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I. RESUMEN

El control de la expresion génica a nivel traduccional es un aspecto clave para el correcto
funcionamiento celular y es en particular importante en modelos neuronales debido al alto
grado de compartimentalizacion y sus grandes dimensiones. Por esta razon, en la presente
tesis nos hemos propuesto investigar distintos eventos de regulacion traduccional en modelos

neuronales utilizando aproximaciones gendémicas como Ribo-Seq y RNA-Seq.

En primer lugar, estudiamos el rol de PDCD4 en la regulacién traduccional y sus posibles
ARNmM blancos en un modelo neuronal. Resultados previos obtenidos en nuestro laboratorio
mostraron que PDCD4 se expresa en altos niveles en distintos tipos neuronales y ejerce una
regulacion negativa sobre el crecimiento axonal. Utilizando células PC12 diferenciadas a
neuronas como modelo celular in vitro tipo neuronal, pudimos verificar el efecto inhibitorio de
PDCD4 en el crecimiento neuritico. También, mediante RNA-Seq y Ribo-Seq observamos el
control que PDCD4 ejerce a nivel traduccional y exploramos sus blancos traduccionales. Asi,
reportamos una lista de 267 ARNm blancos de PDCD4 cuyos niveles traduccionales se ven
significativamente aumentados en ausencia de este factor. El analisis de dichos blancos nos
permitié reconocer una firma génica asociada al crecimiento neuritico y axonal que podria
justificar la regulacion observada. La regulacion ejercida sobre alguno de dichos blancos fue

confirmada por western blot y por cuantificacién en fracciones polisomales.

En segundo lugar, optimizamos y aplicamos la técnica de Ribo-Seq en distintos modelos
neuronales como cultivos in vitro de neuronas corticales primarias y corteza cerebral de raton.
En el primer caso evitamos la recuperacion de la fraccion polisomal lo cual nos permitié
trabajar con una menor cantidad de material biolégico de partida, una de las principales
limitantes de la técnica. También, comparamos nuestro protocolo de produccién de huellas
ribosomales con el protocolo original, ya que éstos difieren en la enzima utilizada en el ensayo
de digestion: Benzonasa y RNAsa |, respectivamente. Pudimos observar diferencias
principalmente a nivel del tamafio de las huellas, su presencia en la region 3’-UTR y en la
periodicidad de mapeo. También, en base a tres criterios complementarios, definimos un set
de genes cuya deteccion se ve favorecida con una enzima y no con la otra. El analisis
funcional de estos genes no revelé grandes diferencias a considerar aunque se destaca la

presencia de genes no codificantes y entre ellos especies de ARN pequefios.

En ultimo lugar nos propusimos estudiar los eventos de regulacién traduccional presentes en
modelos murinos transgénicos de la enfermedad de Alzheimer, donde los mecanismos

neuronales que determinan los eventos de neurodegeneracion no se conocen en detalle. Para



esto utilizamos dos modelos murinos transgénicos de la enfermedad, en edades tempranas,
preferentemente asintomaticas (ratones CVN: App KM670/671NL, ED693/694QN; Nos2™ y
ratones Tg2576: App KM670/671NL). Utilizando RNA-Seq y Ribo-Seq cuantificamos los
niveles de expresion transcripcional y traduccional de mas de 14.000 genes en la corteza
cerebral y detectamos genes expresados diferencialmente en ambos niveles, en particular en
el modelo CVN, completamente asintomatico a la edad utilizada. El analisis funcional revel6
principalmente una inhibicion de procesos neurodegenerativos y la activacion de procesos
tipo neuroprotectores como transmisién sinptica, cantidad de neuronas y neuroglias,
procesos de mielinizacion, entre otros. Ademés se detectd una firma génica asociada a la
activacion de una subpoblacién microglial asociada a la enfermedad y que responde a la

acumulacion de AB, asi como la activacién de genes asociados al metabolismo de AR y APP.

En conclusion, en la presente tesis pudimos determinar por primera vez un set completo de
blancos traduccionales de PDCD4, entre los cuales reconocimos una firma génica asociada
al crecimiento neuritico y axonal que explica el rol que este factor tiene sobre dichos procesos.
También, aplicamos el protocolo de Ribo-Seq sobre diversos modelos neuronales in vitro e in
vivo, asi como comparamos las huellas ribosomales producidas con distintas ARNasas. En
ultimo lugar, exploramos eventos de regulacion traduccional en modelos transgénicos de la
enfermedad de Alzheimer y observamos, por primera vez, la regulacién traduccional que
controla la expresion de muchos genes previamente asociados a la enfermedad. Pensamos
gue los aportes realizados por la presente tesis permitirdn en un futuro explorar de manera
precisa la regulaciéon traduccional en diversos modelos neuronales mediante técnicas 6micas

de ultima generacion.



