have an editing domain that can

survey and correct misincorporation of amino acids to their cognate tRNA [164].

3.1.3.6. tRNA modifications

Nuclear-encoded mature tRNAs present the highest density of posttranscriptional modifications
among all RNAs [165], with an average of 13 modified bases per tRNA molecule. However, this
number can range from a few modifications to over 20, indicating that individual tRNAs are
modified unevenly. Mt-tRNAs are generally modified to a lesser extent, presenting 5
modifications per molecule on average [134]. The high density of modified nucleotides
interferes with standard quantitative polymerase chain reaction (qPCR), complicating the study
of tRNAs and forcing the use of recently developed techniques such as hydrolysis-based tRNA
sequencing (Hydro-tRNA-seq) [140]. In general, modifications occurring within the structural
core of tRNAs (in the D- or T-arm) are important for tRNA stability and proper folding, and their
absence can lead to tRNA degradation [165], [166]. On the other hand, modifications occurring
at or near the anticodon regulate codon-anticodon interactions, ensuring translational efficiency

and fidelity [131].
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Many neurological and metabolic diseases have been associated with tRNA hypomodification
and deregulation of tRNA-modifying enzymes, as discussed in [166]. For instance, TRMT61B
(tRNA methyltransferase 61B), an enzyme that methylates adenosine at position 58 of human
mt-tRNAs, is significantly downregulated in AD astrocytes [167]. All these human diseases

caused by abnormal RNA modification are named RNA modopathies.

As aforementioned, tRNA modifications are introduced throughout tRNA processing, and result
in the generation of mature tRNAs ready to function. A summary of the processing of human

nuclear and mitochondrial tRNAs is illustrated in Figure 13.
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Figure 13. Human nuclear and mitochondrial tRNA processing. (A) Binding of transcription factors to
tRNA genes recruits RNA Pol Ill, whose action generates pre-tRNAs. (B) 5’ leader is removed by RNAse P
whereas 3’ trailer is removed by RNAse Z (ELAC2). (C) Introns, if present are spliced out by the TSEN
complex. (D) tRNA exons are predominantly ligated by the 3’-phosphate ligation pathway via the tRNA-
LC, although the 5’-phosphate ligation pathway might also exist in humans. It is unclear whether splicing
occurs before or after leader and trailer removal. (E) 3’ end CCA addition is performed by TRNT1. (F)
nuclear aminoacylation is performed by aaRSs, although it is much less common than cytoplasmic
aminoacylation (H). (G) Nuclear export is mediated by exportin-t or exportin 5 in collaboration with Ran-
GTP. (1) Under stressful conditions, tRNAs can be retrogradely imported to the nucleus in a rapid and
reversible process. (J) Mt-DNA is transcribed by POLRMT with the aid of transcription factors, generating
long polycistronic transcripts that contain different pre-mt-tRNAs as well as mRNAs and other RNAs. (K)
RNase MRP (RNase for mitochondrial RNA processing) acts first, cleaving and processing the 5’ end of
these pre-mt-tRNAs, and then ELAC2 acts on 3’ termini. (L) As in the nucleus, TRNT1 performs the addition
of a CCA trinucleotide. (M) Finally, aaRSs aminoacylate the mt-tRNAs. All depicted mitochondrial enzymes
are nuclear-encoded and transported to the mitochondria. Mature tRNAs are ready to act on ribosomes
or mitoribosomes. Question marks indicate that the human enzyme responsible for that step is unknown.
tRNA posttranscriptional modifications occur throughout its processing but have not been illustrated for

simplicity. Figure adapted from Schaffer et al. [139] with Biorender.com.

3.1.4. Function

3.1.4.1. Canonical functions

The primary function of tRNAs is to act as a bridge in the central dogma of molecular biology,
deciphering mRNA into amino acids. Mature tRNAs are bound by eEF1A and transported to the
A site of the ribosome. When the anticodon of the tRNA is complementary to the mRNA’s codon
(either by strict Watson-Crick base pairing or wobbling) the amino acid charged into the tRNA is
transferred to the nascent polypeptide. Translation can be divided into 3 phases: initiation,

elongation, and termination.

Translation begins with the assembly of an initiation complex on mRNA and the identification of
the start codon, which is usually the first AUG codon downstream of the mRNA’s 5’ cap
structure. The AUG codon specifies the amino acid methionine (Met), and therefore, virtually all
proteins specified by the genetic code begin with methionine. In the next phase, elongation
factors promote the transference of the growing peptide to the incoming aminoacyl-tRNA, and
the empty tRNA then leaves the ribosome. Termination happens when eukaryotic release factor

1 (eRF1), which is structurally analogous to tRNA, recognizes 1 of the 3 termination codons in
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mMRNA and recruits another release factor to hydrolyze the polypeptide chain from the tRNA. In
addition, ribosomal subunits are dissociated, allowing for another round of translation.
Interestingly, multiple ribosomes can translate a single mRNA at the same time forming

complexes known as polysomes [168], [169].

Mistranslation refers to the addition into the nascent polypeptide of an amino acid that differs
from what is specified by the codon. Mistranslation occurs naturally in all cells at frequencies
ranging from 1 in 3,000 to 1 in 1,000,000 depending on the amino acid. Mistranslation can be
due to different factors such as tRNA misacylation, defective tRNA modification that leads to
wrong base pairing, or an altered pool of aminoacylated-tRNAs [131]. For instance, low cellular
levels of asparagine might lead to the misincorporation of serine in mammalian cells [170].
Interestingly, the composition and abundance of the cellular tRNA pool is coordinated to match
the codon demand of the transcriptome, enabling translation optimization [171]. In fact, it is
known that proliferating and differentiated cells express different sets of tRNAs in a codon

usage-dependent manner [172].

3.1.4.2. Noncanonical functions

Besides their well-described role in translation, tRNAs (and pre-tRNAs) can be enzymatically
cleaved to generate tRNA-derived small RNAs (tsRNAs), which are 14 to 50 nt long and
participate in different biological processes such as gene expression regulation [173], [174],
[175]. Based on their length and original location in the parental tRNA, tsRNAs can be classified

into tRNA-derived fragments (tRFs) and stress-induced tRNAs (tiRNAs).

tiRNAs are usually 29 to 50 nt long and are generated by specific cleavage of angiogenin (ANG)
at the middle of the anticodon loop of mature tRNAs. 5’ tiRNAs contain the 5’ end of the tRNA,
whereas 3’ tiRNAs contain the 3’ end. They must not be confounded with the tRNA exon halves
generated from pre-tRNAs during intron splicing. tiRNAs are generally produced under stress
conditions such as hypoxia, heat shock, and oxidative stress [176]. Nonetheless, tiRNAs are also

produced in a lesser extent in physiological conditions [174].

tRFs are shorter than tiRNAs (14-30 nt) and can be originated from either mature tRNA or pre-
tRNA. They are generated by the specific cleavage of ELAC2, ANG or Dicer, among other

nucleases. The classification and the generation of tsSRNAs is summarized in Figure 14A-B.
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Figure 14. Classification and biogenesis of tiRNAs and tRFs. (A) Categorization of tsRNAs. Molecules in
red derive from pre-tRNA whereas molecules in black originate from mature tRNA. (B) Graphical
representation of tsRNA synthesis from precursor and mature tRNA. The question mark indicates that the
enzyme responsible for i-tRF generation is unknown. Figure adapted from Xie et al. [177] with

Biorender.com.

tsRNAs have diverse functions as reviewed in Su et al., [178]. For instance, they regulate
apoptosis, protein translation (either promotion or inhibition), and gene expression by base-
pairing with target mRNAs and silencing them. Moreover, tsRNAs have been described to
sequester RNA-binding proteins, and they also participate in the defense against viral infections.
All these functions reflect the importance of a well-regulated biosynthesis of tsRNAs in the cell.

Indeed, certain types of tsRNAs are dysregulated in cancer tissues [175], [179].

3.1.5. Degradation

Mature tRNA, thanks to its highly folded structure and the presence of numerous modifications,
is one of the most stable species of RNA. In fact, mature mammalian tRNAs have a half-life on
the order of 100 hours [180]. However, changes in the tRNA primary sequence or in the
modifications lead to a rapid decay of the aberrant transcript, ensuring the existence of
functional tRNA pools [181]. On the contrary, the half-life of pre-tRNA is between 15 and 30
minutes [180]. The short half-life of pre-tRNAs might be explained by their fast processing [182]

and their reduced stability in comparison to mature molecules.
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In yeast, there are two pathways for removing malformed or/and hypomodified tRNAs: the
nuclear surveillance pathway, which acts primarily on pre-tRNAs, and the rapid tRNA decay
(RTD) pathway, predominant in mature tRNAs [183]. Not much is known about tRNA quality
control pathways in mammals. However, many of the enzymes involved in the nuclear
surveillance pathway and the RTD pathway exist in mammals [184], which suggests that these

tRNA degradation pathways might be shared from yeast to vertebrates.

3.1.6. tRNA-associated diseases

There are hundreds of tRNA-associated diseases, which can be due to pathological mutations in
tRNA genes or in tRNA processing enzymes. Interestingly, the vast majority of the disease-
causing mutations in tRNA genes are found in mt-tRNA genes. Indeed, over 370 mutations in all
22 mt-tRNA genes have been reported in recent years [185], [186]. These mutations affect the
folding, aminoacylation and function of mt-tRNAs, which leads to an impaired mitochondrial
translation of oxidative phosphorylation enzymes. Thus, mt-tRNA mutations are more relevant
in high-energy consuming tissues like the muscular and nervous systems [187]. On the contrary,
little is known about mutations in nuclear-encoded tRNA genes. This could be explained by the
expansion of nuclear tRNA genes, which might compensate for a pathological mutation in one
of the copies. However, a single-nucleotide polymorphism (SNP) in the nuclear-encoded tRNA-
Arg-TCT-4-1 causes neurodegeneration in mice [188]. Interestingly, this tRNA is uniquely

expressed in neurons, which could explain its relevance and why a SNP is so deleterious.

As for the mutations in tRNA processing enzymes, they can affect almost every step in tRNA
processing, which impacts on tRNA abundance, folding, and splicing, among others [187].
Indeed, mutations in tRNA-modifying enzymes are so important that the diseases caused by
them are known as tRNA modopathies [189]. Most of the tRNA-associated diseases cause
selective vulnerability, which means that while certain brain areas are highly affected, other
tissues appear to be unaffected [190]. The neurological diseases caused by mutations in tRNA

genes or tRNA-modifying enzymes are reviewed in Schaffer et al. [139].

3.2. XBP1 mRNA

Besides its role in tRNA ligation, the tRNA-LC also participates in the unconventional splicing of

XBP1 mRNA during the unfolded protein response (UPR) [191].

The UPR is a cellular stress response activated when unfolded or misfolded proteins accumulate
in the ER. There are three ER-resident transmembrane proteins orchestrating the UPR:

activating transcription factor 6 (ATF6), PERK, and inositol-requiring enzyme 1 (IRE1). These
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proteins are inactive under physiological conditions because their luminal domains are bound
to the chaperone BiP. Accumulation of unfolded or misfolded proteins inside the ER competes

for BiP binding, therefore releasing PERK, ATF6, and IRE1, and triggering downstream signaling.

XBP1 is an effector of the UPR whose mRNA experiments canonical splicing in the nucleus, but
retains a short, 26-nucleotide intron. Translation of this intron-containing mRNA generates the
protein XBP1u (unspliced), which has a molecular weight of 33 kDa. During the UPR, the
activation of the cytosolic endonuclease domain of IRE1 results in the cleavage of XBP1 mRNA
at the splice sites, releasing the 26-nucleotide intron [192]. Subsequent ligation of XBP1 mRNA
exons is performed by the tRNA-LC [191]. Intron removal causes a shift in the open reading
frame, therefore skipping a stop codon and generating the 55-kDa XBP1s (spliced) protein.
XBP1s, but not XBP1u, acts as a transcription factor that promotes the expression of genes
necessary to restore ER homeostasis such as chaperones and proteins involved in ER-associated

protein degradation.

Besides alleviating ER stress, XBP1s regulates the transcription of genes involved in lipid and
glucose metabolism, secretory functions, and immune responses. Therefore, XBP1s has a key
role in secretory cells such as plasma cells, hepatocytes, or pancreatic B-cells [192]. Indeed,
HSPC117 (the ligase of the tRNA-LC) was first described to mediate XBP1 ligation in plasma cells,
which eventually results in the production of immunoglobulins [191]. Interestingly, depletion of
HSPC117 alone did not impair XBP1 ligation, but simultaneous knockdown of HSPC117 and its

cofactor archease did.

On the other hand, the physiological role of XBP1u is not fully understood. According to recent
studies, XBP1u appears to be a negative regulator of XBP1s. First, XBP1u is thought to physically
interact with XBP1s and suppress its transcriptional function [193], [194]. Second, XBP1u inhibits

XBP1s by targeting it for proteasomal degradation [195].

Interestingly, a polymorphism in the promoter of XBP1 was identified as a risk factor for AD
[196]. In line with this, XBP1s has been recently described to regulate synaptic plasticity and
memory in different mouse models of AD [197], [198]. Indeed, Cissé et al. [198] showed that
delivery of XBP1s in the hippocampus of 3xTg-AD mice rescued spine density, synaptic plasticity,
and memory function assessed by the Morris water maze (MWM). They also demonstrated that
this attenuation of AD phenotype was due to the expression of Kalirin-7, a transcriptional target
of XBP1s. Likewise, Duran-Aniotz et al. [197] reported that overexpression of XBP1s in the brain
of 5xFAD mice reduced AP load and astrogliosis, and attenuated cognitive deficits. Moreover,

overexpression of XBP1s specifically in the hippocampus of 5XxFAD mice caused a significant
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improvement in the performance of the MWM and the Barnes maze, as well as a restoration of

the synaptic plasticity and a correction of proteomic alterations.

The role of XBP1s in contextual memory formation and synaptic plasticity was also studied by
Martinez et al. [199]. They found that mice lacking XBP1 in the nervous system exhibited altered
memory and long-term potentiation (LTP), whereas neuronal XBP1s overexpression enhanced
performance in memory tasks. Interestingly, they reported that XBP1s controls the expression
of several memory-related genes, including Bdnf. Indeed, overexpression of BDNF in the
hippocampus of XBP1-deficient reverted the phenotype. The processing and function of XBP1 is

illustrated in Figure 15.
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Figure 15. The IRE1 branch of the UPR. When unfolded or misfolded proteins accumulate in the ER lumen,
the transmembrane enzymes IRE1, PERK, and ATF6 become active to promote the restoration of ER
homeostasis. IRE1 cleaves XBP1u mRNA, which is then ligated by the tRNA-LC. XBP1s is translated
generating a transcription factor that promotes the transcription of genes that help restore ER
homeostasis, as well as genes involved in lipid and glucose metabolism, immune responses, Kalirin-7 and

BDNF, among others. XBP1u does not act as a transcription factor, but rather, as an inhibitor of XBP1s.

Altogether, these studies reveal XBP1s as a pivotal factor in cognitive processes, particularly in
memory formation and maintenance, suggesting its dysfunction as a contributing factor to the

cognitive deficits observed in neurodegenerative diseases.
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AD is the most prevalent form of dementia, marked by a progressive decline in cognitive abilities,
executive function, and memory. It also affects language, and patients might present emotional
and psychiatric symptoms. AD is characterized by the presence of extracellular A plaques and
intracellular tangles of hyperphosphorylated tau, which eventually disrupts synaptic
functioning, triggers neuroinflammation, and leads to neuronal death, resulting in brain atrophy
and gliosis. The exact mechanisms by which these events take place are not yet elucidated, but

RNA translation impairment could contribute to the pathogenesis of the disease.

RTP801 is a negative regulator of mTOR and Akt, kinases that are essential for translation and
survival, respectively. In this line, RTP801 is an active trigger of the inflammasome cascade, and
it is also found in EVs mediating transneuronal toxicity. These pro-apoptotic and pro-
inflammatory events are the result of an impaired integrative response of the mTOR/Akt axis,
which also impacts the availability of mRNA and tRNA pools. Increased levels of RTP801 have
been found in the brains of patients with neurodegenerative diseases such as AD, HD, and PD.
In animal models of these diseases, silencing RTP801 in neurons of the compromised regions
has been proved beneficial for cognitive and motor deficits, and neuroinflammation, events that
deeply depend on translation. On the other hand, RTP801 KO mice are more resilient to stress-

induced synaptic and behavioral deficits.

The tRNA-LC is a pentameric complex that catalyzes the ligation of tRNA and specific mRNA
exons during splicing. Indeed, it participates in the unconventional splicing of XBP1 mRNA during
the UPR. The essential subunit of the complex is HSPC117, which constitutes its core and
presents the ligase activity. The other components are the RNA helicase DDX1, and the adaptor
proteins CGI-99, ASW, and FAM98B. Interestingly, preliminary MS results from our group
indicated that RTP801 interacts with DDX1 and HSPC117, and thus, it might have an unknown

role in tRNA and mRNA splicing.

Taking all this into consideration, the objective of this thesis is to explore the effect of RTP801

on the activity of the tRNA-LC, in health and disease (Figure 16).
Hence, the specific aims of this thesis are the following:

AIM 1. To study the nature of the interaction between RTP801 and the members of the tRNA-
LC.

1.1. To confirm the interaction of RTP801 with DDX1 and HSPC117.
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1.2. To evaluate the role of RTP801 in the protein stability of the members of the complex

and vice versa.

AIM 2. To investigate the role of RTP801 in the mRNA ligase activity of the complex, in health
and AD.

2.1. To assess whether RTP801 affects the mRNA ligase activity of the complex over XBP1.
2.2. To determine whether this activity is altered in the context of AD.

2.3. To study the effect of RTP801 on the mRNA ligase activity of the complex in an in vivo

model.

AIM 3. To explore the contribution of RTP801 in the tRNA ligase activity of the tRNA-LC, in health
and AD.

3.1. To check whether the pre-tRNA and tRNA pools are altered in a mouse model of AD.
3.2. To analyze whether RTP801 downregulation influences the composition and toxicity of

these pools.

The effect of RTP801 on the activity of the tRNA-LC

tRNA-LC

AIM 1. Interaction and stability

RTP801

AIM 2. mRNA ligase activity (XBP1)in health and AD

AIM 3. tRNA ligase activity in hezalth and AD

Figure 16. Overview of the aims of this thesis. The main objective of this work was to study the effect of
RTP801 on the activity of the tRNA-LC. We studied the interaction of RTP801 with the members of the
complex and its effect on their protein stability (Aim 1), and the effect of RTP801 on the mRNA (Aim 2)

and tRNA ligase (Aim 3) activity of the complex, in health and in AD.
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1. Cell cultures

1.1. HEK293 culture

Human Embryonic Kidney 293 (HEK293) is a cell line originally derived from human embryonic
kidney cells. In this study, HEK293 cells were cultured in plastic plates with Dulbecco’s modified
Eagle’s medium (DMEM) supplemented with 10% fetal bovine serum (FBS) and 1%
penicillin/streptomycin (all from Thermo Fisher Scientific). Cells were kept in a 5% CO,

atmosphere at 37°C and were reseeded when confluent.