II. INTRODUCCION

El estricto control de la expresion génica involucra variados mecanismos y etapas sucesivas
de regulacion. Entre ellas, la regulacion de los niveles de traduccion de ARN mensajeros
(ARNmM) es uno de los aspectos més relevantes (ejemplos en [1,2]). En particular si
consideramos los modelos neuronales, donde se observa tanto un alto nivel de polarizacién
como grandes dimensiones celulares, los mecanismos que controlan la expresion génica en
tiempo y espacio adquieren una relevancia ain mayor. Estos dos factores agregan un nivel
extra de complejidad en la regulacién de la expresidn génica, donde se destaca la regulacion
traduccional local [3-9]. Por ejemplo, los mecanismos de regulacion traduccional pueden ser
ejercidos de manera central, afectando los niveles traduccionales en el soma neuronal, o de
una manera completamente distinta afectando niveles traduccionales locales, regulando la
sintesis proteica en distintos dominios neuronales: axdn, dendritas, terminal presiniptica y
postsinaptica. Respecto a la sintesis proteica local, nuestro grupo [9-17] junto con otros
[4,6,18-28], han realizado significativos aportes al area, aunque todavia resta por conocer en
detalle como se regulan estos procesos. Estudiar en profundidad los mecanismos de
regulaciéon traduccional generales y locales es un objetivo clave para comprender una gran
variedad de procesos que ocurren en el intrincado panorama tridimensional de las células

neuronales.

A continuacién procederemos a describir tres aspectos relevantes para el marco tedrico de la
presente tesis. En primer lugar, se describe la estrategia de Ribo-Seq como una aproximacion
novedosa para el estudio del compartimiento traduccional a nivel émico ya que la misma
representa un insumo transversal a los distintos objetivos planteados. Luego nos centramos
en la regulacion del proceso traduccional que ocurre tanto mediado por factores proteicos,
como PDCD4, y en el contexto de patologias neurodegenerativas. Asi, describimos PDCD4
como un modulador traduccional cuyo rol neuronal exploraremos en la presente tesis.
Finalmente introducimos aspectos relevantes para entender posibles eventos de regulacién
traduccional que puedan ocurrir en enfermedades neurodegenerativas, como nos planteamos

estudiar en el caso del mal de Alzheimer.

Ribo-Seq: Una estrategia 6mica para el estudio de la traduccion

Hace poco méas de 10 afios se publicaba el primer trabajo que describe el uso de una

novedosa aproximacion metodoldgica basada en la tecnologia de secuenciacion masivay que
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permite el estudio global de los niveles traduccionales de los ARNm con una resolucion a nivel
de sub codones [29]. En los afios siguientes, los continuos avances tecnolégicos aplicados a
técnicas de biologia molecular y el desarrollo de nuevas y mejores capacidades para
secuenciar fragmentos de &cidos nucleicos, han permitido un uso masivo y extensivo de la

técnica conocida como ribosome profiling o Ribo-Seq.

Como parte de uno de los primeros pasos en el desarrollo de esta tesis nos propusimos
realizar una revisibn actualizada de la metodologia y sus aplicaciones. Se adjunta a
continuacion la publicacion de dicha revisién en formato de mini-review donde describimos la
metodologia, discutimos los aspectos protocolares mas relevantes y listamos diversos
programas y paquetes computacionales disefiados para la visualizacion, andlisis e
interpretacion de los datos producidos por Ribo-Seq. También discutimos algunos de los
principales hallazgos que se han descrito mediante el uso de esta metodologia en distintos
sistemas y modelos bioldgicos.

Trabajo publicado I: Following Ribosome Footprints to Understand Translation at a

Genome Wide Level

Se adjunta a continuacion.
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models ranging from bacteria to mammalian cells yielding a surprising amount of insight on the mechanism
and the regulation of translation. In this review we describe the key aspects of the experimental protocol and
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case is an application named Ribosome Profiling (RP), or Ribo-Seq, de-
veloped by Ingolia & Weissman in 2009 [7] where the deep sequencing
of mRNA fragments covered by ribosomes during translation yielded an
original view of translation at a genome wide scale. The footprints of
active ribosomes are obtained using an RNAse protection assay, where
controlled digestion generates small mRNA fragments/footprints of ap-
proximately 30 nucleotides [8]. Therefore, after data processing, transla-
tion can be observed at an unprecedented resolution in a variety of
biological settings. Before performing the digestion, ribosomes are
halted over the mRNAs using translation inhibitory drugs or by quick
deep freezing the sample to avoid ribosome run-off. The resulting
fragments, i.e. the ribosome footprints, are purified and used to con-
struct sequencing libraries to feed short read sequencers. In this sce-
nario, a transcriptome wide picture of the translating ribosomes
location over mRNAs is obtained, together with an estimation of the
mRNASs translation rates. These expression levels estimated by RP define
what is called translatome, in analogy to the term transcriptome.
Translatome estimations of gene expression levels correlate better
with proteomic data than transcriptome-derived estimations (see
below). This increased correlation evidences the existence of mecha-
nisms operating in the control of translation that fine tune the synthesis
of cellular proteins.

In the context of the rich data obtained in a RP experiment, an inter-
esting outcome was the definition of two concepts: translational effi-
ciency and periodicity. The first concept refers to how much an mRNA
is translated considering the level of its coding mRNA, so it is an impor-
tant parameter yielding information on translation regulation.
Translational efficiency is calculated as the ratio between translation
(derived from counts of footprints per mRNA) over transcription
(derived from RNA-seq mRNA levels) of particular mRNA. The second,
refers to the three bases mapping periodicity observed for the reads de-
rived from footprints as a consequence of ribosome movement along
mRNA. Since the ribosome moves codon by codon, the 5’-end of the ri-
bosome footprints tend to map at the same position of each codon
throughout the whole coding sequence.

Several aspects concerning protocol have been discussed, revised
and modified since the original protocol was established. Some aim to
adapt the protocol to different biological models, like eukaryotic or pro-
karyotic cells, specific tissues, etc. Other aspects have been intensely
discussed, for example what the appropriate method to stop translation
is or how to define the correct translation frame from ribosome foot-
prints. Nevertheless, RP protocol is currently a widely used approach
to study gene expression in different biological models from virus and
bacteria to complex mammalian tissues (examples in [9-11]). In this
mini-review we will discuss the main and critical steps in the RP proto-
col, its uses and main findings obtained in different biological models
and the contributions to our knowledge of cellular and molecular
biology.

2. Ribosome Profiling Protocol
2.1. Protocol Description

Ribosome Profiling comprise mainly five steps: sample preparation,
RNAse protection assay, isolation of ribosome footprints, high-
throughput sequencing and bioinformatic analysis (Fig. 1A) [12].
Sample preparation refers to steps necessary to process the biological
sample and obtain a post mitochondrial supernatant where lysis condi-
tions ensure to preserve in vivo ribosome positioning and RNA integrity.
Among others, alternative inputs could be tissue homogenates, isolated
tagged ribosomes or a bacterial cell lysate. Critical aspects concerning
this step are: ensuring enough biological material to produce quantifi-
able ribosome footprints and avoiding ribosome run-off. For the last,
either drugs inhibitors of translation or physical methods like flash-
freezing using liquid nitrogen and dry ice can be used. Indeed, fast

freezing becomes crucial in cases where using translation inhibitors
are to be avoided.

The RNAse protection assay, also called nuclease footprinting, is an-
other critical step in RP protocol. Several RNAses had been used, mainly
RNAse I and micrococcal nuclease (MNAse) in eukaryotic cell models
and bacterial cells, respectively. At this step, controlling factors like reac-
tion time and enzyme concentration are critical to ensure an appropri-
ate mRNA digestion, for example it has been stablished that the ratio
between RNA and RNAse controls footprints size [13].

The third step is one of the most laborious in terms of protocol. Dif-
ferent strategies had been used to isolate ribosome protected fragments
or ribosome footprints, but all of them imply a ribosome/poly-ribosome
purification step. Even though commercial columns are available to pu-
rify monosomes, the most used approach is the differential sedimenta-
tion of ribosomes through a sucrose cushion during ultracentrifugation.
The use of this technique of subcellular fractionation ensures the purifi-
cation of monosomes with bound ribosome footprints. Once mono-
somes are purified, a polyacrylamide gel electrophoresis in denaturing
conditions is run to separate the complex sample by length. Using ap-
propriate size markers, the gel is cut at the corresponding length of
28-30 nt using a dark field transilluminator, even if footprints are not
visible as it is usually the case. After disrupting the gel slices, precipita-
tion and re-purification of ribosome footprints, samples are ready to
proceed to library preparation.

Library preparation implies a set of protocol steps common in many
high-throughput sequencing experiments like end repair, 3’ adaptor
ligation, reverse transcription and PAGE cDNA purification, circulariza-
tion of cDNA and PCR amplification. After checking length and concen-
tration of the ribosome footprints library, they can be submitted to
sequencing according to user-preferred sequencing technologies. Due
to footprints small size, neither long reads nor paired-end reads are
needed. Nevertheless, due to ribosomal rRNA presence in the footprints
fraction purified, depletion of rRNA, coupled with extra sequencing
depth are usually needed.

Finally, the bioinformatic analysis of data is the most user-
dependent step. A typical analysis would include quality control of
raw reads, mapping, count normalization and gene expression levels es-
timation. It could also include, for example, differential gene expression
analysis if two biological conditions are contrasted. Table 1 show a list of
some of the software available to perform classical analysis over RP data.
Nevertheless, how deeply the data is interrogated is on user's hands,
here we will discuss some of these downstream analyses later.