1.2. Rat primary cortical cultures

Rat primary cortical cultures were prepared by dissecting out the cortex from embryonic day 18
(E18) Sprague-Dawley rats (from Envigo) as previously described [73]. Briefly, the tissue was
dissociated with 0.05% trypsin (from Thermo Fisher Scientific) for 30 min, followed by a
mechanical dissociation with rounded-end glass Pasteur pipettes. Cells were seeded at a density
of 750 cells/mm? on plastic plates coated with 0.25 mg/mL poly-L-lysine (from Merck). Neurons
were maintained in Neurobasal medium supplemented with serum-free B27 (1:50), 2 mM
GlutaMAX, and 1% penicillin/streptomycin (all from Thermo Fisher Scientific). Cell cultures were
kept in a 5% CO, atmosphere at 37°C. One week after the culture, a third of the medium was

replaced by fresh medium. All experiments were performed at 13-14 Days in vitro (DIV).

1.3. Mouse primary hippocampal cultures

Mouse primary hippocampal cultures were prepared by dissecting out the hippocampus from
E18 B6CBA wild-type (WT) mice. The tissue was dissociated with 0.25% trypsin (from Thermo
Fisher Scientific) for 15 min, followed by a mechanical dissociation with rounded-end glass
Pasteur pipettes. Cells were seeded at a density of 400 cells/mm? onto autoclaved 12 mm glass
coverslips pre-coated with 0.1 mg/mL poly-D-lysine (from Merck). As in Methodology section
1.2, neurons were maintained in supplemented Neurobasal medium and kept in a 5% CO;

atmosphere at 37°C. Experiments were performed at 13-14 DIV.

2. Animal and human tissue
2.1. Human postmortem samples

Postmortem hippocampal samples from AD patients and age-matched control (CT) individuals
were acquired from the Neurological Tissue Bank, (Biobank-Hospital Clinic-FRCB-IDIBAPS,
Barcelona). All brain tissue samples were obtained from patients after they or their legal

representatives gave written informed consent for the use of their brain tissue and medical
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records for research purposes, as approved by the Ethics Committee of the Brain Bank
institution, in accordance with the 1964 Declaration of Helsinki. The neuropathological
examination was performed according to standardized protocols at the Neurological Tissue Bank
of the IDIBAPS Biobank. Briefly, half of the brain was dissected in the fresh state, then frozen
and stored at -80°C, while the remaining half was fixed in formaldehyde solution for three
weeks. For histological evaluation, 5-um-thick paraffin-embedded sections from at least 25
representative brain regions were stained, and immunohistochemistry was performed (see

[200] for more information). Table 2 contains case information.

Clinical Patient Braak Thal Sex Age PMD
diagnosis stage stage (years) | (hh:mm)

1 Il 5 F 97 7:20

2 Il 4 F 93 5:30

3 Il 3 M 86 7:35

4 Il 2 F 88 24:00

5 Il 3 M 64 10:00

T 6 0 1 M 83 13:00
7 1] 0 M 86 7:25

8 Il 1 M 78 6:00

9 0 0 M 76 11:30

10 I 3 F 90 13:40

11 Il 0 F 83 7:30

12 Il 5 F 83 7:33

13 VI 5 F 84 11:00

14 VI 5 M 78 7:20

15 Vi 5 F 90 5:30

16 V 4 F 83 10:45

17 Vi 5 F 78 11:30

18 VI 5 F 88 13:30

19 VI 5 F 82 16:45

20 V-VI 5 M 77 7:30

AD 21 VI 5 M 82 4:30
22 VI 5 F 64 5:30

23 VI 5 F 74 6:30

24 Vv 4 M 76 6:00

25 VI 5 F 85 12:00

26 Vi 4 F 80 15:00

27 Vv 3 M 86 17:30

28 Vv 5 F 85 16:00

Table 2. Human postmortem hippocampal samples. PMD = postmortem delay; M = male; F = female.
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2.2. 5xFAD mice

The transgenic mouse line 5xFAD maintained in B6SJL background (MMRRC catalog #034840-
JAX, RRID:MMRRC_034840-JAX) was utilized for this investigation. Specifically, heterozygous
5xFAD mice were used, which overexpress the 695-amino acid isoform of the human amyloid
precursor protein (APP695) carrying the Swedish (K670N/M671L), London (V7171), and Florida
(1716V) mutations under the control of the murine Thy-1 promoter. Additionally, 5xFAD mice
express human presenilin-1 (PSEN-1) with the M146L and L286V mutations, also under the
control of the Thy-1 promoter. Thus, 5xFAD mice overexpress two human transgenes with a

total of 5 AD-linked mutations, which results in a high production of AB4, [201].

The 5xFAD model rapidly develops critical amyloid pathology. Indeed, extracellular
accumulation of A can be detected around 2 months of age in the hippocampal subiculum. At
6 months, AR deposits are found throughout the hippocampus and cortex. Astrogliosis and
microgliosis are also early pathological events, which begin at 2 months of age, developing in
parallel with plaque deposition [201]. Tau hyperphosphorylation has also been reported at early
stages [202]. Synaptic degeneration, assessed by the levels of synaptophysin, usually starts at 4
months of age [201]. Cognitive impairment has been observed from 5 months of age, including
problems with spatial memory [201], [203], and long-term memory [114]. However, motor
impairments occur later, beginning at 9 months of age [204], simultaneously with neuron loss
[205]. The life expectancy of 5XFAD mice is around 15 months [206]. The alterations found in

5xFAD mice are illustrated in Figure 16.

P-Tau Cognitive deficits Death
= 72 3 a>5 6 7 5 SOl
APB plaques Synaptic Motor deficits
Gliosis disfunction Neuron loss

Figure 16. Time course of alterations found in 5XFAD mice. As in human AD pathology, AR accumulation,
astro- and microgliosis, accumulation of hyperphosphorylated tau, and synaptic deficits are early events
that lead to cognitive impairment. At later stages, neuron loss and motor deficits appear. The mean

lifespan is around 15 months. Figure created with Biorender.com.

In this work, all animals were housed in colony rooms with a 12:12-h light/dark cycle, maintained
at 19-22 °C and 40-60% humidity, with unlimited access to food and water. All the experimental
animals were male, and they were used from 6 months of age onwards. All procedures were in

accordance with the Guide for the Care and Use of Laboratory Animals (NIH Publication No. 85-
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23, 1985 Revision), the European Community Guidelines, and Spanish guidelines (RD53/2013)

and they were approved by the local ethical committee (University of Barcelona, 55/21 and

Generalitat de Catalunya, 11559).
3. Molecular biology

3.1. Plasmid description

The plasmid constructs used in this work and their features are summarized in Table 3.

Purchased from Addgene. Empty
backbone for expression of shRNA
under the U6 promoter. Confers
ampicillin resistance and expresses
a CMV-eGFP reporter to monitor
expression.

Empty vector and characteristics Construct Characteristics
LL3.7 Validated scrambled control sequence
pLLS. PLL3.7-shCT 5'-GTGCGTTGCTAGTACCAAC-3'  for

human, rat, and mouse [71]. Flanked by

Hpal and Xhol.

pLL3.7-shRTP801

Validated sequence
AAGACTCCTCATACCTGGATG-3’
targeting human, rat,

5-

and mouse

RTP801 [71]. Flanked by Hpal and Xhol.

Purchased from Addgene. Empty
backbone for gene overexpression
under the CMV promoter. Confers
ampicillin resistance and expresses
an UbC-eGFP reporter to monitor
expression.

rAAV2/8 Validated scrambled control sequence
) ) rAAV2/8-shCT 5- GTGCGTTGCTAGTACCAAC-3’ for
Provided by the Viral Vector mouse [114], [118].
Production Unit (Universitat
Autonoma de Barcelona). Expresses .
Validated sequence 5-
the shRNA under the H1 promoter
rAAV2/8-shRTP801 AAGACTCCTCATACCTGGATG-3’ for
and eGFP under the control of RSV
promoter mouse RTP801 [114], [118].
Scrambled control sequence 5’-
pRP pRP-shCT CCTAAGGTTAAGTCGCCCTCG-3’ for
human and mouse.
Purchased from VectorBuilder.
Empty backbone for expression of Sequence 5
shRNA under the U6 promoter. pRP-shHSPC117 CAATGAATGCCAAAGACTTGG-3’ for
Confers ampicillin resistance and human, rat, and mouse HSPC117.
expresses an_ hPGK-mCherry Sequence o
reporter to monitor expression. pRP-shDDX1 GATGTGGTCTGAAGCTATTAA-3'  for
human, rat, and mouse DDX1.
FUGWm The original construct (pCMS-eGFP)
FUGWm-eGEP was designed and validated in [71]. It

was then subcloned to obtain FUGWm-

eGFP, which was validated in [86].

FUGWm-eGFP-RTP801

The original construct (pCMS-eGFP-
RTP801) was designed and validated in
[71]. It was then subcloned to obtain

FUGWm-eGFP-RTP801, which

validated in [86].

was
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Table 3. List of plasmids used. shRNA = short hairpin RNA; CMV = cytomegalovirus; eGFP = enhanced
green fluorescent protein; AAV2/8 = recombinant adeno-associated virus serotypes 2/8; RSV = Rous

sarcoma virus; hPGK = human phosphoglycerate kinase; UbC = ubiquitin C.
3.2. Bacterial transformation

To amplify DNA plasmids, Escherichia coli DH5a competent cells (from Thermo Fisher Scientific)
were used. The DNA plasmids were mixed with the cells and incubated at 40°C for 30 seconds.
The mixture was then kept on ice for 5 min. Next, S.0.C. medium (super optimal broth with
catabolite repression medium, from Thermo Fisher Scientific) was added to the mixture, which
was incubated at 37°C for 1 h. After that, transformed bacteria were seeded on lysogeny broth
(LB) agar (from Merck) plates with 100 ug/mL ampicillin (from Thermo Fisher Scientific). LB agar
plates were incubated overnight (O/N) at 37°C.

3.3. Bacterial amplification and plasmid purification

A single colony of ampicillin-resistant bacteria was picked from the LB agar plate and grown in
Terrific Broth medium supplemented with 100 ug/mL ampicillin (all from Thermo Fisher
Scientific), for 8 h at 37°C and 200 rpm (revolutions per minute). To isolate the DNA plasmids,
the HiPure Plasmid Filter Midiprep Kit (from Thermo Fisher Scientific) was used, following
manufacturer’s instructions. Then, the concentration of the DNA plasmids was assessed with

the Nanodrop™ One Spectrophotometer (from Thermo Fisher Scientific).

3.4. Plasmid transfection

To modulate the mRNA and protein levels of RTP801, HEK293 cells were transfected with shRNA
or RTP801-overexpressing vectors, using the polymer polyethyleneimine (PEI, from
CliniSciences) and following manufacturer’s instructions. DDX1 and HSPC117 were knocked
down in HEK293 cells using the same procedure. In brief, PEl was diluted in Milli-Q water to 1
mg/mL, and it was filtered through a 0.22 um filter. It was then mixed with the respective DNA
vector (4 ug of PEl per each pg of DNA) and non-supplemented DMEM medium, for 20 min at
room temperature (RT). After that, the medium of HEK293 cells was replaced by the mixture
and cells were incubated 4 h in a 5% CO, atmosphere at 37°C. Then, the mixture was replaced
by supplemented DMEM medium. Experiments were performed 48 h post-transfection (in the
case of overexpression vectors) or 72 h post-transfection (in the case of shRNA vectors). For 6-
well plates, 1.2 ug of DNA were used per well, whereas for 12-well plates, 0.4 ug of DNA were

utilized per well.
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3.5. Lentiviral production and transduction

Lentiviruses to knockdown neuronal RTP801 were produced in HEK293 cells transfected with a
pLL3.7 vector expressing shRNA against RTP801 (shRTP801). Transfections were performed as
in Methodology section 3.4 but using 100 mm plates and adding envelope and packaging
plasmids (from Addgene). DNA vectors and quantities (iug/100 mm plate) necessary for lentiviral
production are the following: pMD2.G (3.5), pCMV-Ar8.91 (2.5), pLL3.7-shCT (10), and pLL3.7-
shRTP801 (10).

Cell medium was collected 72 h post-transfection and it was centrifuged for 5 min at 1500 rpm
to remove cell debris. Virus-containing medium was filtered through a 0.45 um filter and
incubated with 8.5% polyethylene glycol 6000 (Panreac AppliChem) and 0.35 M NaCl for 90 min
at 4°C. The mixtures were then centrifuged at 7500 x g for 15 min in a Sorvall R5-5C centrifuge
with a SS-34 fixed-angle rotor, and the pellets were resuspended in sterile 1X phosphate
buffered saline (PBS) with calcium and magnesium. Lentiviruses were stored at -80°C until
transduction of neurons. Viral titer was assessed by transduction of rat primary cortical cultures
with several viral dilutions. Lentiviral transductions were performed with a MOI (multiplicity of
infection) of 2. Neurons were transduced at 11 DIV and were harvested 72 h post-transduction

(at 14 DIV).

3.6. Stereotactic injection of adeno-associated viral vectors

6-month-old wild type (WT) and 5xFAD mice received bilateral hippocampal injections of adeno-
associated viruses (AAVs) to genetically silence RTP801, as described in [114]. Summarizing, mice
were injected in the CA1 (Cornu Ammonis 1) and in the dentate gyrus (DG) with neuron-targeted
rAAV2/8-H1-shControl-RSV-GFP (1.2 x 10*® genome copies (GCs)) or rAAV2/8-H1-shRTP801-
RSV-GFP (1.07 x 10 GCs) (see Table 3). The cloning of shRNAs and the production of AAV viral
particles were performed by the Unitat de Produccié de Vectors from the Center of Animal

Biotechnology and Gene Therapy at the Universitat Autonoma de Barcelona.

For the surgery, mice were deeply anesthetized with a mixture of isoflurane and 2% oxygen. For
anesthesia induction, 2.5-3% isoflurane was used, whereas 1.5% isoflurane was used for
maintenance. Mice were placed in a stereotactic apparatus and two injections were performed
bilaterally (Figure 17). The following coordinates relative to Bregma were used: anteroposterior,
-2; mediolateral, +1.5; and dorsoventral, -2.1 (for DG) and -1.3 (for CA1). 1 uL of viral vector was
injected every time, using a Hamilton™ syringe (syringe volume, 5 uL; needle length, 51 mm;
needle gauge, 26s) at an infusion rate of 250 nL/min. Thus, each injection lasted 4 min. However,

the needle was left in place for 2 additional min to ensure complete diffusion of the AAVs. After
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1 h of careful monitoring, mice were returned to their cage for 4 weeks and were then

euthanized via cervical dislocation for biochemical analysis. Tissue was kept at -80°C until use.

Figure 17. Stereotactic hippocampal surgery. (A) Graphic representation of a mouse placed in a
stereotactic apparatus. (B) Brain coordinates used for intrahippocampal RTP801 silencing. The CA1l
injection coordinates are represented in blue, whereas the injections in the DG are illustrated in red. Brain

image obtained from the Allen Brain Atlas website. Figure created with Biorender.com.
4. Protein isolation, detection, and quantification

4.1. Immunoprecipitation (IP)

In order to detect weak or transient protein interactions, HEK293 cells were treated for 2 h with
dithiobis(succinimidyl propionate) (DSP, from Thermo Fisher Scientific), a protein cross-linker
that forms stable amide bonds between molecules, and following manufacturer’s instructions.
Cells were then lysed with Cell Lysis Buffer (from Cell Signaling Technology) supplemented with
1% phenylmethylsulphonyl (PMSF, from Merck) and centrifuged at 14,000 x g for 10 min to
remove debris. The total protein concentration of the supernatant was quantified using the Bio-
Rad Protein Assay and following manufacturer’s instructions. Protein A-agarose beads (from
Santa Cruz Biotechnology) were thoroughly washed with 3-((3-cholamidopropyl)
dimethylammonium)-1-propanesulfonate (CHAPS) buffer (50 mM Tris pH = 7.4, 150 mM NacCl,
10 mM MgCly, 0.4% CHAPS) (all from Merck). Then, samples, beads, and antibody against
RTP801 (Proteintech, #10638-1-AP) were mixed and incubated O/N on rotation at 4°C.

Numerous negative controls were included to ensure IP specificity: first, beads and samples
were incubated without antibodies; second, rabbit normal immunoglobulins (1gG) (Merck #12-
370) were added instead of the appropriate antibody; and third, lysis buffer was incubated
instead of samples. The next day, the mixtures were washed 4 times with CHAPS buffer
supplemented with protease inhibitor (cOmplete™ Mini Protease Inhibitor Cocktail),

phosphatase inhibitor (PhosSTOP™) and 1% PMSF (all from Merck). Pierce™ Lane Marker
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Reducing Sample Buffer (from Thermo Fisher Scientific) was added to the mixtures, which were
heated at 96°C for 5 min for protein denaturation. Mixtures were then centrifuged 30 seconds

at 14,000 x g and supernatant was stored at -202C until western blot was performed.

4.2. Western blot (WB)

WB was performed to detect the presence and abundance of specific proteins in cellular lysates
and tissue homogenates, as previously described [114]. As in Methodology section 4.1, cellular
extracts or tissue fragments were collected in Cell Lysis Buffer supplemented with 1% PMSF,
centrifuged to remove debris, and protein concentration of the supernatant was determined
with the Bio-Rad Protein Assay. Samples (20 ug per lane) were prepared with reducing buffer,
denaturized, and resolved in 4-12% NuPAGE™ Novex™ polyacrylamide gels with MOPS SDS (3-
(N-morpholino)propane sulfonic acid sodium dodecyl sulfate) running buffer. Gels were run in
the XCell SureLock™ Mini-Cell system, and the molecular weight marker used was the
PageRuler™ Prestained Protein Ladder. Proteins were transferred to nitrocellulose membranes
with the iBlot™ 2 Dry Blotting System and using iBlot™ 2 Transfer Stacks. All reagents and
machinery were obtained from Thermo Fisher Scientific. Membranes were washed thrice with
TBS-T (Tris buffered saline (from Thermo Fisher Scientific) with 0.1% Tween® 20 (from Merck))
and blocked with 5% milk (from Bio-Rad) in TBS-T for 1 h at RT. Membranes were then incubated
O/N at 4°C, in agitation, with the corresponding primary antibody (listed in Table 4) diluted in

5% BSA (bovine serum albumin, from Merck).