2.2. Protocol Variants, User Decisions

Up to this point we have reviewed the main steps in RP protocol con-
sidering the classical approaches most used in literature. Henceforth we
will mention some protocol variants and why they could be used if is
necessary (Fig. 1B). Considering the chronological order of the protocol,
we will start with one of the steps where more variants are described in
the literature: how to stop translation at the moment the experimental
design requires to do so. Efficient stop of translation avoids ribosome
run off, sharpening the picture taken of the translatome at a given
time point. In the original protocol, a classical translation inhibitor like
cycloheximide was used to specifically target translation elongation.
However, as it does not interfere with pre-initiation complex scanning
and translation initiation, treatment with cycloheximide causes a signif-
icant accumulation of ribosomes at initiation sites of mRNAs actively
translated. This could represent a source of bias since a lot of ribosome
footprints will be generated by initiating ribosomes while elongation
is stopped. This issue was highly covered in the literature, with some au-
thors proposing that this accumulation is actually due to an enrichment
of slow codons after the initiation and others are in line with the bias
hypothesis that generates a skewed distribution. Alternatively, it is
possible to stop translation using liquid nitrogen and dry ice [12]. In
this scenario, ribosomes are flash-frozen and stopped just by reducing
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Fig. 1. Ribosome Profiling protocol description. A general description of RP protocol is shown in A, representing the main steps described in the text. The protocol variants discussed are

summarized in B, linked to the corresponding step where would be applied. Variants tha

kinetic energy to a minimum. This alternative seems to not affect
ribosome density and expression measurements but it's not the most
extended approach, maybe because of availability of liquid nitrogen in
the laboratories. When working with prokaryotes, besides flash-
freezing, drugs like chloramphenicol and 5’-Guanylyl imidodiphosphate
had been used [9]. Finally, it is worth mentioning that other drugs that
target translation had been used to reveal specific aspects of translation.
One of the most extended example is the use of harringtonine or the com-
bined use of cycloheximide and harringtonine. Since harringtonine it is an
inhibitor of translation initiation, the use of this drug alone could reveal
translation initiation sites exclusively. Also, if harringtonine is first
applied, and cycloheximide is applied after at different time points, it is
possible to measure very specific translation properties like translation
elongation speed [14,15].

The second step we mentioned it is the RNAse protection assay. In
this step enzyme selection is critical [16]. In first place the biological
model (eukaryotic or prokaryotic) already limits the options. In the
literature, enzymes used for eukaryotic systems are mainly RNAse [, A,
S7, T1 and MNAse, also used in prokaryotes. Since the method has
been mainly applied to eukaryotic cells, RNAse I is the more common

t correspond to prokaryotes are marked in italic.

enzyme selected. In this case, the amount of RNA that is digested and
other reaction conditions are well established, but when a new RNAse
is being used, parameters like enzyme units and time of the digestion
needs to be specifically determined to ensure a correct ribosome foot-
print production. It has been useful the use of enzymes, like Benzonase,
or the above mentioned MNAse, that produce digestion products that
allow a more straight forward ligation of the linkers required to prepare
NGS molecular libraries [17-20] simplifying the library preparation
protocol.

Once cells are harvested, lysed and the RNAse protection assay is
carried out, the next step is to collect ribosomes and specifically purify
ribosome footprints. As we mentioned above, ribosome purification
could be one of the most laborious step. Despite commercial columns
are available to purify ribosomes, more classical strategies tend to be
used, like monosome separation by ultracentrifugation in sucrose
cushions or gradients. While sucrose gradients fractionation is challeng-
ing, sucrose cushions give similar results with less technical challenges.
Other approaches to collect ribosomes are available, like genetic manip-
ulation to add epitope tags to ribosomes, allowing affinity purification
[21-23]. In any case, after ribosome isolation, footprints purification is
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Table 1
Software available to analyze, interpret and visualize RP-derived data.

A list of some of the software used to analyze RP data is briefly described, indicating its main features and the adequate environment to use it.

Name Functions/description Enviroment Ref.

riboSeqR Parsing data, align reads, plotting functions, frameshift detection and inferring alternative ORFs. R [101]

RiboProfiling Quality assessment, read start position recalibration, counting of reads on CDS, 3’UTR, and 5’UTR, plotting of count data: pairs, log R [102]
fold-change, codon frequency and coverage assessment, principal component analysis on codon coverage.

RiboGalaxy On-line tools for the analysis and visualization of ribo-seq data (some of them use riboSeqR) Galaxy webserver  [103]

Plastid A handful of scripts for common high-throughput sequencing and ribosome profiling analyses, like: determining P-sites offsets ~ Python Library [104]

Ribomap Generates isoform-level ribosome profiles from ribosome profiling data Unix [105]

RiboTraper Identifies translated regions Unix [106]

Rfoot Identifies RNA regions protected by non-ribosomal protein complex present in Ribo-Seq data Perl [107]

anota Analysis of differential translation and results visualization R [108]

RiboDiff An statistical tool to detect changes in protein translation efficiency Unix [109]

Xtail An analysis pipeline that identifies differentially translated genes in pairwise comparisons R [110]

RiboTools Detection of translational ambiguities, stop codon readthrough events and codon occupancy. Provides plots for the visualization = Galaxy webserver  [111]
of these events.