Antibody Host Dilution Source
DDX1 (for IP) Rabbit 1:1000 Bethyl, #A300-512A
DDX1 Mouse 1:500 Santa Cruz Biotechnology, #sc-271438
RTP801 Rabbit 1:500 Proteintech, #10638-1-AP
HSPC117 Mouse 1:1000 Santa Cruz Biotechnology, #sc-393966
CGI-99 Rabbit 1:500 Proteintech, #19848-1-AP
XBP1 Rabbit 1:500 Abcam, #ab37152
P-elF2a Ser51 Rabbit 1:500 Cell Signaling Technologies, #9721
elF2a Rabbit 1:500 Cell Signaling Technologies, #9722
ATF4 Rabbit 1:500 Proteintech, #10835-1-AP
GFP Rabbit 1:800 Cell Signaling Technologies, #2956

Table 4. List of primary antibodies used for WB. IP = immunoprecipitation; elF2a = eukaryotic translation
initiation factor 2a.
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The antibody against B-actin (Merck #A3854), which was used as loading control, was already
conjugated to horseradish peroxidase (HRP) and thus was directly incubated at RT for 30 min
prior to chemiluminescence protein detection (diluted 1:100,000 in TBS-T). After primary
antibody incubation, membranes were washed thrice with TBS-T and incubated for 1 h at RT
with the corresponding secondary antibody (anti-mouse or anti-rabbit) diluted 1:10,000 in 5%
milk in TBS-T. Both secondary antibodies were produced in goat, conjugated to HRP, and

obtained from Thermo Fisher Scientific (anti-mouse #31430, anti-rabbit #31460).

Next, membranes were washed thrice with TBS-T and proteins were detected using either
SuperSignal™ West Pico PLUS Chemiluminescent Substrate or SuperSignal™ West FEMTO
Maximum Sensitivity Substrate (all from Thermo Fisher Scientific). Chemiluminescent images
were acquired using a Chemidoc™ Imaging System (from Bio-Rad) and quantified by

densitometric analysis with ImageJ software (Fiji).

To remove bound primary and secondary antibodies, membranes were incubated with
Restore™ PLUS Western Blot Stripping Buffer (from Thermo Fisher Scientific) for 10-15 min at
RT. Complete removal of the previous chemiluminescent signal was checked before continuing.

Membranes were then washed with TBS-T, blocked, and incubated with new primary antibodies.
5. RNA isolation, detection, and quantification

5.1. Total RNA, sncRNA, IRNA, and tRNA isolation

WT and 5xFAD mice were euthanized by cervical dislocation and both hippocampi were
dissected out and stored at -80°C until use. Total RNA was isolated using TRIzol™ Reagent (from
Thermo Fisher Scientific) and following manufacturer’s instructions. Briefly, frozen tissue was
placed in 1 mL of TRIzol™ Reagent and mechanically homogenized. Chloroform (200 pL) was
added to each sample, which was vortexed, incubated 3 min at RT and centrifuged for 15 min at
12,000 x g and 4°C. The obtained aqueous phase was mixed with an equal volume of
isopropanol, vortexed, incubated 10 min at RT and centrifuged for 10 min at 12,000 x g and 4°C.
Supernatant was then discarded and the pellet was washed with 75% ethanol. After that, the
pellet was air-dried, resuspended in diethyl pyrocarbonate (DEPC)-treated water (from Thermo

Fisher Scientific), and heated at 55°C for 5 minutes.

To remove salts, phenol, and other contaminants, samples were then incubated with a high salt
solution. Thus, 4M NaCl and absolute ethanol were added to each sample (10% and 250% of the
sample volume, respectively), which were vortexed and incubated at -80°C for at least 30 min.

After that, samples were centrifuged for 30 min at 16,000 x g and 4°C. Again, the pellet was
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washed with 75% ethanol, air-dried, resuspended in DEPC-water and heated. Determinations of
RNA quantity and quality were made with a NanoDrop™ One Spectrophotometer (from Thermo
Fisher Scientific) and a 4200 TapeStation System (from Agilent Technologies), respectively. Total

RNA was kept in -80°C until use.

sncRNAs (17-200 nucleotides) and IRNAs (long RNAs, >200 nucleotides) were isolated from total
RNA with the RNA Clean & Concentrator™-5 kit (from Zymo Research), according to

manufacturer’s instructions. sncRNAs and IRNA were stored at -80°C until use.

For the isolation of pre-tRNAs and mature tRNAs, which are generally between 76 and 90
nucleotides long, sncRNA samples were resolved in a 15% urea-polyacrylamide gel. Samples
were mixed with a loading dye (from Thermo Fisher Scientific), heated for 5 min at 96°C, and
run in 0.5x TBE (Tris-Borate-Ethylenediaminetetraacetic acid (EDTA)) buffer at 120 V for 45 min.
Using ultraviolet (UV) shadowing with a fluor-coated thin-layer chromatography (TLC) plate, a
band containing 60-100 nt sncRNAs was observed and excised. Then, gel bands were introduced
in 0.5 mL microtubes whose bottom had been previously pierced with a 21G needle, which were,
in turn, introduced in 2 mL microcentrifuge tubes. Bands were then centrifuged twice at
maximum speed for 1 min, to ensure that the gel moved through the hole into the large
microtube. After that, gel bands were incubated with DEPC-treated water for 3 h at 1100 rpm
at RT. Then, samples were incubated with 4M NaCl and absolute ethanol (10% and 200% of the
sample volume, respectively) O/N at -80°C. The next day, samples were centrifuged for 30 min
at 16,000 x g and 4°C and the pellet was washed with 85% ethanol. Finally, the pellet was air-

dried and resuspended with 16 pL of DEPC-treated water. tRNAs were stored at -80°C until use.

5.2. Hydrolysis-based tRNA sequencing (Hydro-tRNA-seq)

To determine the expression levels of pre-tRNAs and mature tRNAs, a recently developed
sequencing protocol called Hydro-tRNA-seq [140], specifically designed for tRNA detection and
quantification, was performed at the Centre de Regulaci6 Genomica (CRG, Barcelona). Briefly,
Hydro-tRNA-seq is based on the hydrolysis of the tRNAs, which generates fragments with less

structure and fewer modifications that are more amenable for sequencing.

tRNA factions were subjected to alkaline hydrolysis, dephosphorylation and rephosphorylation
with T4 Polynucleotide Kinase (PNK), to finally prepare the small RNA cDNA library as described
in [207] (Figure 18). Sequencing was performed on an lllumina HiSeq 2500 platform in a 50 base

pair paired-end format (40 M reads).
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Figure 18. Hydro-tRNA-seq experimental pipeline. Pre-tRNAs, and especially mature tRNAs, are heavily
modified and have thermodynamically stable secondary and tertiary structures. The first step in Hydro-
tRNA-seq is the alkaline hydrolysis of tRNAs, which generates shorter RNA fragments that can be more
easily sequenced. These fragments might present phosphate groups in their 5’ and/or 3’ termini, which
are removed by Antarctic Phosphatase. PNK then phosphorylates all the RNAs at their 5’ end (as well as
removing 3’ phosphates, if still present), generating 5’-P and 3’-OH ends, to which the adapters for RT
(reverse transcription) and PCR (polymerase chain reaction) are ligated. Thus, the cDNA library is

generated and is ready for Illumina sequencing. Figure created with Biorender.com.

Analysis of the sequencing data was performed by the Bioinformatics Unit of the CRG, using the
tRNA Analysis of eXpression (tRAX) software (trna.ucsc.edu/tRAX/) (UC Santa Cruz), as described
in [208].

5.3. Reverse transcription quantitative polymerase chain reaction (RT-qPCR)

The mRNA levels of the target genes were quantified by RT-qPCR. The NZY First-Strand cDNA
Synthesis Kit (from NZYTech) was used to reverse transcribe cDNA from 1 ug of total RNA (in the
case of HEK293 cells) or IRNA (in the case of WT and 5xFAD mice), according to manufacturer’s
instructions. gPCR was performed with the Fast SYBR™ Green Master Mix (from Thermo Fisher

Scientific) in a 7500 Real Time PCR System (from Applied Biosystems). Expression results were
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normalized by B-actin expression in human samples, and by HPRT (hypoxanthine

phophoribosyltransferase 1) in murine samples. The specific primers for gPCR are summarized

in Table 5.
Target Target . Amplicon
& g. Primer Sequence (5’- 3’) ) P Source
gene specie size (nt)
Fw TTTGGGACCGCTTCTCGTC
Hs 388
DDIT4 Rv CGCAGTAGTTCTTTGCCCAC
Own design
(RTP801) Fw GCCTAGCCTTTGGGATCGTT
Mm 520
Rv CAGGGTCAACTGAAAGGTGG
XBP1 Fw GAGTCCGCAGCAGGTG
Hs, Mm 150
(spliced) Rv GGAAGGGCATTTGAAGAACA
[191]
Fw ACTACGTGCACCTCTGCAG
XBP1
. Hs, Mm 159
(unspliced)
Rv GGAAGGGCATTTGAAGAACA
Fw GGCGGCAGATAAAAAGACTG
BDNF Hs, Mm 202 Own design
Rv TACCCAGTCGTATGTTCGG
Fw TGGACCAGTCAGATGCAACAGG _
SEC24D Hs 155 Origene
(#HP211178)
Rv GGACCACATTGGAAGAAGACTGG
KALRN Fw | GATACCATATCCATTGCCTCCAGGACC
isoform 7) Rv CCAGGCTGCGCGCTAAACGTAAG
RTCB Fw GAAGGAGCAACTTGCCCAAGCT
Hs 161 Own design
(HSPC117) Rv AGTGCTCCTTGTCTTCAGCCCA
ACTB Fw TTGCCGACAGGATGCAGAAGGA
Hs 129 [210]
(Actin) Ry AGGTGGACAGCGAGGCCAGGAT
Fw TGTTGTTGGATATGCCCTTG
HPRT1 Mm 259 [211]
Rv AATGTCAGTTGCTGCGTCC

Table 5. Primers used for RT-qPCR. Hs = Homo sapiens; Mm = Mus musculus; Fw = Forward; Rv = Reverse.
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For primer design, the human, mouse (and rat) gene sequences were obtained from the Gene
database of NCBI (National Center for Biotechnology Information) and were aligned using the
Clustal Omega program. Then, the conserved regions of the sequences (if present) were entered
in the Primer-BLAST (basic local alignment search tool) of the NCBI, with the following
parameters: PCR product size, Min = 70, Max = 1000; Primer melting temperatures (Tm), Min =
57.0, Opt = 60.0, Max = 63.0, Max T, difference = 3. If there was little gene sequence
conservation between species, the Primer-BLAST was separately used for each specie. The
output primer pairs with less self-complementarity and fewer non-intended targets were chosen

and bought to Integrated DNA Technologies.

5.4. tRNA transfection

Mouse primary hippocampal neurons seeded in 12 mm coverslips were transfected at DIV 11
with the fraction of the tRNA samples not used for Hydro-tRNA-seq (see Methodology section
5.2). tRNAs were transfected using the lipid reagent Lipofectamine™ 2000 (from Thermo Fisher
Scientific) according to manufacturer’s instructions. Each coverslip received 100 ng of tRNAs, as
in Koltun et al. [212]. Concisely, for each well, tRNAs were mixed with 2 pL of Lipofectamine™
2000 and 600 pL of non-supplemented Neurobasal medium, and incubated for 20 min at RT.
Then, the culture medium was replaced by the mixture for 4 h, and neurons were kept in a 5%
CO; atmosphere at 37°C. The original culture medium was stored at 4°C and was used to replace
the mixture after the 4 h (it was warmed before being added to the neurons). Paraformaldehyde

(PFA) fixation (see Methodology section 6.1) was performed 30 h post-transfection.

6. Immunofluorescence and image analyses

6.1. Immunofluorescence of neuronal cultures

Mouse primary hippocampal neurons treated with tRNAs were fixed with 4% PFA (from Electron
Microscopy Sciences) in PBS for 20 min at RT. Next, coverslips were permeabilized with 0.25%
Triton X-100 (from Merck) in PBS for 5 min at RT and were blocked with Superblock™ Blocking
Buffer for 20 min at 37°C. Primary antibodies were diluted in Superblock™ Blocking Buffer and
incubated O/N at 4°C (Table 6). The next day, coverslips were incubated with the corresponding
secondary antibodies diluted in Superblock™ Blocking Buffer for 2 h at RT (Table 6).
Simultaneously, nuclei were labeled with 1:5000 bisbenzimide H-33342 trihydrochloride
(Hoechst 33342, from Thermo Fisher Scientific). Between all steps coverslips were washed thrice

in PBS. After secondary antibody incubation, coverslips were washed with Milli-Q water and
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were mounted on glass microscope slides using ProLong™ Gold Antifade Mountant (from

Thermo Fisher Scientific).

Antibody Host Dilution Source
MAP2 Mouse 1:500 Abcam, #ab11268
ClvCas3 Rabbit 1:200 Cell Signaling Technologies, #9661
Alexa Fluor™ 488 anti-mouse IgG Goat 1:500 Thermo Fisher Scientific, #A-11017
Alexa Fluor™ 555 anti-rabbit 1gG Goat 1:500 Thermo Fisher Scientific, #A-21430

Table 6. Primary and secondary antibodies used for immunofluorescence of cultured neurons. MAP2 =

microtubule associated protein 2. ClvCas3 = cleaved caspase 3. IgG = immunoglobulin.

Samples were observed under an epifluorescent microscope (Leica AF6000, Leica Application
Suite X (LAS X) software) at the Advanced optical microscopy unit (Centres Cientifics i
Tecnologics de la UB (CCiTUB), Campus Clinic). Images were obtained with a 20x objective, and

5 images were obtained per coverslip.

6.2. Neuron viability analysis

For the neuron viability and neuron branching analyses, the Cell Profiler software
(www.cellprofiler.org, Broad Institute) [213], [214] was used as previously described [215].
Briefly, global nuclei and neuronal somas (MAP2*) were identified as independent objects, and
a mask with neuronal soma was used to obtain only neuronal nuclei. MAP2* nuclei classification
into viable, condensed, or fragmented was based on intensity, intensity distribution, size and
shape, texture, and granularity parameters, using machine learning in Cell Profiler Analyst
software [216], [217]. ClvCas3 positive cells were identified as independent objects and were
related with neuronal somas, with the RelateObjects module, to distinguish neurons positive or

negative for ClvCas3. Measures of ClvCas3 mean intensity per neuron were obtained.

6.3. Neuron branching analysis

The analysis of neuronal branching was performed in MAP2 images using Cell Profiler software
as previously described [86]. In short, the neurites of all neurons were subtracted to keep only
the neuronal somas, which were identified as independent objects. Neurites were then
enhanced using the enhancement method “line structures” and were turned into a binary
image. From this image, and using the neuronal soma as input, whole neurons were identified
as independent objects. Objects at the border of the image were discarded. Neuron objects were
used to mask the binary image of enhanced neurites. From the masked image, the

morphological skeleton was created with the Morph module (Figure 19A). Measurements of
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trunks (primary dendrites), non-trunk branches (intermediate dendrites), branch ends (terminal
branches), and total tree length were obtained per neuron, using the MeasureObjectSkeleton

module (Figure 19B). Neurons from 5 fields per coverslip were analyzed.
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Figure 19. Analysis of neuron branching. (A) Schematic of the Cell Profiler pipeline used for the obtention
of the neurons’ skeleton. (B) Graphic representation of the types of neuronal branches analyzed. The

length of all the branches combined is known as “total tree length”. Panel obtained from [215].

7. Statistical and bioinformatics analyses

All in vitro experiments were performed with technical replicates and were repeated 3 times
(n=3), unless otherwise stated in the figure legend. Normal distribution was assumed when all
the data passed at least one of the following normality tests: D'Agostino & Pearson, Shapiro-
Wilk, and/or Kolmogorov-Smirnov. When two normal conditions were compared, analyses were
performed using the unpaired two-tailed Student’s t-test (95% confidence). Welch’s correction
was applied when variances were significantly different between conditions according to F-test.
When Gaussian distribution was not assumed, the Mann-Whitney U test was performed. For in
vivo experiments, in which animals are classified into 4 groups based on 2 different variables
(genotype and treatment), 2-way ANOVA (analysis of variance) with Bonferroni’s or Tukey’s post
hoc test was performed. Correlation analyses were measured using Pearson correlation
coefficient. To detect significant outlier values, Grubbs’ and ROUT tests were used. All data are
expressed as mean + standard error of the mean (SEM). Values of P < 0.05 were considered
statistically significant. All p-values are two-sided. All statistical tests were performed on
GraphPad Prism 8.0, except for the receiver operating characteristic (ROC) curves and the Gene

Ontology (GO) enrichment analyses, which were performed on R.

For the generation of ROC curves, protein expression values obtained from WB were used as
predictor outcomes for the condition (CT or AD). R package pROC v.1.18.5 [218] was used for
performance evaluation of the predictors, and ggplot2 v.3.4.4 [219] was used for graphical
representation of the curves. Enrichment analysis of RTP801l-interacting proteins was
performed using enrichR R interface to the Enrichr database [220] and using the GO Molecular

Function 2023 gene set library.

All mice bred for the experiments were used for pre-planned experiments and randomized to

experimental groups. Data were collected, processed, and analyzed blindly.
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1. Nature of the interaction between RTP801 and the members of the

tRNA-LC

The cellular pools of tRNA and mRNA are crucial for the efficiency and accuracy of translation.
Indeed, the translation time of a certain codon is positively correlated with the abundance of
the tRNAs recognizing it [221]. Moreover, the tRNA and mRNA pools have been shown to change
depending on the status of the cell. Thus, under physiological conditions, mRNAs tend to use
common codons, whereas stress-responsive proteins use rare codons [222]. Thus, both the tRNA
and mRNA pools are subject to a very tight, but dynamic regulation [223]. In this sense, the
tRNA-LC has an important role, since it controls both the splicing of tRNAs and the
unconventional splicing of specific mRNAs, such as XBP1, which encodes the transcription factor

XBP1s. This complex is constituted by HSPC117, DDX1, CGI-99, FAM98B, and ASW.

Indeed, in preliminary results from our group in rat primary cortical neurons, endogenous
RTP801 was immunoprecipitated to investigate its interactors by MS. We found 43 proteins,
including DDX1 and HSPC117, two of the tRNA-LC effectors. However, to date, a role of RTP801

on tRNA or mRNA metabolism has not been described.

For this reason, in this work we decided to study the nature of the interaction between RTP801
and the members of the tRNA-LC, with the perspective of describing a novel function of this

protein.

1.1. Confirmation of RTP801 interaction with DDX1 and HSPC117

As aforementioned, in preliminary results of our group endogenous RTP801 was
immunoprecipitated in rat primary cortical neurons and 43 protein interactors were detected
by MS. To unravel potential novel functions of RTP801, we started by checking whether these
interactors were participating in similar physiological processes or had common functions. Thus,
we first performed a Gene Ontology (GO) biological process enrichment analysis of the
interactors (Figure 20). Interestingly, we found that 16 out of the 43 proteins were RNA binding
proteins, suggesting that RTP801 might be involved in RNA metabolism. Interestingly, two of
these RNA-binding proteins were DDX1 and HSPC117, two members of the tRNA-LC.
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Figure 20. RTP801 mostly interacts with RNA binding proteins. GO biological process enrichment analysis
of RTP801 interactors. For each enriched category, the Fisher’s exact test p-value is calculated, and bars
are colored according to it. The top 20 enriched GO molecular function terms are plotted. LDL = low-

density lipoprotein. Hsp70 = 70-kDa heat shock protein.

To investigate whether these interactions were exclusive for rat embryonic neurons in culture,
or they could be extended to other cell types and organisms, we turned to human proliferative
cells. Hence, we treated HEK293 cells for 2 h with DSP, a chemical cross-linker, and we
immunoprecipitated endogenous RTP801. As expected, we detected both DDX1 and HSPC117
by WB. Moreover, CGI-99, another member of the tRNA-LC, was also pulled down. On the
contrary, actin, which was included as negative control, was not detected (Figure 21).
Unfortunately, we were unable to detect FAM98B (which is also part of the complex) with the
available antibody, even in the IP inputs. Thus, we confirmed the results obtained by MS, and,

in addition, we could detect another tRNA-LC member, CGI-99, after pulling down RTP801.
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Figure 21. RTP801 co-immunoprecipitates with DDX1, HSPC117, and CGI-99 in HEK293 cells. After a 2-
hour treatment with DSP, HEK293 cells were harvested and endogenous RTP801 was
immunoprecipitated. Some lysates were incubated with beads or beads bound to normal IgGs as negative
controls. Samples were then analyzed by WB. The asterisks indicate the bands corresponding to RTP801

(= 28 kDa) and CGI-99 (=27 kDa). n = 2. M.W. = molecular weight.
1.2. RTP801 does not affect the protein stability of the complex members

Once confirmed the interaction of RTP801 with HSPC117, DDX1, and CGI-99, we investigated
whether RTP801 could be mediating the stability, and therefore, the protein levels of the
complex members. Hence, we used a shRNA to downregulate RTP801 in HEK293 cells (Figure
22A-E) and in rat primary cortical neurons (Figure 22F-J), the two cellular models where we had
observed the interactions (Figure 20, 21). We downregulated RTP801 expression by a 30% in
both cases, as previously reported [71], [114], [118], assessed by WB (Figure 22B, G). However,
the levels of HSPC117, DDX1, and CGI-99 were unaffected by RTP801 silencing (Figure 22C-E, H-
J). Thus, although the interaction of RTP801 with the tRNA-LC is conserved between species and

cell types, it does not influence the protein levels of its members.
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Figure 22. RTP801 does not affect the protein levels of the members of the tRNA-LC. (A) WB for RTP801,
HSPC117, DDX1, CGI-99, and actin as loading control in HEK293 cells transfected with shRNA against
RTP801. (B-E) Densitometric quantification of RTP801 (B), HSPC117 (C), DDX1 (D), and CGI-99 (E) results.
(F) WB for RTP801, HSPC117, DDX1, CGI-99, and actin as loading control in rat cortical neurons infected
with shRNA against RTP801-containing lentiviruses. (G-J) Densitometric quantification of RTP801 (G),
HSPC117 (H), DDX1 (1), and CGI-99 (J) results. All data are analyzed with the unpaired two-tailed Student’s
t-test, and are represented as mean + SEM. Values represent technical replicates of 3 independent

experiments. **p < 0.01, and ***p < 0.001.

1.3. RTP801 does not affect the gene expression of DDX1 or RTCB

In parallel, we studied whether RTP801 could be affecting the gene expression of DDX1 and
HSPC117. For this, we transfected HEK293 cells with shRTP801 and assessed the mRNA levels of
DDX1 and RTCB by RT-gqPCR (Figure 23). First, we validated the correct silencing of DDIT4
(RTP801 coding gene, Figure 23A) and observed a 25% downregulation, similar to the protein
reduction results (Figure 22B). When we assessed the mRNA levels of RTCB and DDX1 no
significant changes were observed (Figure 23B-C), indicating that RTP801 is not regulating the

gene expression of these factors either.
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Figure 23. RTP801 does not affect the mRNA levels of RTCB or DDX1. HEK293 cells were transfected with
shCT or shRTP801 and 3 days later, RNA was extracted, retrotranscribed and RT-gPCR was performed.
Relative expression of DDIT4 (A), RTCB (B), and DDX1 (C). ACTB (B-actin) was used to normalize the
expression of all genes. All data are analyzed with the unpaired two-tailed Student’s t-test, and are

represented as mean t SEM. Values represent technical replicates of 2 independent experiments. *p <

0.05.
1.4. HSPC117 and DDX1 modulate the protein stability of RTP801

Since RTP801 does not affect the protein stability of DDX1, HSPC117, nor CGI-99, we wondered
whether the complex members could be regulating RTP801 protein stability. Note that RTP801
has a 2 to 5-minute half-life [91], [92] and is very sensitive to interactors and stressors.
Therefore, we used shRNA to downregulate HSPC117 or DDX1 in HEK293 cells and analyzed the
protein levels of the members of the complex by WB (Figure 24A-E). First, we validated the
efficiency of shHSPC117 and shDDX1 (Figure 24B-C), and confirmed that the former caused a
30% reduction in its protein levels, whereas the latter led to a 45% decrease in DDX1 protein
levels. Interestingly, the downregulation of HSPC117 significantly diminished DDX1 protein
levels (Figure 24C). Regarding RTP801, both shHSPC117 and shDDX1 caused a significant
reduction in its levels (Figure 24D), suggesting that both DDX1 and HSPC117 stabilize RTP801
protein. On the contrary, the levels of CGI-99 were unaffected by HSPC117 or DDX1 silencing
(Figure 24E). Altogether, these results suggest that HSPC117 might be the master regulator of
the complex since it modulates the protein levels of DDX1 and RTP801. In addition, DDX1 also

appears to be important for the stability of RTP801.
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Figure 24. HSPC117 and DDX1 regulate the protein stability of RTP801. (A) WB for HSPC117, DDX1,
RTP801, CGI-99, and actin as loading control in HEK293 cells transfected with shRNA against HSPC117 or
against DDX1. (B-E) Densitometric quantification of HSPC117 (B), DDX1 (C), RTP801 (D), and CGI-99 (E)
results. All data are analyzed with the one-way ANOVA test and compared with Dunnett’s multiple
comparison test, and are represented as mean * SEM. Values represent technical replicates of 3

independent experiments. *p < 0.05, **p < 0.01, and ***p < 0.0001.
1.5. HSPC117 and DDX1 do not affect the gene expression of DDIT4

To assess whether the regulation of HSPC117 and DDX1 over RTP801 protein levels is due to
changes in DDIT4 transcription, we knocked down HSPC117 or DDX1 and analyzed the mRNA
levels of DDIT4 by RT-qPCR (Figure 25). We first confirmed the correct knockdown of RTCB,
which was a 30% (Figure 25A), and DDX1, which was a 40% (Figure 25B), as in Figure 24.
Strikingly, HSPC117 downregulation caused a significant increase in the mRNA levels of DDX1.
Regarding DDIT4, both shHSPC117 and shDDX1 tended to reduce its expression, but it did not
reach significance (Figure 25C). Altogether, these results show that the regulation of HSPC117
and DDX1 over RTP801 is mostly at the protein levels (Figure 24D), rather than to gene

expression (Figure 25C).
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Figure 25. HSPC117 and DDX1 do not regulate the gene expression of DDIT4. HEK293 cells were
transfected with shCT, shHSPC117, or shDDX1 and 3 days later, RNA was extracted, retrotranscribed and
RT-gPCR was performed. Relative expression of RTCB (A), DDX1 (B), and DDIT4 (C). ACTB (B-actin) was
used to normalize the expression of all genes. All data are analyzed with the one-way ANOVA test and
compared with Dunnett’s multiple comparison test, and are represented as mean = SEM. Values represent

technical replicates of 2 independent experiments. **p <0.01, and ***p < 0.001.

Overall, these data suggest that RTP801 does not regulate the mRNA or protein levels of the
members of the complex, but rather, its own protein stability might depend on the protein levels

of HSPC117 and DDX1.
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2. Role of RTP801 in the mRNA ligase activity of the tRNA-LC

The tRNA-LC is a pentameric complex involved in the splicing of tRNAs [126], but also in the
unconventional splicing of XBP1 [191]. XBP1 mRNA undergoes canonical splicing in the nucleus
but retains a short, 26-nucleotide intron. This mRNA with intron (XBP1u, unspliced) is translated,
producing the protein XBP1u. However, the accumulation of unfolded or misfolded proteins in
the ER activates the UPR, which leads to the cleavage of XBP1u mRNA in the cytoplasm by IRE1
and the subsequent ligation by the tRNA-LC. This mRNA (XBP1s, spliced) is translated generating
a transcription factor that helps to restore ER homeostasis. For instance, XBP1s promotes the

transcription of chaperones, lipogenic enzymes, and BDNF [192], [199].

In the previous section of this thesis, we confirmed the interaction of RTP801 with 3 members
of the tRNA-LC, and we found that RTP801 does not regulate their protein nor mRNA levels.
Hence, in this section we aimed to investigate whether RTP801 interaction with the complex is
translated to a modulation of its ligase activity, investigating first whether RTP801 could regulate

the mRNA ligase activity of the tRNA-LC over XBP1.

2.1. RTP801 inhibits XBP1 splicing in vitro

Since RTP801 interacts with DDX1, HSCP117, and CGI-99, but it does not regulate their mRNA or
proteins levels, we hypothesized that it could be modulating their activity. To check whether
RTP801 affected the mRNA ligase activity of the tRNA-LC we studied the splicing of XBP1 when
RTP801 was either downregulated or upregulated (Figure 26). Therefore, HEK293 cells were
transfected either with shRTP801 (Figure 26A-F) or with a plasmid encoding for an eGFP-RTP801
fusion protein (Figure 26G-L). Strikingly, knocking down RTP801 by a 25 % (Figure 26A) caused
a significant increase in XBP1s mRNA (Figure 26B) without altering the levels of XBP1u (Figure
26C), leading to an elevation of the XBP1s/XBP1u ratio (Figure 26D). Interestingly, we also
observed a significant increase in SEC24D mRNA, a target gene of XBP1s as a transcription factor
[224] (Figure 26E), but we found no changes in another target gene, BDNF [199] (Figure 26F).
On the contrary, RTP801 overexpression (Figure 26G) resulted in a significant accumulation of
XBP1u with no changes in XBP1s, which resulted in a reduced XBP1s/XBP1u ratio (Figure 26H-J).
Regarding SEC24D and BDNF, no differences were observed when RTP801 was upregulated
(Figure 27K-L). These results suggest that RTP801 inhibits the unconventional splicing of XBP1,

since its levels inversely correlated with the XBP1s/XBP1u ratio.
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Figure 26. RTP801 inhibits the splicing of XBP1 in vitro. HEK293 cells were transfected with shCT,
shRTP801, eGFP, or eGFP-RTP801. RNA was extracted, retrotranscribed and RT-qPCR was performed, 2
(for overexpressing vectors) or 3 (for silencing vectors) days later. (A-F) RT-gPCR results in HEK293 cells
with downregulation of RTP801. Relative expression of DDIT4 (RTP801 coding gene) (A), XBP1s (B), XBP1u
(C), XBP1s/XBP1u (D), SEC24D (E), and BDNF (F). (G-L) RT-gPCR results in HEK293 cells with upregulation
of RTP801. Relative expression of DDIT4 (G), XBP1s (H), XBP1u (1), XBP1s/XBP1u (J), SEC24D (K), and BDNF
(L). ACTB (B-actin) was used to normalize the expression of all genes. All data are analyzed with the
unpaired two-tailed Student’s t-test. Welch’s correction was applied in panels (A, B, D, G, H, and I) because
variances were unequal between the two conditions. All data are represented as mean + SEM. Values

represent technical replicates of 3 independent experiments. *p < 0.05.

2.2. HSPC117 silencing does not affect XBP1 splicing in vitro

Iwawaki et al. [225] and Jurkin et al. [191] found that HSPC117 silencing alone did not affect
XBP1 splicing in vitro, in contrast to what we found regarding RTP801 levels, which could, per se,
affect the ligase activity of the complex. Hence, we wanted to confirm that, in our hands,
HSPC117 silencing did not affect the unconventional splicing of XBP1 either. Thus, HEK293 cells
were transfected with shHSPC117 and the mRNA levels of XBP1s and XBP1u were assessed by
RT-qPCR (Figure 27). The shRNA induced a 50% knockdown of RTCB expression (Figure 27A), but
the mRNA levels of XBP1s and XBP1u were unaltered by HSPC117 silencing (Figure 27B-C).
Consequently, the ratio between the levels of XBP1s and XBP1u, which is commonly used as a
readout of splicing efficiency, was not significantly different between conditions (Figure 27D).

Hence, we confirmed previous observations indicating that low levels of HSPC117 are sufficient

to maintain XBP1 splicing in vitro.
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Figure 27. HSPC117 silencing does not affect XBP1 splicing. HEK293 cells were transfected with shCT or
shHSPC117 and 3 days later, RNA was extracted, retrotranscribed and RT-qPCR was performed. Relative
expression of RTCB (A), XBP1s (B), and XBP1u (C) normalized to ACTB (B-actin). (D) Relative expression of
XBP1s normalized to XBP1u as a readout of XBP1 splicing. All data are analyzed with the unpaired two-
tailed Student’s t-test. Data in panel (C) were analyzed with Mann-Whitney U test because values did not
pass the normality test. All data are represented as mean * SEM. Values represent technical replicates of

3 independent experiments. ****p < 0.0001.
2.3. XBP1 splicing is impaired in the hippocampus of AD patients

Considering that RTP801 inhibits XBP1 splicing in vitro, we explored whether this could occur in
the context of the human pathology of AD, where RTP801 has been found upregulated both in
hippocampal samples and lymphocytes [114], [121]. Since a long time between the patients’
death and the obtention of tissue (known as postmortem delay) seriously affects the quality of
the RNA samples (assessed by the RNA integrity number or RIN), we decided to evaluate XBP1
splicing by checking the protein levels of XBP1s and XBP1u (Figure 28), rather than the mRNA.
Moreover, we also investigated the protein levels of effectors of the PERK branch of the UPR as

an additional readout of ER stress (illustrated in Figure 28A).

First, we confirmed the elevation of RTP801 in hippocampal AD patients’ samples compared to
age-matched controls (CT) (Figure 28B), as we previously described [114]. In addition, we found
no significant changes in HSPC117, DDX1, or CGI-99 protein levels (Figure 28C-E). Nonetheless,
we found a drastic reduction in the protein levels of XBP1s with no changes in the levels of
XBP1u, leading to a decreased XBP1s/XBP1u ratio in the hippocampus of AD patients (Figure
28F-H). Regarding the PERK branch of the UPR, we found significantly increased phosphorylation
of elF2a on serine 51 in the hippocampus of AD patients, whereas the levels of the transcription
factor ATF4 were not altered (Figure 28I-J). Then, we studied whether any of the proteins with

significantly different levels in the hippocampus of AD patients could be used as a classifier of
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the presence or the absence of the disease. Thus, the protein levels of RTP801, XBP1s, and P-
elF2a Ser51 were used to plot ROC curves (Figure 28K-M), and they were found to be very good
classifiers, as determined by the area under the curve (AUC), being RTP801 the best marker.
Altogether, these results indicate that, although the protein levels of the members of the tRNA-
LC are not altered in the hippocampus of AD patients, XBP1 splicing is dramatically reduced. In
addition, the PERK branch of the UPR seems active in the hippocampus of AD patients, judged
by the phosphorylation of its main effector elF2a. Hence, these results suggest that elevated
levels of RTP801 in the hippocampus of AD patients are specifically inhibiting the tRNA-LC
activity over XBP1 splicing, without affecting the other branches of the UPR.

115



RESULTS

PERK

ER lumen

tRNA-LC

ANANANAN
X8P1s mRNA

|
&

—

=

PAE A aVa TR Vol
Intron + exons

ANANAANAN
XB8P1u mRNA

1

Cytoplasm

Global repression

‘ ‘m of translation
— — C— — — — — - ;
Chaperones Nucleus
BDNF Chaperones

”I :SEQ‘D

8 ¢ 5 8

g

o

RTP801 relative expression (%)

20 B9 . RTPEO1
42 W W Actin

-

g £ .
S §
g B
-3 o
2 2
3 i 1004 'z
2 2
Q. o
2 2 o
cT
ST W& xBP1s 2=

42 W Actin

RTP801
08 ——I
206
:
B o0s
02
AUC = 0.900
00
10 08 06 04 02 00
Specificity

116

C

1

g
5
5
£
g
g

AD

42 W Actin

i
VAR

E

g £
E 300 g =
2 200
= § §
X 3 150
g (3
50 E 100 % 100
e
puc g %o
E -
[ 2 o 8 o
cT  AD AD cr  AD
55 s saw HSPC117 80 W @ DDX1 27 . W cGl09
42 —— Actin 42 e e Actin 42 W W Actin
g
3 g
g 250 g < 200
© 200 g § 150
P E
® 2 & S 10
3 100 3 £
o a3 3
@ b € so
=i &0 K ¥
g pi E
w 0 < 9
g cT  AD cT  AD
x P-elF2a
X8P1u 57 8 ¥ “xepis 37 . s 48 W W ATF4
2 = XBP1u 37 W W elF2a 42 W Actin
. XBP1s P-elF2a Ser51
081 08
£0861 o6
3 04 (3 04
02 02
AUC = 0.857 AUC = 0.893
00 00
10 08 06 04 02 00 10 08 06 04 02 00
Specificity Specificity



RESULTS

Figure 28. Reduced XBP1 splicing in the hippocampus of AD patients. (A) Graphical representation of the
IRE1 and the PERK branches of the UPR. Accumulation of unfolded or misfolded proteins leads to the
activation of the UPR. The effector of the IRE1 branch is XBP1s, a transcription factor whose mRNA
requires the ligation by the tRNA-LC to be translated. The effector of the PERK branch is phosphorylated
elF2a, which promotes the translation of ATF4. (B-J) WB and densitometric quantification for RTP801 (B),
HSPC117 (C), DDX1 (D), CGI-99 (E), XBP1s (F), XBP1u (G), XBP1s/XBP1u (H), p-elF2a Ser51 (1), ATF4 (J), and
actin as loading control in human hippocampal samples. All data are analyzed with the unpaired two-
tailed Student’s t-test (except for panel (D and H)). The arrows in panels (F and H) indicate the specific
band for XBP1s (= 57 kDa). Welch’s correction was applied in panels (B and F) because variances were
unequal between the two conditions. Data in panels (D and H) were analyzed with Mann-Whitney U test
because values did not pass the normality test. All data are represented as mean + SEM. *p < 0.05 and
**p < 0.01. (K-M) ROC curves of RTP801 (K), XBP1s (L), and p-elF2a Ser51 (M) obtained from the

densitometric analyses of protein levels in (B), (F), and (1), respectively.