Proteoformer  Genome-wide visualization of ribosome occupancy and a translation initiation site calling algorithm. A protein database can be  Galaxy webserver [112]
incorporated to increase protein identification

ORFscore Small ORF identification In SPECTtre [106]; [75]

python
ORF-RATER Coding sequence annotation Python [113]
FLOSS A metric for distinguishing between 80S footprints and nonribosomal sources using footprint size distributions In SPECTtre [106]; [61]
python

tRanslatome Analysis of transcriptome, translatome and proteome data: Differentially expressed genes detection, gene ontology enrichment R [114]
comparison and analysis of regulatory elements

TranslatomeDB Differential gene expression, translation ratio, elongation velocity index and translational efficiency. Also comparision with other Online [115]
RP experiments can be done

systemPipeR Filter/trim sequences, quality control, alignments, counting, peak detection, differentially expressed genes detection, enrichment, R [116]

classification, several reports and graphs

the immediate follow step. Since the RNAses used are endonucleases,
they digest “unprotected” mRNA while also cutting fragments of rRNA
exposed in ribosome's surface. This digestion produces a very complex
mix of RNA fragments of diverse length that is separated by a denatur-
ing PAGE. Using appropriate size markers (26 and 34 nt), the band cor-
responding to ribosome footprints is excised from the gel and the RNA is
isolated. Interestingly, a new population of small footprints of 20 nt in
length was recently described [24]. This small population would not
be recovered if we use the size markers mentioned above. In this
context, depending on the experiment being performed and on the re-
search goals, size selection can be modified accordingly.

Since the original sample contains a lot of ribosomes, a very impor-
tant fraction of the generated fragments comes from rRNA. This contam-
ination, still present in ribosome footprints expected band, is an
important issue. One possible strategy is to continue with the protocol
ignoring this contamination and go deep in sequencing to obtain
enough mRNA derived sequences to achieve RNA-seq like coverage.
However, this contamination can represent up to 90% of the sample,
so a subtracting strategy is usually necessary. Ribosomal RNA removal
can be achieved through streptavidin affinity purification using specific
biotinylated rRNA probes available for mouse and human. If the
biological model it is not mouse or human, synthesis of specific rRNA
complementary oligos can be considered, provided by previous knowl-
edge of the region of the rRNA protected in the model used. The later
can be obtained by sequencing at low depth to determine the most
abundant protected fragments derived from rRNA. Because different en-
zymes can produce different protected rRNA due to allosteric impedi-
ments or cleavage site sequence specificity, determining the identity
of contaminating rRNAs could be necessary.

When footprints are collected, library construction and high-
throughput sequencing are the next in line. Depending on the RNAse
used, end repair could be necessary prior to linker ligation. While con-
ventional protocols require PCR amplification and purification of the
amplified PCR product by PAGE, as mentioned above some enzymes
simplify these steps. Finally, sequencing is performed. While several
platforms are available to perform high-throughput sequencing, long
reads are not necessary as footprints are naturally short. Usually the
depth of coverage to be achieved is dependent on how much rRNA is

contaminating your footprints and how many mRNAs you will need to
quantify.

Finally, data interpretation implies a complete in silico analysis (see
Table 1), although this is the step more flexible and open to user aims,
it represents several challenges due to the particular features of RP.
For example, reads are short in length, may have relatively high error
rates and depending on library construction protocol could have high
bias. Also, some fragments tend to be enriched, because accumulated ri-
bosomes at translation initiation sites or pausing sites, leading to high
read counts. Beyond this, most of the available tool to process and ana-
lyze experiments of RNA-Seq are suitable to use analyzing data from RP,
specifically the ones used to short length reads and/or single-end reads.
Nevertheless, some aspects need to be considered due to the peculiari-
ties of the data set analyzed. For example, gene isoforms studies are dif-
ficult since ribosome footprints are short reads and mapping over splice
junctions tend to be unreliable. Briefly, bioinformatic analysis implies in
general: quality and adaptor trimming, mapping against a specific data
base of rRNA or ncRNAs to remove contamination, unmapped reads are
aligned to an mRNA data base, counting reads, normalize counts and
proceed to check statistical differences between conditions. As said
above, diverse analysis can be done with data, just to mention some:
check footprints periodicity, upstream Open Reading Frame (uORF)
search, detection of different translation initiation sites, codon usage
and search for translation pauses, among others. Even though general-
purpose RNA-seq tools may be suitable, some specific software has
been developed to apply to RP data set that explicitly consider the influ-
ence of transcript levels on translatome determinations (see examples
in Table 1).

3. Biological Models and Contributions

Up to date, the RP protocol has been applied to a large variety of bi-
ological models from viruses and bacteria to yeast, mammalian cells and
tissues, and embryos. In this section we will present the main contribu-
tions done in each model, and also what we have learned about the
translation mechanism using this methodology. In addition, in Table 2
several RP works were grouped by the main topic analyzed, indicating
in each case the different organisms used.
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Table 2
Brief summary of RP works in several models, grouped by the main analyzed topic.
Topic Organism Ref.
Genomic/translation characterization Virus [11,86-88]
Mycobacterium abscessus  [35]
Mammalian cells [14]
Translation initiation sites Caulobacter crescentus [26]
Mammalian cells [59]
Translation elongation Saccharomyces cerevisiae  [24]
Caenorhabditis elegan [79]
Translational pausing Escherichia coli [9,27,32]
Bacillus subtilis [9]
Saccharomyces cerevisiae  [46,67]
Codon usage Escherichia coli [37]