2.4. Normalization of hippocampal RTP801 levels in the 5xFAD mouse model of AD

promotes the splicing of Xbp1

Our results in vitro and in the hippocampus of AD patients suggested that RTP801 inhibited XBP1
splicing, probably by means of its interaction with the tRNA-LC. Therefore, to confirm these data,
we used the 5xFAD mouse model of AD, where we could modulate neuronal RTP801 levels and
see the effect on XBP1 splicing in vivo. Previously, we had already described that RTP801
silencing in the hippocampal neurons of 5xFAD and R6/1 mice (mouse models of AD and HD,
respectively) prevented cognitive deficits, reduced gliosis, and decreased the protein levels of
several inflammasome markers (summarized in Figure 29A) [114], [118]. Thus, we performed
intra-hippocampal (CA1 and DG) injections of neuron-targeted AAVs containing GFP-tagged
shCT or shRTP801 vectors (see Methodology section 3.6 for more information) in 6-month-old
WT and 5xFAD mice. This approach generated four groups of mice namely: WT shCT, WT
shRTP801, 5xFAD shCT, and 5xFAD shRTP801. One month after injection, the hippocampi were
collected, and the RNA and the protein fractions were isolated, to perform biochemical and
functionality experiments (Figure 29B). In this occasion, animals were not subjected to

behavioral testing.
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Figure 29. RTP801 silencing in 5xFAD mice. (A) Graphical representation of the effects of RTP801 genetic
silencing in the dorsal hippocampus of 5xFAD and R6/1 mice [114], [118] RTP801 was downregulated
using neuron-targeted AAVs containing shRTP801 bilaterally injected in the DG and the CA1 regions of the
hippocampi. The effects of RTP801 in cognition and neuroinflammation for each mouse model are
summarized in the color rectangles. (B) Timeline of mice surgery and sampling. WT and 5xFAD mice, at 6
months of age, were bilaterally injected in the dorsal hippocampus with neuron-directed AAVs containing
shCT or shRTP801 and tagged with GFP. 4 weeks later, animals were euthanized, and the hippocampi were

obtained for RT-qPCR, tRNA sequencing, tRNA transfection, and WB. Figure created with Biorender.com.

First, we assessed the magnitude of RTP801 silencing, by WB and RT-qPCR (Figure 30). By WB,
we observed that the shRNA against RTP801 non-significantly reduced its protein levels (Figure
30A-B). Similarly, the expression of Ddit4, which was significantly augmented in 5xFAD mice
compared to WT, also tended to decrease with the shRNA, assessed by RT-qPCR (Figure 30C).
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Figure 30. Genetic inhibition of RTP801 levels in the dorsal hippocampus of 5xFAD mice. (A) WB for
RTP801 and GFP as loading control for transduced neurons in the dorsal hippocampus of 7-month-old WT
shCT, WT shRTP801, 5xFAD shCT, and 5xFAD shRTP801 mice. (B) Densitometric quantification of RTP801
results. (C) RT-gPCR results for Ddit4 in the dorsal hippocampus of WT shCT, WT shRTP801, 5xFAD shCT,
and 5xFAD shRTP801 mice. Hprt was used to normalize the expression of Ddit4. Data are means + SEM.
In all comparisons two-way ANOVA with Tukey’s post hoc test was performed. Each value represents one

animal. *p < 0.05.

Since we obtained high quality RIN values of the total hippocampal RNA isolated from mice

samples (Table 7), we assessed the splicing of Xbp1 by RT-qPCR.

Condition Sample RIN Condition Sample RIN
3 8.4 1 8.1
5 8.4 5xFAD shCT 16 8.4
WT shCT 6 8.5 18 8.3
11 8.4 2 8.2
15 8.6 7 8.1
4 8.5 8 8.1
10 8 12 8.5
17 8.5 14 8.6
21 8.9 19 8.3

Table 7. RNA integrity number (RIN) values of total RNA from the mouse hippocampal samples.

Thus, sncRNAs (17-200 nucleotides) and IRNAs (>200 nucleotides) were isolated from the total
RNA with a commercial kit. The sncRNAs were posteriorly used for tRNA sequencing whereas

the IRNAs were used for the assessment of Xbp1 splicing by RT-qPCR (Figure 31). Regarding Xbp1
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splicing, we found that the levels of Xbp1s mRNA are not altered in 5XxFAD mice compared to WT
animals (Figure 31A). However, Xbplu tends to accumulate in 5xFAD mice, and, interestingly,
RTP801 silencing significantly reduces the levels of the unspliced form of Xbp1 (Figure 31B). As
for the ratio between Xbpls and Xbplu, used as a readout of splicing efficiency, we observed
that silencing RTP801 promotes Xbpl splicing (Figure 31C), which is in line with our in vitro
results (see Figure 27D). In addition, when we monitored the expression of XBP1s transcriptional
targets, we observed that RTP801 downregulation in 5xFAD mice increased the levels of Bdnf
MRNA, a neurotrophin that plays an essential role in neuronal survival and growth, as well as in
learning and memory [226] (Figure 31D). On the other hand, the mRNA levels of other XBP1s
targets, such as Sec24d (Figure 31E) and Kalirin-7 (Figure 31F) were invariable between
experimental groups. Altogether, these results suggest that RTP801 impairs the activity of the
tRNA-LC over Xbpl splicing in WT and 5xFAD mice. Indeed, the present data suggest that
additional mechanisms may account for the induction of Bdnf detected in the 5xFAD mice with

neuronal RTP801 silencing.
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Figure 31. RTP801 downregulation in 5XxFAD mice hippocampal neurons promotes Xbp1 splicing. (A-F)
RT-qPCR results relativized to Hprt. Relative expression of Xbp1s (A), Xbplu (B), Xbpls/Xbplu (C), Bdnf
(D), Sec24d (E), and Kalirin-7 (F). Data are means + SEM. Each value represents one animal. In all panels

two-way ANOVA with Tukey’s post hoc test was performed. *p < 0.05.
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Overall, these data present RTP801 as a novel regulator of the mRNA ligase activity of the tRNA-
LC over XBP1 splicing, both in vitro and in vivo, and suggest that the abnormally high levels of
RTP801 found in the hippocampus of AD patients might be also contributing to the impairment

of this process.
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3. Effect of RTP801 in the tRNA ligase activity of the tRNA-LC

tRNAs are transcribed as immature products containing 5’ leader and 3’ trailer sequences at
their ends. Furthermore, around a 7% and a 5% of human and mouse pre-tRNAs present introns,
respectively [141]. These introns must be spliced out during tRNA processing to obtain the
mature tRNAs, which will participate in mRNA translation at the ribosomes. The splicing of
introns requires their excision, which is performed by the TSEN complex [143], and the
subsequent ligation. Nonetheless, the mammalian enzyme (or enzymes) that performs the
ligation remained elusive until 2011, when Popow et al. [126] discovered the tRNA-LC using
activity-guided chromatography followed by MS. They found that HSPC117 was the essential
subunit of the complex and its depletion inhibited maturation of intron-containing pre-tRNAs
both in vitro and in living cells. Interestingly, the individual depletion of any other member of

the complex did not interfere with the tRNA ligase activity of the complex.

In the previous section of this thesis, we described that RTP801 inhibits the activity of the tRNA-
LC over XBP1 mRNA unconventional splicing, both in vitro and in a mouse model of AD. In this
section, we aimed to study whether RTP801 could be also regulating the tRNA ligase activity of

the complex.

3.1. tRNAisolation from total RNA

As mentioned in Results section 2.4, total RNA from mouse hippocampi was obtained, and after
checking its quality (see Table 7), sncRNAs and IRNAs were isolated using a commercial kit. As
expected, the amount of IRNA and sncRNA positively correlated with the amount of total RNA
in the samples (Figure 32A-B, respectively). The IRNA represented the 86.37% of the total RNA,
whereas the sncRNA represented only the 13.63% of all RNA amount. Importantly, no
differences in these proportions were detected between experimental groups (Figure 32C). As
aforementioned, the IRNA was used for RT-qPCR (see Figure 31) while the sncRNA was used for
tRNA isolation. Briefly, sncRNA samples were resolved in a urea-polyacrylamide gel and, using
UV shadowing, the 60-100 nt fractions (containing both pre-tRNAs and mature tRNAs, but tiny
amounts of other sncRNAs such as rRNA or small nucleolar RNAs (snoRNAs)) were excised (more
information in Methodology section 5.1). The tRNA-enriched fraction represented the 38.04%
of the total amount of these sncRNAs (Figure 32D). Overall, this RNA characterization indicates
that most of the RNA of the mouse hippocampus represents IRNA, and that approximately a

third of the sncRNAs are precursor or mature tRNAs.
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Then, part of the tRNA-enriched fraction was used to perform Hydro-tRNA-seq, a sequencing
protocol specifically designed for pre-tRNA and mature tRNA detection and quantification [140].
This technique overcomes the high number of modifications found in tRNA by hydrolyzing it into
more manageable fragments. Thus, during the sequencing process, the tRNA fractions were
hydrolyzed, dephosphorylated, and rephosphorylated to be able to generate the cDNA library
(see Methodology section 5.2 for more information). Analysis of the sequencing data was
performed by the Bioinformatics Unit of the CRG, using the tRAX software, who sent us the

curated data for further analyses.
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Figure 32. RNA characterization in the mouse hippocampus. (A-B) Pearson’s correlation analyses
comparing the initial amount of total RNA obtained from the mouse hippocampal samples with the
amount of IRNA (A) or sncRNA (B) obtained after the usage of the commercial kit. (C) Contribution (in
percentage) of the IRNA and the sncRNA to the total RNA. (D) Contribution (in percentage) of the tRNA to
the sncRNA. Data are means = SEM. Each value represents one animal. In panels (C-D) two-way ANOVA

with Tukey’s post hoc test was performed.

123



RESULTS

3.2. Characterization of the sequencing data

We first assessed the correct sequencing of our samples by characterizing the obtained reads.
All samples passed the quality metrics generated by tRAX (Table 8), which demonstrates that

the sequencing was successful.

Quiality metric Reference value Obtained value (mean)
Sequencing read merging rate (%) > 60 66.52
tRNA reads (%) > 50 63.40
rRNA reads (%) <35 2.04
Reads mapping unannotated regions (%) <35 12.99
Read length average (nt) <40 39.78
Reads between 15 and 50 nt (%) >70 86.36
tRNAs with more than 20 reads (%) >50 97.7

Table 8. Quality assessment guidelines generated by tRAX.

Then, we characterized the types of sncRNAs present in our samples (Figure 33). We found that,
on average, most of our merged reads mapped mature (51.8%) or precursor tRNAs (11.6%), in
consonance with the bibliography [140]. Interestingly, mt-tRNAs represented an additional
15.3% of the reads. Other sncRNAs such as rRNAs or snoRNAs were also present but in a much
lesser extent, as anticipated. No significant differences in the proportion of RNA types were
found when animals were compared, either individually (Figure 33A) or grouped per condition
(Figure 33B). These results indicate that the RNA fraction isolated from the urea-polyacrylamide
gel was indeed enriched in tRNAs, either mature, precursor, or mitochondrial, and that it

contained very low amounts of other undesired sncRNAs.
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Figure 33. Characterization of Hydro-tRNA-seq merged reads. (A-B) Read distribution of the detected
sncRNA types, individually (A) and grouped per condition (B). Most of the reads corresponded to mature
tRNAs, but pre-tRNAs and mt-tRNAs were also present. rRNAs and snoRNAs were detected in a much
lesser extent, as expected. In panel (A) two-way ANOVA with Tukey’s post hoc test was performed for

each sncRNA type, but no significant differences were detected.

3.3. Specific accumulation of intron-containing pre-tRNAs in the hippocampus of

5xFAD mice

After confirming the favorable outcome of the sequencing, we compared the pool of precursor
and mature tRNAs between WT shCT and 5xFAD shCT mice, classifying the tRNA species by their
anticodon (Figure 34). Strikingly, all pre-tRNA isodecoders with intron-containing species
(R/arginine-TCT, I/isoleucine-TAT, L/leucine-CAA, and Y/tyrosine-GTA) were significantly
accumulated in 5xFAD mice (Figure 34A, indicated with a red square in the Y axis). This
accumulation, however, was not observed as for the mature tRNAs (Figure 34B). Significant
differences were also found in the levels of precursor tRNA-Ala-TGC, tRNA-Asp-GTC, and tRNA-
Sec-TCA, as well as in mature tRNA-Asp-GTC, tRNA-lle-AAT, and tRNA-Ser-CGA. Altogether, these
results suggest that 5XxFAD mice specifically accumulate intron-containing pre-tRNAs, which
might be due to an impairment (or a slowdown) in tRNA splicing (either in the cleavage of the

intron or in the tRNA halves ligation).
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Figure 34. 5xFAD mice accumulate intron-containing pre-tRNAs. tRNAs were isolated from 7-month-old
WT and 5xFAD mice and sequenced by Hydro-tRNA-seq. Reads mapping the 5’ leader, the 3’ trailer, or the
intron were classified as pre-tRNA. The percentage of normalized counts for precursor (A) and mature (B)
tRNA is depicted, classified by amino acid and anticodon. The red rectangles framing certain anticodons
indicate that at least one of those pre-tRNA isodecoders has an intron. Data are means + SEM. In all

comparisons Student’s t-test was performed. *p < 0.05 and **p < 0.01.

In accordance with the results obtained for the mature tRNAs, no differences were detected
when we compared the abundance of the mt-tRNA species between WT shCT and 5xFAD shCT
mice (Figure 35), suggesting that the alteration in the pool of tRNAs in 5XFAD mice might be

limited to a very specific and well-defined subpopulation of tRNAs, namely those with intron.
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Figure 35. The pool of mt-tRNAs is not altered in the hippocampus of 5XxFAD mice. tRNAs were isolated
from 7-month-old WT and 5xFAD mice and sequenced by Hydro-tRNA-seq. The percentage of normalized
counts for mt-tRNAs is depicted, classified by amino acid. Data are means = SEM. In all comparisons

Student’s t-test was performed.

3.4. RTP801 silencing in hippocampal neurons prevents the accumulation of intron-

containing pre-tRNAs in 5XFAD mice

So far, our results suggested that RTP801 could be inhibiting the ligase activity of the tRNA-LC.
Hence, to test this observation in vivo, and having observed that 5xFAD mice have significantly
higher levels of intron-containing pre-tRNA isodecoders in the hippocampus, we investigated
whether the silencing of RTP801 could prevent this abnormal accumulation of pre-tRNAs. Thus,

within the four isodecoder families that have pre-tRNAs with intron (R/arginine-TCT,
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I/isoleucine-TAT, L/leucine-CAA, and Y/tyrosine-GTA), we compared the proportion of reads that
mapped intron-containing pre-tRNA species between the four experimental groups (Figure 36A-
D). We also assessed the abundance of other pre-tRNA species without intron (either
isodecoders, isoacceptors, or related species) as negative controls (marked in red in the X axis).
Additional information about the murine pre-tRNAs that contain intron can be found in Table 9.
As observed in Figure 35A, virtually all intron-containing pre-tRNAs accumulate in 5xFAD mice.
Remarkably, this accumulation is most of the times prevented when RTP801 is silenced in
hippocampal neurons. For instance, both precursor tRNA-Arg-TCT-2-1 and tRNA-Leu-CAA-2-1
are significantly increased in 5XxFAD animals and RTP801 downregulation prevents this aberrant
accumulation. Notably, this pattern is not found in those pre-tRNAs without intron. Overall,
these data show that the high levels of RTP801 found in 5XxFAD mice could be involved in the
specific accumulation of intron-containing pre-tRNAs, which is prevented by RTP801 neuronal
silencing. Indeed, taking into consideration the previous results from this thesis, RTP801 seems

to be inhibiting the activity of the tRNA-LC.
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Figure 36. RTP801 downregulation in hippocampal neurons prevents the accumulation of intron-
containing pre-tRNAs in 5XxFAD mice. The percentage of normalized counts for pre-tRNA is depicted,
classified by amino acid and anticodon. Different pre-tRNA species within an isodecoder family are
represented. Pre-tRNA species in red do not have an intron and are included as a control. Since all
tyrosine-accepting pre-tRNAs have intron, pre-tRNA-Phe-GAA-1 (also accepts an aromatic amino acid) was
included as a control. In the cases where the number of reads was very scant, different tRNAs species
were combined for the representation (for instance, pre-tRNA-Tyr-GTA-1-1/1-2/1-3/1-4/1-5 were
grouped under the label Tyr-GTA-1). Relative expression of pre-tRNA-Arg-TCT (A), pre-tRNA-Ile-TAT (B),
pre-tRNA-Leu-CAA (C), and pre-tRNA-Tyr-GTA (D). Data are means + SEM. In all comparisons two-way
ANOVA with Tukey’s post hoc test was performed. Each value represents one animal. *p < 0.05, **p <

0.01, and ***p < 0.001.

tRNAs with intron

Arg-TCT-1-1 lle-TAT-2-3

Arg-TCT-2-1 Tyr-GTA-1-1
Arg-TCT-3-1 Tyr-GTA-1-2
Arg-TCT-5-1 Tyr-GTA-1-3
Leu-CAA-1-1 Tyr-GTA-1-4
Leu-CAA-2-1 Tyr-GTA-1-5
Leu-CAA-3-1 Tyr-GTA-2-1
Leu-CAA-4-1 Tyr-GTA-3-1

lle-TAT-1-1 Tyr-GTA-3-2

lle-TAT-2-1 Tyr-GTA-4-1

lle-TAT-2-2 Tyr-GTA-5-1

Table 9. List of the 22 tRNAs with intron found in mice according to GtRNAdb. tRNAs in red were not

detected by Hydro-tRNA-seq.

Considering that intron-containing pre-tRNAs accumulate in 5xFAD mice, we investigated
whether this event was translated into a reduction of the levels of their mature forms. To check
this, we performed the same analysis as in Figure 36, but on mature tRNAs (Figure 37A-D).
Unexpectedly, we found no significant differences between conditions for any intron-containing

tRNA.
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Figure 37. RTP801 downregulation in hippocampal neurons does not affect the pool of mature tRNAs in
5xFAD mice. The percentage of normalized counts for mature tRNA is depicted, classified by amino acid
and anticodon. Different tRNA species within an isodecoder family are represented. tRNA species in red
do not have an intron (on its immature form) and are included as a control. Since all tyrosine-accepting
pre-tRNAs have intron, tRNA-Phe-GAA-1 (also accepts an aromatic amino acid) was included as a control.
Relative expression of tRNA-Arg-TCT (A), tRNA-lle-TAT (B), tRNA-Leu-CAA (C), and tRNA-Tyr-GTA (D). Data
are means = SEM. In all comparisons two-way ANOVA with Tukey’s post hoc test was performed. Each

value represents one animal. *p < 0.05.

Nonetheless, we observed increased levels of tRNA-lle-AAT in 5XxFAD shCT mice (as described in
Figure 34B), which were prevented by RTP801 silencing. These results demonstrate that the
abnormal pool of intron-containing pre-tRNAs found in 5xFAD mice does not lead to an altered

pool of mature tRNAs.

3.5. The tRNA-enriched fraction derived from 5xFAD mice increases dendrite

branching in hippocampal cultured neurons

In the 5XFAD mouse model, silencing RTP801 in hippocampal neurons prevents the appearance
of the cognitive deficits and normalizes the inflammatory response [114]. However, nothing is

known about how the accumulation of intron-containing pre-tRNAs can contribute to these
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pathologic features observed in mice. To elucidate whether these pre-tRNAs contribute to
neuron degeneration, we turned to in vitro models, assuming the limitations and the complexity
of the approach. Hence, we used the 60-100 nucleotide-sized, tRNA-enriched fraction from each
experimental group to treat mouse hippocampal neurons and assess toxicity and dendrite
arborization (Figure 38A-F) (see Methodology section 5.1 and Results section 3.1 for more
information about tRNA isolation; see Figure 33 for more information about the RNA
composition of the isolated fractions). As aforementioned, this fraction was enriched in tRNAs,
containing an average of 51.8% of mature tRNA, 11.6% of pre-tRNA, and 15.3% of mt-tRNA.
Since we did not find major differences in the pools of mature tRNA (Figure 34B) or mt-tRNA
(Figure 35) between WT shCT and 5xFAD shCT mice, we assumed that any differential effect on

neuronal cultures would be mostly due by the altered pre-tRNA pools.

Thus, mouse hippocampal cultured neurons were transfected with 100 ng of tRNA-enriched
sncRNA for 30 h. Then, cultures were fixed and immunostained with antibodies against MAP2
and ClvCas3, and nuclei were stained with Hoechst 33342 (Figure 38A). Neuronal nuclei (MAP2¥)
were classified into viable, condensed, or fragmented (Figure 38B) as previously described [86]

using a machine learning pipeline that showed an accuracy of 97.62% (Figure 38C).
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Figure 38. The tRNA-enriched fraction from 5xFAD mice is not toxic to cultured hippocampal neurons.
(A) Representative images of tRNA-transfected mouse hippocampal neurons stained with MAP2, ClvCas3,
and Hoechst 33342. (B) Classification of neuronal nuclei into viable, condensed, or fragmented with Cell
Profiler Analyst. (C) Confusion matrix for the nuclei classification in (B). (D) Proportion of viable and
condensed/fragmented neuronal nuclei. (E) Percentage of ClvCas3* neurons. (F) ClvCas3 mean intensity
in neurons. Scale bar = 50 um. Data are means + SEM. In all comparisons two-way ANOVA with Tukey’s
post hoc test was performed. Each value represents the mean of one microscope image, obtained from 2

independent experiments with technical replicates.

We found that any of the tRNA-enriched fractions affected neuron survival, assessed by the
proportion of viable nuclei, which accounted for 90.03% of all neuronal nuclei (Figure 38D).
Moreover, the proportion of ClvCas3* neurons (5.78% of them) was stable between conditions

(Figure 38E) as well as the mean intensity of ClvCas3 immunostaining in neurons (Figure 38F).
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Once observed that the tRNA-enriched fractions had no differential effect on neuron viability,
we evaluated neuron arborization (Figure 39A-F). To do so, we obtained the neuron skeleton
with Cell Profiler software (Figure 39A), and we quantified the primary dendrites, intermediate
branches, endpoints, and the total tree length (Figure 39B), as previously described [215].
Regarding the number of primary dendrites (those that arise from the neuronal soma), we saw
no differences between conditions, with an average of 8.18 branches per neuron (Figure 39C).
However, we found that the tRNA-enriched fraction obtained from 5xFAD shCT mice
significantly increased the number of intermediate branches compared to the WT shCT-derived
sncRNA. Additionally, this increase in branching was not observed when neurons were treated
with the tRNA fraction derived from 5xFAD mice with neuronal RTP801 silencing (Figure 39D).
As for the number of endpoints, it tended to augment in 5xFAD shCT-treated neurons, and
RTP801 silencing in the source neurons significantly reduced it (Figure 39E). Because of these
results, the total tree length of the cultured neurons showed an identic pattern; it increased
when neurons were treated with 5xFAD shCT-derived tRNAs and RTP801 silencing significantly

decreased it (Figure 39F).
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Figure 39. The tRNA-enriched fraction derived from 5xFAD shCT mice hippocampus increases cultured
neuron arborization. (A) From MAP2 images, neurons not touching the borders of the image were
identified as independent objects, and the neuron skeleton was obtained. (B) Schematic representation
of the different types of branches found in a neuron (adapted from [215]). (C-E) Average number of
primary dendrites (C), intermediate branches (D), and endpoints (E) per neuron. (L) Average total tree

length (um) per neuron. Scale bar = 50 um. Data are means + SEM. In all comparisons two-way ANOVA
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with Tukey’s post hoc test was performed. Each value represents the mean of one microscope image,

obtained from 2 independent experiments with technical replicates. *p < 0.05 and **p < 0.01.

Overall, these data indicate that the 60-100 nt sncRNAs isolated from 5xFAD shCT (which are
mainly constituted by mature and precursor tRNAs) induce changes in the branching of cultured
hippocampal neurons, and this effect depends on the levels of RTP801. Considering that we
found no major changes in the pools of mature and mitochondrial tRNAs between WT shCT and
5xFAD shCT hippocampus, this effect might be due to the differential pool of pre-tRNAs found
in 5XxFAD mice. However, experiments to elucidate the exact mechanisms for the abnormal
effects of intron-containing pre-tRNAs and how this is translated to neurodegeneration are

warranted.
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As the global life expectancy increases, the prevalence of AD is continuously growing, and it is
expected to be 2-4 times higher than now in 2050 [17]. The complex pathophysiology of AD
complicates the development of disease-modifying therapies, and in fact, the only existing
treatments are focused on alleviating the symptomatology. Thus, the comprehension of its

pathophysiology is essential for the development of efficient curing therapies.

RTP801 is a stress-responsive protein whose levels are increased in the brains of patients with
neurodegenerative diseases such as AD [114], HD [73], [118], or PD [71]. The main described
function of RTP801 is to negatively regulate the mTOR/Akt pathway [71], [96], [97], but our
group has recently described its involvement in transneuronal toxicity via EVs [86], and the
modulation of neuroinflammation [114], [118]. In fact, silencing RTP801 in the hippocampus of
5xFAD [114] and R6/1 mice [118] prevents cognitive impairment and neuroinflammation.

Hence, RTP801 seems a promising target for the treatment of neurodegenerative diseases.

Interestingly, preliminary MS results from our group [125] showed that RTP801 interacted with
DDX1 and HSPC117, two members of the tRNA-LC [126]. This complex participates in tRNA
splicing [126] and the unconventional splicing of XBP1 mRNA [191], and thus, it is essential to
regulate the cellular tRNA and mRNA pools [223]. Precisely, an appropriate composition of these
pools is crucial for a correct protein synthesis. Considering that in recent years an altered
translation has been proposed as a common pathological mechanism in many
neurodegenerative diseases [227], the main objective of this thesis was to study the role of

RTP801 over the tRNA-LC, in health and in the context of AD.

The present work shows that RTP801 interacts with three members of the tRNA-LC, specifically
with HSPC117, DDX1, and CGI-99. However, it does not regulate their protein levels, neither in
rat cortical neurons nor in HEK293 cells. Thus, RTP801 does not seem to play an important role
in the architecture or the stability of the members of the complex, although it should be further
investigated. We also found that RTP801 downregulation in HEK293 cells promoted the splicing
of XBP1 mRNA, while RTP801 overexpression inhibited it. Similarly, we found that XBP1 splicing
is impaired in the hippocampus of AD patients, where RTP801 levels are elevated. Remarkably,
Xbp1 splicing is also modulated by RTP801 in the 5xFAD mice hippocampus, as well as the
expression of Bdnf. These data suggest that RTP801 inhibits the splicing of XBP1, which is most
probably due to its interaction with the tRNA-LC. Finally, we found that 5xFAD mice accumulate
intron-containing pre-tRNAs in the hippocampus, and RTP801 genetic silencing in hippocampal

neurons prevents this phenotype.
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Overall, RTP801 seems to be a novel modulator of the activity of the tRNA-LC. In the context of
AD, the high levels of RTP801 might be dysregulating the activity of the complex, leading to
altered pre-tRNA and mRNA pools. The fact that RTP801 has also been described as a modulator
of neuroinflammation [114], [118] and EVs toxicity [86] shows that it is a protein involved in
several key cellular processes. Hence, RTP801 inhibition in hippocampal neurons might be an

efficient therapeutic strategy to modulate different processes that are altered in AD.
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1. RTP801 interacts with members of the tRNA-LC without affecting

their protein levels

Until the discovery of the tRNA-LC in 2011 [126], it was not clear how the human 3’-phosphate
ligation pathway worked. However, since then, several laboratories have studied both the
architecture and the activity of the complex. Nonetheless, we are far from fully comprehending
its regulation. Here, we confirmed preliminary results indicating that RTP801 interacted with
members of the tRNA-LC. Moreover, we found that RTP801 protein levels did not affect the

protein levels of DDX1, HSPC117, or CGI-99 nor their expression.

As aforementioned, in previous unpublished results from our group, endogenous RTP801 was
immunoprecipitated in DSP-treated rat primary cortical neurons, and its interactors were
studied by MS. Among the identified proteins were HSPC117 and DDX1, two members of the
tRNA-LC. With this background, we first performed a GO biological process enrichment analysis
of the interactors to check whether a particular process was shared between interactors.
Interestingly, we found that 16 out of the 43 proteins were RNA binding proteins (including DDX1
and HSPC117), suggesting that RTP801 might be involved in RNA metabolism. Interestingly,
Schwenzer et al. [161] described that oxidative stress triggered tRNA retrograde transport via
the PERK-RTP801-mTOR axis, and Tajik et al. [228] recently reported that nuclear overexpression
of RTP801 was associated with pancreatic tumor aggressiveness, but the exact mechanism by
which this occurred (RTP801 binding to RNA, DNA, or transcription factors, among other
potential mechanisms) was not described. However, to the best of our knowledge, any work has

described a role of RTP801 in RNA metabolism to date.

To confirm the interaction of RTP801 with DDX1 and HSPC117, we immunoprecipitated
endogenous RTP801 in DSP-treated HEK293 cells and detected them by WB. As expected, we
were able to detect both. In addition, we detected CGI-99, another member of the complex.
Unfortunately, we could not detect FAM98B (which is also part of the complex), meaning that
the antibody was not as specific as expected or that the levels of this protein in HEK293 cells are
under the limit of detection by WB. Since ASW is not necessary for the assembly of the complex
[154], its presence in the immunoprecipitate was not assessed. Hence, our results point out that
RTP801 interaction with the tRNA-LC is a conserved phenomenon between species and cell

types, suggesting that it might have an essential function.

The tRNA-LC was described by Popow et al. in 2011 as a pentameric complex [126]. In their work,
they detected by immunoaffinity chromatography a complex formed by HSPC117, DDX1, CGI-

99, ASW, and FAM98B. Interestingly, these proteins were also detected when they performed
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MS of a fraction enriched for 3’-phosphate RNA ligase activity, and when they studied HSPC117
interactors by MS. In recent years, new regulators of the activity of the complex (both
competitors and cofactors) have been described (reviewed in [146]). For instance, in 2014,
Popow et al. [147] identified that archease was required for full activity of the complex. Similarly,
in 2021, the oxidoreductase PYROXD1 was found to interact with the complex and to protect
HSPC117 against oxidation [149]. The fact that these proteins were not detected in the first MS
experiments of Popow et al. [126] suggests that they form weak, transient, or context-
dependent interactions with the complex. In line with this, we hypothesize that RTP801 must be
an elusive interactor of the tRNA-LC, mostly due to its short half-life (2-5 minutes) [91], [92].
Indeed, this is corroborated by the fact that we were only able to detect RTP801 interacting with

the complex when we treated our cell cultures with DSP, a chemical cross-linker.

Regarding the structure of the human complex, Kroupova et al. [154] presented a biochemical
analysis of the inter-subunit interactions along with crystal structures of HSPC117 and the N-
terminal domain of CGI-99. They found that the core of the complex is formed by HSPC117 and
the C-terminal alpha-helical regions of DDX1, CGI-99, and FAM98B. While these four members
were essential for the integrity of the complex, ASW was not. Therefore, RTP801 might be
interacting with the core of the complex since we detected interaction with DDX1, HSPC117 and
CGI-99. Conversely, RTP801 could, for instance, be interacting with the N-terminal region of
DDX1, and not be in direct contact with HSPC117 or CGI-99. In that case, the detection of
HSPC117 and CGI-99 in our immunoprecipitation experiments would have been an indirect
finding, due to their interaction with DDX1. Thus, more biochemical and bioinformatic analyses

are required to define the exact regions of interaction between these proteins.

In this thesis, we also studied the effect of RTP801 levels over the protein stability of DDX1,
HSPC117, and CGI-99. We found that RTP801 downregulation did not affect their protein levels,
neither in rat cortical neurons nor in HEK293 cells, the two cellular models where we had
described their interaction. Similarly, when we silenced RTP801, we did not observe changes in
the mRNA levels of DDX1 or RTCB, which suggests that RTP801 does not regulate their
transcription either. On the other way around, we explored whether HSPC117 and DDX1 could
be modulating the protein levels of RTP801. We found that DDX1 downregulation induced a
significant reduction in the protein levels of RTP801. In the same line, HSPC117 downregulation
decreased the protein levels of both RTP801 and DDX1. As for the mRNA, DDX1 knockdown had
no effect on the expression of DDIT4 or RTCB. Surprisingly, HSPC117 downregulation induced a

significant increase in the mRNA levels of DDX1. These results are summarized in Table 10.
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Table 10. Summary of the effect of RTP801, HSPC117, and DDX1 downregulation in HEK293 cells on the
mRNA and protein levels of the other members of the tRNA-LC. The red arrow indicates a reduction in
the levels, the equal sign indicates no significant changes, the green arrow represents an increase, and

the interrogation mark indicates that it has not been evaluated.

Hence, both DDX1 and HSPC117 knockdowns lead to a reduction in RTP801 protein levels
without affecting its mRNA levels, which indicates that their regulation over RTP801 is
proteostatic. In other words, DDX1 and HSPC117 might protect RTP801 protein from
degradation, or less probably, increase the translation efficiency for DDIT4 mRNA. Indeed,
RTP801 can be degraded via the ubiquitin-proteasomal system [65], [94], and in the lysosomes
[90]. Surprisingly, HSPC117 silencing caused an unexpected increase in the mRNA levels of DDX1.
More experiments are required to fully understand the biological significance of this
observation, but we hypothesize that DDX1 expression might be increased to compensate the
reduction in its protein levels, possibly via miRNAs. Indeed, the bacterial orthologue of HSPC117,
called RtcB, has been described to mediate the ligation between a miRNA and its target mRNA
in vitro [229]. Therefore, we can speculate that HSPC117 might mediate the ligation of an
unidentified miRNA to DDX1 mRNA.

Overall, the data summarized in Table 10 suggest that RTP801 is not affecting the stability of the
complex, although more experiments are needed to confirm it. For instance, RTP801 could be
mediating the disassembly of the complex without altering the protein levels of its components.
As for HSPC117, our results show that it is the main regulator of the protein stability of the
members of the complex. The silencing of DDX1, despite affecting the protein levels of RTP801,
did not alter the protein levels of HSPC117 or CGI-99. This is in accordance with the work of
Popow et al. [126], who showed that depletion of HSPC117 causes a decrease in the protein
levels of DDX1 and FAM98B, whereas DDX1 silencing only mildly affects the protein levels of

FAMO98B. They also showed that CGI-99 silencing causes a reduction in the protein levels of all
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the members of the complex studied but HSPC117. The same outcome regarding CGI-99
silencing was described by Pérez-Gonzdlez et al. [230]. Table 11 summarizes the results obtained
by our group, by Popow et al. [126], and by Pérez-Gonzalez et al. [230] respecting the inter-

subunit protein regulation.
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Table 11. Summary of the effect of the downregulation of the members of the tRNA-LC on their protein
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levels. The red arrow indicates a reduction in the protein levels, the equal sign indicates no changes, and
the interrogation mark indicates that it has not been evaluated. The number (1) means that the results
have been obtained from this thesis, the number (2) shows the results obtained by Popow et al. [126],
and the (3) indicates that the data was obtained from Pérez-Gonzalez et al. [230] The data in (2) and (3)
was not objectively quantified, and thus the signs in the table have been added subjectively, taking into

consideration the WB images provided.

These results, illustrated in the form of a table, clearly suggest that HSPC117, followed by CGI-
99 and DDX1, is the main regulator of the stability of the members of the complex. On the other
hand, RTP801, FAM98B, and ASW do not seem to mediate the stability of their partners. As
previously mentioned, the core of the tRNA-LC is composed by HSPC117 and the alpha-helical
termini of DDX1, CGI-99, and FAM98B [154]. We hypothesize that the assembly of this complex
might mask polyubiquitination sites or proteolytic cleavage sites found in the alpha-helical ends
of DDX1 and FAM98B. Similarly, the interaction between the complex and RTP801 might protect
the latter from lysosomal degradation or from being targeted to the proteasome by the three
E3 ligases known to polyubiquitinate it: NEDD4, Parkin, and the CUL4-DDB1-ROC1-B-TrCP E3
ligase complex [90], [93], [95]. Thus, depletion of HSPC117 (and depletion of DDX1 and CGI-99
in a lesser extent) would render the complex members accessible for degradation. On the other
hand, downregulation of RTP801 and ASW, which are not required for the integrity of the
complex [126], [154], does not have any repercussion on the protein levels of the other

members.

Overall, our results demonstrate that the stress-responsive protein RTP801 interacts with

HSPC117, DDX1, and CGI-99, but does not affect their protein or mRNA levels. On the contrary,
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HSPC117 appears as the master regulator of the stability of the complex. Our proposed model

according to the results obtained in the Aim 1 of this thesis is illustrated in Figure 40.

Physiological conditions HSPC117 downregulation

RTP801

HSPC117

Figure 40. Proposed model for the tRNA-LC inter-subunit dynamics. According to the results obtained in
the Aim 1 of this thesis, RTP801 co-immunoprecipitates with HSPC117, DDX1, and CGI-99, three members
of the tRNA-LC. HSPC117 downregulation might cause the disassembly of the complex, which might lead
to the protein degradation of RTP801 and DDX1 (and FAM98B). Figure created with Biorender.com.
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2. RTP801 inhibits the splicing of XBP1

During the UPR, the ER-resident transmembrane protein IRE1 cleaves XBP1u mRNA, generating
two exons and freeing a 26-nucleotide intron. This splicing event was first reported in yeast in
1997, [231] but the mammalian pathway was not described until 2001 [232] However, the
mammalian ligase responsible for the ligation of XBP1s exons remained elusive until 2014, when
three different groups simultaneously identified HSPC117/RtcB [191], [233], [234] (reviewed in
[235]). The ligated XBP1s mRNA is translated, producing a transcription factor necessary for the
restoration of ER homeostasis. Here, we found that RTP801 inhibits the splicing of XBP1 both in
vitro and in vivo. Moreover, we describe an impairment in XBP1 splicing in the hippocampus of

AD patients, where RTP801 is upregulated.