Saccharomyces cerevisiae  [47,49,50]

Small ORF Saccharomyces cerevisiae  [51]
Zebra fish [75]
Drosophila melanogaster ~ [77]
Mammalian cells [65]

Translation dynamics on different stages  Plasmodium falciparum [81,82]
Trypanosoma cruzi [17]
Trypanosoma brucei [83,84]

Stress response Escherichia coli [41]
Mycoplasma gallisepticum  [34]
Arabidopsis thaliana [80]

Saccharomyces cerevisiae  [7]

IncRNAs translation Mammalian cells [60-64]

3.1. Bacteria: Translational Pausing, Codon Use and Antibiotics

In bacteria, ribosome profiling was applied in first place to
Escherichia coli and Bacillus subtilis [9] to study the causes of transla-
tional pausing. The authors observed that the presence of Shine-
Dalgarno-like features in coding sequences are the major determinants
of translation rates in these models. Instead of codon usage or the pres-
ence of rare tRNAs, interactions between rRNA and these Shine-
Dalgarno-like features in mRNA can impact on ribosomal movement
along mRNA, which in turn affect footprints location and abundance
[25]. Later, Schrader et al. [26] also applied RP, in Caulobacter crescentus
and arrived to the same conclusion: ribosomes tend to pause at internal
Shine-Dalgarno-like sequences in coding genes. Although the later hy-
pothesis regarding underling mechanisms of translation pausing in bac-
teria is still controversial (see an example in [27]), with authors
supporting classical hypothesis of tRNA abundance as main modulator
of translation speed, this is still a new possible mechanism for regulating
translation uncovered by the RP strategy.

In another study Oh et al. [28], investigated a chaperone trigger factor
and how this protein regulates outer membrane proteins, using a RP pro-
tocol modified later in [29]. Balakrishnan et al. [30] studied translation ini-
tiation on E. coli using RP, while translation elongation was covered by
Elgamal et al. [31], where authors find translational pauses associated to
elongation factor P and amino acids motifs upstream to ribosome P-site
(also found in [32]). Other bacteria where RP was applied are Mycoplasma
gallisepticum [33,34], Mycobacterium abscessu [35] and Staphylococcus au-
reus [36]. RP as a powerful technique to measure translation rates at
subcodon resolution, has allowed scientist to focus on the relationship be-
tween translation efficiency and codon usage deriving in the optimization
bacterial vectors for expression of heterologous recombinant proteins
[37,38].

Also, RP has given new insights on the antibiotics mechanisms to in-
hibit translation [39]. Other studies have been using RP to investigate
mechanisms for biofilm formation in B. subtilis [40], ethanol effects on
translation [41] and mRNA cleavage by the endonuclease RelE [42].

3.2. Yeast: Start Codons, uORFs and Translational Pauses

Since RP was firstly described in the budding yeast Saccharomyces
cerevisiae [7], a lot of research has been done using this model and by

re-analyzing that public data sets generated. In the original article,
Ingolia et al. [ 7] explored translation response to starvation. In this sem-
inal paper the terms translation efficiency and periodicity were defined
for first time in this context (see Introduction). While translation effi-
ciency is usually calculated in every experiment using RP, periodicity
is not assessed so often, because it depends on RNAse amount used
and digestion time.

For first time, integrating all data obtained, correlations between ex-
pression levels estimated by RNA-Seq (transcriptional levels), RP
(translational levels) and proteomics (protein levels) could be obtained,
reflecting the contribution of translational regulation in the fine tuning
of final proteins levels (please see examples in Fig. 2). In this sense,
other efforts have been made to correlate translation ratios and protein
abundance. For example, Wang et al. [43] by incorporating mRNA
length as a key factor, found a strong multivariate linear correlation be-
tween protein levels and translation ratios estimated by ribosome-
nascent chain complex sequencing (RNC-Seq). The correlation between
translational and protein levels estimated by RP and proteomics, respec-
tively, may be improved if elongation velocity index are incorporated in
the analysis, according to the authors [44] (please see Section 3.3.2).

Also, start codons were also precisely determined in this work, and
initiation at non-AUG codons was observed as response to starvation.
In the same way, detection of ribosome footprints at 5’-UTRs re-
veals translational activity in these regions mainly explained by the pres-
ence of uORFs. In this way, a new approach to uORF study and its
relationship with translation regulation was stablished, revealing a
completely new and complex field previously not covered in detail.

To highlight some of these contributions yeast models provided, we
can mention that distinct population of ribosome footprints were dis-
covered and were assigned to distinct stages of translating ribosomes
[24]. Furthermore, 80S ribosomes (monosomes) were detected as
translationally active, translating specific mRNAs encoding low abun-
dance and regulatory proteins, among others [45]. In addition, codon
usage, tRNA levels and how they influence translation was highly cov-
ered [46-50]. The hypothesis that arise more strongly in yeast is that
biochemical interactions between the nascent peptide and the ribo-
somal exit tunnel (in particular the initial part of the tunnel) are
major determinants on ribosome stalling [46]. A stalling signal of pro-
line and arginine was detected, as others showed for bacteria [31,32].
On the other hand, also the correlation between tRNA concentrations
and codon decoding time was evaluated, finding a significant negative
correlation, supporting the idea that translation efficiency is influenced
by tRNAs levels in the cells [48]. Also, RP was used to explore the
genome-wide translation of small ORFs (<100 amino acids) and long
non coding RNAs (IncRNAs) [51], ribosome rescue in 3/-UTR [52], the
yeast meiotic program with important contributions to the area [53],
and also how translation contributes to regulate gene-expression in
yeast in an evolutionary view [54].