First, we started by assessing the effect of HSPC117 downregulation over XBP1 splicing. In
HEK293 cells, we observed that a 50% knockdown of HPSC117 did not affect the mRNA levels of
XBP1s nor XBP1u, resulting in an unaltered XBP1s/XBP1u ratio, which is commonly used as a
splicing readout. These results agree with those of Iwawaki et al. [225], who used double-
stranded RNA to knockdown HSPC117 in Hela cells and saw no changes in the XBP1s/XBP1u
ratio, assessed by qPCR. In line with this, Jurkin et al. [191] reported that depletion of HSPC117
alone in Hela cells did not affect the splicing of XBP1. Similarly, depletion of its cofactor archease
alone did not impair XBP1 splicing either. Only when HSPC117 and archease were
simultaneously knocked down, XBP1 splicing was significantly decreased. Moreover, they found
that a 50% reduction in the levels of HSPC117 in mouse plasma cells did not modify the splicing
of Xbp1. Only when HSPC117 expression was fully abrogated, Xbp1 splicing was significantly
impaired. In the same line, Lu et al. [233]found that RtcB KO mouse embryonic stem cells
showed a dramatic impairment in Xbp1 splicing, and Kosmaczewski et al. [234] found that a total
depletion of RtcB in C. elegans impaired xbp-1 splicing. All things considered, HSPC117 is
necessary for XBP1 ligation, and low levels of HSPC117 are sufficient to efficiently ligate XBP1,

providing that archease is present to stimulate its enzymatic activity.

Then, we studied the influence of RTP801 on XBP1 splicing in vitro, in HEK293 cells. We found
that a 25% reduction in the levels of RTP801 was enough to increase the mRNA levels of XBP1s
without affecting the levels of XBP1u, which led to an increased XBP1s/XBP1u ratio. In addition,
RTP801 knockdown increased the mRNA levels of SEC24D, a target gene of XBP1s, but no
changes were observed in the expression of BDNF, another transcriptional target. On the
contrary, RTP801 overexpression had the opposite effect, inhibiting the splicing of XBP1 mRNA,

without having an impact on SEC24D or BDNF transcription. Overall, these findings present
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RTP801 as an important inhibitor of XBP1 splicing in vitro. Presumably, RTP801 inhibits XBP1
splicing by interfering with the mRNA ligase activity of the tRNA-LC. However, our findings are
not sufficient to undoubtedly make this statement. For instance, RTP801 could be inhibiting the
cleavage of XBP1u instead of the ligation of XBP1s exons with identical outcome. Of course, the
interaction of RTP801 with the ligase complex and the results that we obtained regarding tRNA
splicing, clearly suggest that RTP801 is acting on the ligation step but more experiments are
required to confirm it. One elegant way to solve this question would be to identify the region of
RTP801 that interacts with the complex, mutate it, and check whether we obtain the same

results.

Hence, here we present RTP801 as a competitor of the tRNA-LC. Another competitor of the
complex is ANGEL2, as Pinto et al. reported in 2020 [152]. In their work, the XBP1s/XBP1u mRNA
ratio was significantly increased in ANGEL2 KO cells compared to HEK293 cells. Conversely,
overexpressing WT ANGEL2 in HEK293 cells decreased the XBP1s/XBP1u ratio. However, they
nicely showed that overexpression of a mutant version of ANGEL2 had no effect on XBP1
splicing. Similarly, Unlu et al. [150] presented CNP as an inhibitor of XBP1 splicing in HEK293
cells. They described that shRNA-mediated CNP knockdown promoted XBP1 splicing and the
transcription of SEC24D, among other transcriptional targets. On the contrary, CNP upregulation
inhibited XBP1 splicing. Considering that we obtained almost identical results, RTP801 can be

considered as a novel negative regulator of XBP1 splicing, and a competitor of the tRNA-LC.

Interestingly, HSPC117 can be phosphorylated under stress conditions, which negatively affects
XBP1 mRNA splicing [236]. Specifically, HSPC117 is phosphorylated at Tyr306, which perturbs its
interaction with IRE1, the enzyme that cleaves XBP1u mRNA, so that cleavage and ligation are
uncoupled. As a result, XBP1 splicing is diminished. On the contrary, protein tyrosine
phosphatase 1B (PTP1B) dephosphorylates HSPC117, promoting XBP1 splicing. Remarkably,
RTP801 is a stress-induced protein that has not been associated to any enzymatic activity yet.
Indeed, it is unknown the exact mechanism (or mechanisms) by which RTP801 mediates its
biological functions, such as TSC1/2 activation, the mediation of the production and the cargo
of EVs, or the modulation of neuroinflammation, among others. Regarding mTORCL1 inactivation,
Dennis et al. [108] reported that RTP801 KO cells had significantly higher levels of
phosphorylated Akt at threonine 308 (p-Akt Thr308) than wild-type cells, and RTP801
overexpression decreased the levels of p-Akt Thr308. They also described that Akt co-
immunoprecipitated with PP2A, a phosphatase that dephosphorylates Akt at Thr308, but this
interaction was only observed in the presence of RTP801. Thus, they proposed that RTP801

interacted with PP2A and targeted it to Akt. Following this idea, we can hypothesize that RTP801
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sequesters PTP1B and prevents the activating dephosphorylation of HSPC117. However, there
are two arguments against this model. First, we did not detect PTP1B in our MS experiments
(although it is true that we did not detect CGI-99 either, and we then found that co-
immunoprecipitated with RTP801). Second, this model does not explain why RTP801 co-
immunoprecipitates with HSPC117, DDX1, and CGI-99. A simple way to confirm or discard this
hypothesis would be to evaluate whether p-HSPC117 Tyr306 is sensitive to RTP801 levels.

As aforementioned, we observed an increased transcription of SEC24D when RTP801 was
downregulated in HEK293 cells, very similarly to the results found by Unlu et al. [150] when CNP

was downregulated. Remarkably, SEC24D regulates the formation and the cargo of the vesicles

in the secretory pathway [237]. Likewise, our group has recently described that RTP801
mediates the production and the content of EVs [86]. Vesicles from the secretory pathway can
end up in multivesicular bodies [238], which fuse to the plasma membrane releasing EVs [239].
Hence, we speculate that RTP801 might indirectly mediate the cargo of EVs via SEC24D. In
contrast, neither RTP801 downregulation nor overexpression affected the expression of BDNF,

probably because HEK293 cells produce very low amounts of this neurotrophin.

An altered XBP1 pathway has been related with a variety of diseases, such as cardiovascular
[62], [63], metabolic, and neurodegenerative diseases [64], as well as in cancer [65]. However,
most of these findings were described in animal models, which do not perfectly reproduce the
human pathophysiology. Therefore, here we explored the status of XBP1 splicing and the protein

levels of the members of the tRNA-LC in human postmortem samples.

First, we confirmed the upregulation of RTP801 in the hippocampus of AD patients, a 2.5-fold
increase in average, as we previously described [114]. The magnitude of RTP801 upregulation is
higher than the one reported by Damjanac et al. [121] in lymphocytes, which suggests that

RTP801 upregulation under stress conditions is more prominent in nervous system cells.

Then, we assessed the hippocampal protein levels of DDX1, HSPC117, and CGI-99, and found no
significant differences between conditions. This is in line with the data of the Multi-‘omics Atlas
Project [240], an open resource with single-nuclei RNA-sequencing data from astrocyte and
microglia nuclei isolated from non-affected individuals’ and AD patients’ brains. According to
this database, the mean gene expression of DDIT4 is increased in both the microglia and the
astrocytes of AD patients, but the gene expression of DDX1, RTCB (coding gene for HSPC117),
RTRAF (CGI-99), FAM98B, or C2o0rf49 (ASW) does not appear to change between conditions.
Nonetheless, increased levels of RTCB mRNA have been reported in the blood of AD patients

[241]. Furthermore, Veldsquez et al. [242] conducted proteomic analyses of AD patients’ and
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non-affected individuals’ brains, and they found that DDX1 was significantly increased in AD.
According to their proteomics data, no significant changes in the protein levels of HSPC117,
FAM98B, or CGI-99 were detected. Unfortunately, neither ASW nor RTP801 were in the list of
identified proteins. The results of Velasquez et al. [242] are in agreement with a bioinformatic
analysis performed by Wang et al. [243] that predicted a key role of DDX1 gene in the occurrence
and development of AD. Surprisingly, a meta-analysis aimed to compare the genetic data from
32 gene expression datasets found that FAM98B was a differentially expressed gene in two of
them, appearing in both as an upregulated transcript in AD [244]. Therefore, although we did
not detect changes in the hippocampal protein levels of any of the members of the tRNA-LC
between non-affected individuals and AD patients, increased levels of HSPC117, DDX1 and

FAM98B might be observed in other brain regions or in other stages of the disease.

When we evaluated the status of XBP1 splicing, we found a drastic reduction in the protein levels
of XBP1s in the hippocampus of AD patients, with no significant changes in the levels of XBP1u,
which resulted in a significantly decreased XBP1s/XBP1u ratio. In line with our results, Reinhardt
et al. [245] found a significant reduction in the splicing of XBP1 in the frontal cortex of AD
patients, and a tendency to decrease in the hippocampus that did not reach significance because
of the very low sample size. Conversely, Hwan Lee et al. [246] described increased XBP1 splicing
in the temporal cortex of AD patients compared to age-matched controls. Indeed, it is
speculated that XBP1 activation could happen at early time points in AD pathology followed by

a reduction as the disease progresses (reviewed in Cissé et al. [247]).

In this work we also evaluated the PERK branch of the UPR, by studying the phosphorylation of
elF2a at serine 51 and the protein levels of ATF4. Interestingly, we found increased levels of p-
elF2a in AD patients’ hippocampi, in accordance with previous results studying p-elF2a in the
cortex [248], [249], and hippocampus [250], [251] of AD patients (reviewed in Ohno et al. [252]).
Nonetheless, we observed no differences in the protein levels of ATF4 between CT and AD
patients. Considering that p-elF2a promotes the translation of ATF4 mRNA, we expected higher
levels of ATF4 in AD patients’ samples, as previously observed in their cortex [253]. However,
despite not seeing differences in the protein levels of ATF4, its cellular sublocalization should be
studied, since active ATF4 translocates to the nucleus [254]. Remarkably, ATF4 promotes the
transcription of DDIT4 [76], which might exacerbate ER stress via XBP1s inhibition, generating a
positive feedback loop in the context of AD. Altogether, the observed increase in the levels of p-
elF2a suggests the presence of an active PERK branch in the hippocampus of AD patients, which
contrasts with the impairment observed in XBP1 splicing. Thus, the drastic decrease in XBP1

splicing might be due to a localized defect in the splicing machinery rather than a general
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deficiency of the UPR. We hypothesize that the upregulation of RTP801 in the hippocampus of
AD patients might be specifically interfering with the activity of the tRNA-LC over XBP1 splicing,

which would contribute to the aggravation of AD pathology.

Interestingly, we also found that the protein levels of RTP801, XBP1s, and p-elF2a Ser51 were
very good predictors of the presence or absence of the disease, being RTP801 the best
discriminator. Therefore, their levels in blood and cerebrospinal fluid must be further studied as
potential biomarkers of AD. In fact, increased levels of DDIT4 mRNA and RTP801 protein have
already been described in blood cells of AD patients [121]. What is more, the blood mRNA levels
of DDIT4 were found to be significantly increased in AD patients, were good classifiers of the
presence or absence of AD (AUC = 0.80), and negatively correlated with the score in a cognitive

test commonly used to evaluate the possible presence of dementia [255].

Finally, to complement our results in vitro and in AD patients’ hippocampus, we also investigated
the splicing of Xbp1 in a mouse model of the disease and whether it could be modulated by
RTP801. Previous literature showed that overexpression of XBP1s in Drosophila [256] and C.
elegans [257] protected against AB- and tau-mediated neurotoxicity, respectively. As for mice,
virus-mediated delivery of XBP1s in the hippocampus restored cognitive function and synaptic
plasticity in the 5xFAD [197] and 3xTg-AD [198] models of AD. On the other hand, LTP and spatial
memory were impaired in mice lacking XBP1 in the nervous system, and XBP1s overexpression
in neurons enhanced long-term memory [199]. In the same work, XBP1s was described to bind
to the Bdnf promoter, and local expression of BDNF in the hippocampus of XBP1-deficient mice
improved long-term memory. Altogether, they proposed that Xbp1 splicing regulates cognition
through the transcription of Bdnf and other memory-related genes, which hamper AD
progression. Precisely, another transcriptional target of XBP1s is Kalirin-7, which controls
synaptic plasticity. Cissé et al. [198] reported reduced levels of Kalirin-7 in primary neurons
exposed to AB, in the brain of transgenic mouse models and in human AD brains. In addition,
Kalirin-7 knockdown affected synaptic plasticity and memory formation in naive mice, and
reduction of endogenous Kalirin-7 in 3xTg-AD mice reverted the beneficial effects of XBP1s
overexpression. Overall, BDNF and Kalirin-7 seem to mediate the beneficial effects of XBP1s in

memory and cognition, as illustrated in Figure 41.
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Figure 41. Proposed model for the beneficial effects of XBP1s, BDNF, and Kalirin-7 overexpression in the

brain of mouse models of AD. In physiological conditions, XBP1u mRNA is translated generating XBP1u
protein. When there is ER stress, the UPR is triggered and IRE1 cleaves XBP1u mRNA, freeing two exons
that are ligated by the tRNA-LC. The resulting XBP1s mRNA is translated producing a transcription factor
that promotes the expression of BDNF and Kalirin-7, which mediate cognition and memory. In AD, the
ligation of XBP1s exons would be impaired by the action of RTP801, leading to reduced levels of XBP1s
mRNA and protein. As a result, the protein levels of BDNF and Kalirin-7 would be reduced, resulting in
impaired cognition and memory. In this pathological context, increased expression of XBP1s, BDNF,

and/or Kalirin-7 reduces AD phenotype [197], [198], [199]. Figure created with Biorender.com.

In this work, we silenced RTP801 in hippocampal neurons of 6-month-old WT and 5xFAD mice
and assessed Xbp1 splicing by RT-qPCR. We observed no differences in the levels of Xbpls
between conditions. However, RTP801 knockdown significantly decreased Xbp1u levels, leading
to an increase in Xbpls/Xbplu ratio. Interestingly, Xbplu tended to accumulate (non-
significantly) in 5xFAD shCT mice hippocampus, in a similar pattern to our results in vitro. When
we assessed XBP1s transcriptional targets, we found no differences in the mRNA levels of Sec24d
or Kalirin-7 between conditions, but we observed that RTP801 silencing increased the mRNA
levels of Bdnfin 5xFAD mice. We had previously described that RTP801 silencing in hippocampal
neurons reduced neuroinflammation severity and prevented cognitive impairment in 5xFAD
[114] and R6/1 [118] mice. Taking all this into consideration, RTP801 silencing might be

beneficial by increasing Xbp1 splicing and BDNF production, among other mechanisms.
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Altogether, we can conclude that RTP801 inhibits XBP1 splicing in vitro and in vivo, because its
levels are always inversely correlated with the XBP1s/XBP1u ratio. And most likely, RTP801
effect is mediated by the interference with the ligase activity of the tRNA-LC, with which it
interacts. However, there is still one question that remains unanswered: the fact that the levels
of XBP1s and XBP1u do not follow the same pattern in all the experiments performed (Table 12).
For instance, when we overexpress RTP801 in HEK293 cells we observe an accumulation of the
unspliced form with no changes in the spliced. However, in AD patients’ hippocampus (where
RTP801 is upregulated) we find a decrease in the spliced form with no changes in the unspliced.
The outcome is the same, a reduced XBP1s/XBP1u ratio, indicative of an inefficient XBP1 splicing,
but more experiments are needed to decipher the dynamics of XBP1 splicing in the different
models. For instance, RTP801 has a dual role depending on the cellular context, being anti-
apoptotic in proliferating cells [64] and pro-apoptotic in differentiated cells [64], [71]. We
speculate that this dual role could be extended to XBP1 splicing inhibition, and thus, the exact
mechanism of action might differ between HEK293 cells (human and proliferative) and 5xFAD

hippocampal neurons (murine and predominantly differentiated).

& rTP801

4 RTP8OL = f ‘

AD patients
hlppocampus
RTP801
5xFAD mice
hippocampus
4 rRTP8O1

Table 12. Summary of the levels of XBP1s and XBP1u, and their ratio in the experiments performed in
the Aim 2 of this thesis. The red arrow indicates a reduction in the levels, the equal sign indicates no

significant changes, and the green arrow represents an increase.
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3. RTP801 inhibits the processing of intron-containing pre-tRNAs

tRNA genes are transcribed by RNA Pol Ill generating precursor molecules called pre-tRNAs. All
human pre-tRNAs have 5’ leader and 3’ trailer sequences at their respective ends, but only
around a 7% of them present an intron [141]. Introns are usually found one nucleotide after the
anticodon, disrupting the anticodon stem-loop structure, and therefore, its splicing is required
for tRNA maturation [142]. It is unclear which is the physiological function of introns, considering
that they must be removed for tRNAs’ function. However, there are some hypotheses regarding
this aspect (reviewed in Yoshihisa et al. [142]). First, introns act as recognition motifs for tRNA-
modifying enzymes [258]. Second, they mildly affect the expression of the tRNA genes
containing them. Third, they might affect the formation and spacing of nucleosomes in the DNA
[259]. Finally, the tRNA introns released during splicing can be circularized by HSPC117 (in
collaboration with DDX1 and archease) generating tRNA intronic circular RNAs or (tric)RNAs
[260], [261], whose physiological function remains elusive. Overall, tRNA splicing is essential for
tRNA maturation and their canonical function in protein synthesis, and might be also important

for other non-canonical functions performed by (tric)RNAs and tsRNAs.

In humans, intron cleavage is performed by the TSEN complex and Clp1 [143], whereas exon
ligation is performed by the tRNA-LC [126], and specifically, by the ligase HSPC117. Here, we
found that 7-month-old 5xFAD mice accumulate intron-containing pre-tRNAs in the
hippocampus, and RTP801 silencing in hippocampal neurons prevents it. Moreover, we report
that treatment of cultured neurons with the tRNA-enriched fraction from the hippocampus of
5xFAD shCT mice induces changes in neuron arborization without affecting neuron viability, a
phenomenon that is not observed when cultures are treated with the hippocampal RNA from

RTP801-silenced 5xFAD mice.

First, we obtained the 60-100 nt RNA fraction from the 4 experimental groups of mice (WT shCT,
WT shRTP801, 5xFAD shCT, and 5xFAD shRTP801) and performed Hydro-tRNA-seq as described
in [207]. When we analyzed the composition of our samples, classified by RNA type, we found
that they were mainly composed of mature tRNA, followed by mt-tRNA, and pre-tRNA. Thus,
our samples were highly enriched in different forms of tRNA. Similarly, Gogakos et al. [140], who
developed Hydro-tRNA-seq, set up this sequencing technique in the 60-100 nt fraction of
HEK293 cells and found that it was predominantly composed of mature tRNA, rRNA, and mt-
tRNA. Surprisingly, only 1% of the reads mapped pre-tRNAs. We only come up with two possible

explanations for this divergence: first, the pre-tRNA pool is less abundant (in proportion) in
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human cells than in mouse tissue; second, when they did the RNA size selection, they

accidentally left out the 88-100 fraction, which is enriched in pre-tRNAs [262].