3.3. Mammalian Cells: uORFs, Pauses, Initiation Sites and IncRNAs

In mammalian cells, the first study carried out applied RP strategy to
reveal aspects of microRNA's (miRNA) function in the cell [55]. The au-
thors observed that miRNA predominantly affect mRNA levels, with
only a modest influence on translational efficiency. This study revealed
for first time that mRNA destabilization is the major consequence of
miRNA regulation. So, from here to the end of this section we will
present some interesting research and their results in mammalian
cells mainly, but also in other eukaryotic models.

A significant study in terms of results, conclusions and repercus-
sions, was done by the group who publish the RP protocol, but using
mouse embryonic stem cells (mESC) [14]. In this model, the authors
identified thousands of pause sites and unannotated translation prod-
ucts like amino-terminal extension and uORFs with potential regulatory
roles. In parallel, authors combine harringtonine and cycloheximide use
to monitoring kinetic of translation as we describe below, evidencing a
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Authors Journal Year Organism Correlation score
Ingolia Science 2009|Yeast R?
Smircich BMC Genomics 2015|Trypanosoma cruzi Pearson R’
Wang & Sun Genome Biol Evol | 2015|Yeast Pearson R’
Miranda-CasoLuengo & Staunton BMC Genomics 2016|Mycobacterium abscessus Pearson R’

Fig. 2. Correlations among RNA-Seq, RP and proteome-derived expression data sets. Genome-wide correlations of individual gene expression levels estimated by RNA-Seq, RP and
proteome techniques are shown. Each correlation value is referenced to its corresponding author, indicating also journal, year, organism involved and correlation test used, by the

same color code.

ribosome translation rate of 5.6 amino acids per second, consistent with
previous values [56], and that is independent of length, protein abun-
dance, classes of mRNAs or codon use.

3.3.1. uORFs

Ingolia et al. [14], using harringtonine in mESC, could identify trans-
lation initiation sites, where AUG was present in almost 75% of canonical
sites, but in <25% in upstream sites, where others near-AUG codons
were observed, like CUG and GUG (see also Section 3.3.3). Considering
the initiation site defined, the reading frame associated was also inves-
tigated and classified based on their relationship to the annotated ORF.
In this characterization, many uORF were detected, as well as alternate
protein products with amino-terminal extensions or truncations. The
authors also study the widespread translation of uORFs detected and
their change during differentiation, highlighting the important regula-
tory role that these elements have affecting translation, particularly
when the cell is under stress conditions [57]. A well-known example
is the uORF translation regulation that affects GCN4 expression in
yeast under starvation [7].

3.3.2. Translational Pauses and Elongation Speed

Regarding translational stall sites, Ingolia et al. [14] observed in
mESC a consensus peptide motif of glutamate (preferentially GAA
codon) or aspartate in the A site of pauses, preceded by a proline or
glycine, and then another proline (preferentially represented by
CC[A/T] codons); while no evidence of rare codons enrichment was
seen in pausing sites. Also, Dana and Tuller [58], re-analyzed the data fo-
cusing on elongation speed and ribosome profiles. Their analysis sug-
gest that elongation speed is indeed determined by the tRNA pool,
local mRNA folding and local charge of amino acids encoded; an idea
that seems to be extended in different articles, as was mentioned before

(see also [46]). Nevertheless, the authors mention that they detect an
unknown source of biases in the data that can interfere in ribosome pro-
files over mRNAs. Nevertheless, by experimentally assessing elongation
velocity, recently Lian & Guo et al. [44] found that these general conclu-
sions we have described may not be applicable to all individual cases. In
this work, information from RNA-Seq, RP and also RNC-mRNA was used
to define and calculate an elongation velocity index at individual genes
in human cells. This index was correlated with several mRNA features
and also with biological conditions, where authors find an elongation
speed deceleration on malignant phenotype associated genes.

3.3.3. Translation Initiation Sites (TIS)

Combining more data sets, Michel et al. [59] designed a method to
estimate the probability of ribosomes initiating at individual start co-
dons. This tool is able to discriminate between weak or strong initiation
sites based on the accepted leaky scanning model of translation initia-
tion in eukaryotes. For example, analyzing the codon preference in TIS
in human and mouse, a > 50% of AUG TIS and also almost 50% of AUG
preference in downstream TIS was observed. Composition of upstream
TIS was more diverse: 25% are AUG codons, 30% CUG and 40% include
other AUG-variants like UUG, GUG, AGG, ACG, among others [15].