Strikingly, we observed that the pre-tRNA isodecoder families with at least one intron-containing
pre-tRNA species were significantly accumulated in 5xFAD shCT mice hippocampus. In other
words, the following isodecoder families were increased: pre-tRNA-Arg-TCT, pre-tRNA-lle-TAT,
pre-tRNA-Leu-CAA, and pre-tRNA-Tyr-GTA. These four families include the 22 intron-containing
pre-tRNA species found in the mouse genome. This specific accumulation of intron-containing
pre-tRNAs suggests an impairment in tRNA splicing (either in tRNA cleavage or ligation) in 5xFAD
mice hippocampus. To the best of our knowledge, the impact of AD in tRNA splicing has never
been assessed, neither in patients’ nor in mouse models’ brains. However, tRNA modifications
have been studied in the context of AD. For instance, Shafik et al. [263] reported
hypomethylation of mitochondrial and cytosolic tRNAs in the cortex of 5XxFAD mice. Similarly,
tRNA hypomodification has been described in AD cellular models [264]. Furthermore, tRFs have
also been investigated in AD, by Wu et al. [265]. They described increased levels of the
ribonuclease ANG in the hippocampus of AD patients, as well as reduced levels of the
methyltransferase Nsun2 (NOP2/Sun RNA methyltransferase 2), and they proposed that Nsun2-
mediated tRNA methylation would make tRNAs less susceptible to ANG-mediated cleavage.
Thus, Nsun2 and ANG dysregulation in AD would explain the altered pool of tRFs found in human

AD hippocampi.

Unexpectedly, the accumulation of intro-containing pre-tRNAs in 5xFAD mice hippocampus did
not cause a significant decrease in any of their mature forms. Nonetheless, Kosmaczewski et al.
[234] described that RtcB null worms (RtcB is the orthologue of HSPC117 in C. elegans)
presented higher levels of intron-containing pre-tRNAs, with no apparent variation in the levels
of the trimmed, ligated form (mature). Interestingly, RtcB null worms were shorter and
presented decreased lifespans. Likewise, Lu et al. [233] studied the effect of RtcB depletion in
tRNA splicing using a conditional knockout. They found that 3 days after Cre induction, the levels
of unspliced tyrosine pre-tRNA were significantly higher in RtcB KO cells, while the levels of
spliced tyrosine tRNA did not vary. Furthermore, our results are in accordance with those
obtained by Sekulovski et al. [266], who studied tRNA splicing in patients with pontocerebellar
hypoplasia (PCH) due to mutations in the splicing machinery, and concretely in the TSEN
complex. They found reduced splicing activity and accumulation of intron-containing pre-tRNAs
in fibroblasts from PCH patients, analyzed by northern blot and by Hydro-tRNA-seq. Moreover,
in their work, global levels of mature tRNAs also remained unaffected. Thus, an impairment in

tRNA splicing (either in tRNA cleavage or ligation) affects the pool of intron-containing pre-tRNAs
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without affecting the pool of mature tRNAs, and might contribute to neurodegeneration, as

represented in Figure 42.
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Figure 42. Proposed model of altered tRNA splicing in PCH and AD. In physiological conditions, the TSEN
complex cleaves the pre-tRNA releasing two exons and an intron (it is unclear whether this happens before
or after trailer and leader removal). Then the tRNA-LC ligates the tRNA exons, and the pre-tRNA undergoes
other processing steps until becoming mature. Mutations in the TSEN complex result in accumulation of
intron-containing pre-tRNAs with no changes in their mature levels [266]. Intron-containing pre-tRNAs are
specifically accumulated in the hippocampus of 5xFAD mice, with no changes in their mature levels. An
altered pool of intron-containing pre-tRNAs might contribute to neurodegeneration via unknown

mechanisms, possibly by non-canonical functions of pre-tRNAs. Figure created with Biorender.com.

We also observed increased levels of pre-tRNA-Asp-GTC, and pre-tRNA-Sec-TCA, and decreased
levels of pre-tRNA-Ala-TGC in 5xFAD shCT mice hippocampus compared to WT. Furthermore,
the levels of mature tRNA-Asp-GTC, tRNA-lle-AAT, and tRNA-Ser-CGA were significantly higher
in 5XFAD mice hippocampus. Curiously, the only isodecoder family whose precursor and mature
forms were both increased in 5XxFAD mice hippocampus is Asp-GTC, suggesting an augmented

transcription of the genes encoding these tRNA species. Interestingly, murine tRNA-Asp-GTC is
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methylated by Nsun2 and TRDMT1 (tRNA aspartic acid methyltransferase 1, formerly named
DNMT2 for DNA methyltransferase 2), which prevents its cleavage by ANG [267]. Since
decreased protein levels of Nsun2 have been described in brains of AD patients [268], we would

have expected reduced levels of mature tRNA-Asp-GTC in 5XFAD mice hippocampus instead.

In this thesis, we also explored the abundance of the different mt-tRNAs between WT shCT and
5xFAD shCT mice hippocampus and found no significant differences in any of them. Remarkably,
mt-tRNAs are not processed the same way as the nuclear-encoded tRNAs. Indeed, mt-tRNA
genes are transcribed as long polycistronic transcripts that contain multiple mt-tRNAs [136].
Moreover, mt-tRNAs do not present introns and thus, are not spliced (nor ligated by the tRNA-
LC). Therefore, the fact that we did not observe any difference in the abundance of mt-tRNAs
between WT and 5xFAD mice hippocampus suggests, once again, that only the processing of

intron-containing tRNAs is altered in 5xFAD mice.

We then assessed whether RTP801 silencing in hippocampal neurons could affect tRNA splicing
and noticed that it prevented the accumulation of intron-containing pre-tRNAs seen in 5xFAD
mice. Indeed, for most of the pre-tRNA species evaluated, RTP801 knockdown caused a
significant reduction in the pre-tRNA levels. Remarkably, this effect was not observed in those
pre-tRNAs without intron. For instance, tRNA-Arg-TCT-2-1 and tRNA-Arg-TCT-4-1 have the same
anticodon (and thus are charged with the same amino acid) and have a 75.7% sequence
homology. The main difference between them is the presence of an intron in the former.
Nevertheless, pre-tRNA-Arg-TCT-2-1 accumulates in 5xFAD shCT mice hippocampus, but pre-
tRNA-Arg-TCT-4-1 does not. Moreover, RTP801 downregulation in 5XxFAD mice hippocampus
prevents the increase in pre-tRNA-Arg-TCT-2-1 levels. Once again, when we compared the
mature levels of these tRNAs between the 4 groups of mice, no significant differences were
detected (only for tRNA-lle-AAT). Altogether, our results indicate that RTP801 regulates tRNA
splicing and thus the pool of intron-containing pre-tRNAs, without affecting the pool of mature
tRNAs in the hippocampus. Considering our results regarding XBP1 splicing, RTP801 is in all
probability regulating tRNA splicing by impairing the ligase activity of the tRNA-LC, either directly
or indirectly. Nonetheless, we cannot discard that the effect of RTP801 over tRNA splicing is due
to other mechanisms. For instance, Foretek et al. [182] reported that in yeast, 3’ processing of
pre-tRNAs is very fast under standard conditions, but slows down by an unknown mechanism
under stress, resulting in the accumulation of pre-tRNAs such as pre-tRNA-lle-TAT. If this
mechanism was conserved across species, the high levels of the stress-responsive protein
RTP801 in 5xFAD mice hippocampus could be slowing down pre-tRNA 3’ processing, leading to

an accumulation of pre-tRNAs. Nonetheless, there are two main drawbacks for this hypothesis.
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First, although in their work Foretek et al. [182] only studied pre-tRNA processing in intron-
containing pre-tRNAs, a slowdown in 3’ processing should affect all pre-tRNAs, not only those
with intron. Second, the co-immunoprecipitation of RTP801 with the members of the tRNA-LC

would remain unanswered.

Finally, we investigated whether the 60-100 nt tRNA enriched fraction from the 4 groups of mice
affected the viability and the arborization of mouse hippocampal cultured neurons. Neuron
viability was evaluated by studying chromatin condensation, the amount of ClvCas3* neurons,
and its neuronal intensity. However, any of these analyses showed significant differences
between the experimental conditions. This agrees with the work of Koltun et al. [212], who
transfected mouse neuron-glia co-cultures with tRNAs and reported no affectation in neuron
viability. Cao et al. [269] demonstrated that transfection of rat primary neuronal cultures with
synthesized tRFs (14-30 nt long) induced neuron swelling and death. However, tRFs are not
present in our working fraction, which comprises RNAs between 60-100 nt. Regarding neuron
arborization, we found that the treatment of primary neurons with the tRNA-enriched sncRNA
fraction from 5xFAD shCT mice hippocampus increased neuronal arborization. Specifically, we
found an increase in the number of intermediate branches, which was accompanied by an
augmented number of endpoints and increased tree length. Strikingly, these changes in neuron
morphology were prevented when neurons were transfected with the tRNA-enriched fraction
from RTP801-silenced 5xFAD mice hippocampus. Interestingly, increased spine density,
branching, and dendrite length was described in organotypic hippocampal cultures after AR
treatment [270]. Similarly, increased dendrite branching was found in the hippocampus of a
mouse model of AD [271]. Indeed, it is speculated that excessive or aberrant synaptic plasticity
might promote the development of AD [272]. Conversely, dendritic degeneration has also been
reported in AD hippocampus [273], [274]. Altogether, our results show that the sncRNAs found
in the 60-100 nt fraction (mainly mature tRNAs, mt-tRNAs, and pre-tRNAs, but also rRNAs and
snoRNAs) derived from 5xFAD shCT mice hippocampus influence the branching of the receiving
neurons, and this is somehow modulated by neuronal RTP801. This effect is probably due to the
differential pool of intron-containing pre-tRNAs found in these mice, but we cannot discard the
action of other sncRNAs, or even of abnormally modified mature tRNAs. Interestingly, Liu et al.
[275] discovered that the 3’ exon released during the unconventional splicing of C. elegans xbp-
1 mRNA was a biologically active non-coding RNA (ncRNA) essential for axon regeneration.
Indeed, RtcB null worms presented higher levels of this ncRNA and augmented axon
regeneration. Thus, if the production of this ncRNA were a conserved mechanism in mice,

RTP801-mediated inhibition of the tRNA-LC would result in increased levels of Xbpl ncRNA in
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5xXFAD shCT mice hippocampus. Then, treatment of hippocampal cultured neurons with this
ncRNA might result in an augmented neuron arborization. Nevertheless, the xbp-1 fragment is
729 nt long in C. elegans, making quite unlikely that a potential murine Xbp1 ncRNA were in our

60-100 nt fraction.

Here, we propose some theories to explain the potentially detrimental effect of the intron-
containing pre-tRNAs accumulated in 5xFAD mice hippocampus. First, it has been demonstrated
that human and murine pre-tRNA-Ile-TAT-2-3 can be transported into the cytoplasm to generate
a miRNA called miR-1983 [276], which stimulates secretion of interferon- [277], and targets
insulin receptor B [278]. Precisely, pre-tRNA-lle-TAT is increased in the hippocampus of our
5xFAD shCT mice. Second, by the generation of different types of tRF-1 (reviewed in Zhang et
al. [279]). tRF-1 is generated from the 3’ end of pre-tRNA and has diverse functions in cancer.
Third, by the excessive production of (tric)RNAs [260], [261], which might have deleterious

functions.

One puzzling aspect for us is the sequence of events during tRNA processing. In yeast, it is
manifest that tRNA splicing occurs after 5’ leader and 3’ trailer removal, since these processes
are distinctly compartmented. While trailer and leader removal take place in the nucleus, intron
cleavage occurs in the outer surface of the mitochondria, and tRNA ligation is performed in the
cytoplasm (reviewed in Hopper et al. [280]). However, in mammals both end trimming and tRNA
splicing have been described in the nucleus (reviewed in Schaffer et al. [139]), complicating the
deciphering of the exact chronology of the events. Theoretically, there are four possible options:
1) intron splicing precedes end trimming; 2) end trimming precedes intron splicing; 3) both
processes occur simultaneously; 4) the order of the events depends on different features such
as the tRNA specie, the cell type, the organism, etc. Supporting the last option is the work of
Schneider et al. [281], who studied tyrosine tRNA processing in Trypanosoma brucei, a protist.
They detected both unspliced/trimmed and spliced/untrimmed processing intermediates,
suggesting that splicing and end processing occur independently. However, splicing tended to
precede end processing. Indeed, there are works in animals endorsing that splicing occurs before
end processing, since they only detected spliced/untrimmed intermediates [234], [282]. Taking
all this into consideration, and keeping in mind our results, we speculate that tRNA splicing
generally precedes 5’ leader and 3’ trailer removal, as depicted in Figure 43. If end trimming
occurred first, the inhibition of the tRNA splicing ligase by RTP81 would primarily result in an
increase of cleaved tRNAs (tRNA exons), which would have been classified as mature RNAs in
our sequencing data. Conversely, if tRNA splicing happens before end processing, the inhibition

of the ligation would result in an increase in tRNA halves carrying end extensions, which would
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be classified as pre-tRNAs and would explain the accumulation of intron-containing pre-tRNAs

observed in 5xFAD shCT mice hippocampus.
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Figure 43. tRNA splicing seems to precede 5’ leader and 3’ trailer removal. Pre-tRNA processing assuming
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that end trimming precedes splicing (upper pathway) or vice versa (lower). In the upper possibility, pre-
tRNA ends are first removed by RNAses P and Z, then cleavage is performed by the TSEN complex in
collaboration with Clp1, and ligation is finally performed by the tRNA-LC. In the lower pathway, splicing
takes place first, and then end trimming. The inhibition of the tRNA-LC by RTP801 would predominantly
lead to the accumulation of the species framed by a red rectangle. The green dashed polygon surrounds
all the tRNA species that would be classified as “pre-tRNA” in the sequencing analyses. Thus, in the upper
pathway, RTP801-mediated inhibition of the ligation would mainly cause an increase in “mature tRNA”,
whereas in the lower pathway would result in an increase in “pre-tRNA”, as observed in the 5xFAD shCT
mice hippocampus. For simplicity, the hypothetical pathways where tRNA splicing and end trimming
happen simultaneously, or their order depend on the cellular context, have not been depicted. Figure

created with Biorender.com.

In this work, we have demonstrated that RTP801 co-immunoprecipitates with three members
of the tRNA-LC, and that RTP801 inhibits the activity of the complex over XBP1 and tRNA splicing.
We had previously described that RTP801 silencing in hippocampal neurons of 5xFAD mice
prevented cognitive impairment and reduced neuroinflammation [114], but we did not know by
which mechanism. Here, we propose that RTP801 might do so by affecting the expression of
BDNF and other XBP1s target genes, and by altering the pool of pre-tRNAs, which might have
deleterious functions yet to discover. In addition, we speculate that RTP801 might affect other
processes, such as NF-kB activation and the expression of the NLRP1 and NLRP3 inflammasomes.
Furthermore, HSPC117, DDX1, CGI-99, and FAM98B are found in dendritic mRNA-containing
cytoplasmic granules [283], and associate to form a complex that activates mRNA translation

[284] and shuttles between the nucleus and the cytoplasm transporting RNAs [230]. Thus, high
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levels of RTP801 might be also inhibiting these processes, leading to an altered proteostasis and
contributing to neurodegeneration. And, as our group has previously described, RTP801 also
mediates the intercellular transference of toxic species via EVs [86], being key for the spreading

of pathological alterations across the brain.

In conclusion, in this thesis we present RTP801 as a novel interactor and regulator of the tRNA-
LC both in the nucleus and the cytoplasm, and we propose that the stress-induced upregulation
of RTP801 might contribute to AD pathology, by dysregulating XBP1s transcriptome and the
cellular pre-tRNA pool (Figure 44), among other processes. Further experiments are needed to
elucidate the exact region of RTP801 required for interaction and inhibition, as well as its exact
mechanisms of action. But altogether, RTP801 appears to be a key protein that controls different
cell processes, and thus, its inhibition could be an efficient therapeutic approach to

simultaneously modulate many altered pathways in AD.
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Figure 44. Proposed model for RTP801 inhibition over the tRNA-LC in the context of AD. In healthy
individuals, RTP801 is expressed at low levels, and thus, the active tRNA-LC performs the ligation of tRNA
exons and, under ER stress, the unconventional ligation of XBP1s exons. XBP1s protein transcribes BDNF,
Kalirin-7, and other genes that promote ER homeostasis. In AD hippocampus, there is an upregulation of
RTP801 that interferes with the activity of the tRNA-LC in the cytoplasm (outer surface of the ER) and in
the nucleus. Consequently, the levels of XBP1s decrease, which might lead to decreased levels of its

transcriptional targets. Conversely, the levels of intron-containing pre-tRNAs rise, which could result in an
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increased production of tRF-1 and miR-1983. In AD panel, the tRNA-LC is depicted in gray to represent its
inhibition by RTP801. The question marks indicate that it is unknown whether those events occur in AD

brain. Figure created with Biorender.com
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The main conclusions from this thesis can be summarized as follows:

164

1.

10.

RTP801 co-immunoprecipitates with DDX1 and HSPC117 in rat primary cortical neurons
and in HEK293 cells. In addition, it co-immunoprecipitates with CGI-99 in HEK293 cells.

RTP801 does not regulate the protein levels of DDX1, HSPC117, or CGI-99 nor the gene
expression of DDX1 and RTCB.

HSPC117 and DDX1 modulate the protein levels of RTP801, but not its gene expression
in HEK293 cells.

RTP801 silencing in HEK293 cells promotes XBP1 splicing whereas RTP801
overexpression inhibits it.

The protein levels of XBP1s are drastically reduced in the hippocampus of AD patients.

The protein levels of RTP801, XBP1s, and p-elF2a Ser51, are good classifiers of the
presence or absence of AD.

RTP801 silencing in the hippocampal neurons of 6-month-old WT and 5xFAD mice
promotes Xbp1 splicing, and in the case of 5xFAD mice, Bdnf expression.

7-month-old 5xFAD mice present an accumulation of intron-containing pre-tRNAs in the
hippocampus, with no changes in the abundance of mt-tRNAs or mature tRNAs.

RTP801 silencing in the hippocampal neurons of 6-month-old 5xFAD mice prevents the
accumulation of intron-containing pre-tRNAs.

Treatment of mouse hippocampal cultured neurons with the 60-100 nt tRNA-enriched
fraction from the hippocampus of 5xFAD shCT mice increases neuron arborization
without affecting viability, and this phenomenon is prevented when RTP801 is silenced
in the source neurons.
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