3.34. Long Non Coding RNAs

With no doubt, another striking finding of the work done by Ingolia
et al. [14] in mESC was the detection of high levels of ribosome
footprints in long intragenic noncoding RNAs (lincRNAs), with marked
initiation sites evidenced by harringtonine. They classify these RNAs as
sprcRNA: short, polycistronic ribosome-associated coding RNAs. If
lincRNA encode or not a message to be translated by the ribosomes is
a matter addressed specifically in two publications [60,61]. Guttman
et al. [60] defined a Ribosome Release Score, that discriminate between
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coding and noncoding transcripts. Using this score, authors claim that
the ribosome occupancy observed on lincRNAs per se is not an indicator
of active translation and describe possible reasons why noncoding RNAs
show ribosome footprints. One of these possibilities is that these foot-
prints actually come from ribonucleo protein particles or others RNA-
protein complexes. Alternatively, footprints could be generated by real
engagement of ribosomes over ncRNAs that will not be functional at
the end. This interesting controversy was going to take an unexpected
turn when just over a year later, again Ingolia and Weissman described
a different metric to analyze footprints, that now classify IncRNAs as
coding [61]. This new metric called FLOSS (fragment length organiza-
tion similarity score) measure the magnitude of disagreement between
length distribution of a set of transcripts of interest and annotated
protein-coding transcripts. Based on FLOSS and other lines of evidence,
the authors proposed that IncRNAs has ribosome footprints that show
features of translation. In addition alternative hypothesis were
discussed: i) translating ribosome could act as a potent helicase to re-
model RNA structures and remove RNA-binding proteins; ii) translated
sequences may also act as cis-acting elements over IncRNAs that origi-
nate them and iii) the authors discuss about a possible contribution of
the proteins synthetized by noncanonical translation to serve as possi-
ble antigens presented to the cellular immune system, expanding the
universe of epitopes either in a viral infection or in a tumoral context.
In any case, the fact that some ncRNAs are associated with ribosomes,
translationally active or not, generates both challenging and interesting
questions that wait to be answered (see examples in [62-64]).

Using the data produced by RP on mESC, a lot of downstream analy-
sis has been conducted. For example, an approach to search and predict
putatively functional small ORF was developed to identify new classes
of bioactive peptides [65]. Another example is the work done by
Zupanic et al. [66], where the authors developed a method to study
mRNA translation regulation analyzing individual ribosome profiles. In-
corporating RNA-Seq data to correct bias and artifacts, they look for
changes in ribosome density along mRNAs to detect mechanisms of reg-
ulation, like premature termination or new transcript isoforms.

Regarding bias, several articles have studied this important issue on
RP data. Some improvements have been done in terms of understand
the bias source, and be able to correct it accurately [58,67,68].

The movement of the ribosome over the mRNA has been studied an-
alyzing in deep mapping periodicity leading to undercover mechanisms
underlying translational frameshifts [59]. Also regions in the human ge-
nome that are dually decoded were identified (~1% of human genome
approx.), either from different mRNAs as from the same, expanding
our vision about translation regulation and even about central dogma
[4,59].

In Hela cells, RP was applied to explore the translational landscape
of cell cycle, and a widespread translation regulation was seen over
cell cycle progression [69,70]. Surprisingly, evidence of functional
bicistronic mRNAs with antiviral functions in the innate immune sys-
tem was also revealed by RP in a human cell line [71]. Furthermore RP
was used in humans to investigate genetic variants in lymphoblastoid
cells derived from a diverse group of 30 individuals and how some ge-
netic differences may modulate ribosome occupancy [72].

The mTOR pathway is a very important target of different drugs and
has been implicated in several diseases, including cancer. Since this
complex regulates cell growth and proliferation by regulating mRNA
translation, it is interesting to use RP protocol to elucidate translation
control executed by mTOR. This was done by Sabatini's [73] and
Ruggero's [74] labs, and what they found was a surprising simple
model of the mRNA features that mediates mTORC1-dependent transla-
tion: an established 5’ terminal oligopyrimidine (TOP) motifs. 5’-UTR
length or complexity was not associated with mTORC1 translation reg-
ulation. The later also identify another motif called PRTE (pyrimidine-
rich translational element) in 5’-UTR of mTOR targets mRNAs, which
in conjunction with TOP motif were founded in almost 90% of mTOR-
sensitive genes. A common result of both works, which undoubtedly

draws attention, is the low regulatory spectrum found in terms of
number of messengers: mTOR-regulated mRNAs were 253 and 144, re-
spectively for each publication, a low number of targets considering the
central role of mTOR pathway in cellular metabolism and previous re-
sults of translation control resolution using RP. It is still an open ques-
tion whether this number changes in different cell types or conditions,
since there are still several factors downstream of mTOR that influences
what is being translated.

3.4. Others Biological Models: Zebrafish, Drosophila, C. elegans,
Trypanosomatids and Virus

Besides bacteria, yeast and mammalian cell lines, the RP method was
used to study translation regulation in others biological models as
zebrafish [63,75], the fruit fly Drosophila [76-78], C. elegans [79],
Arabidopsis [80] and also parasites like Plasmodium falciparum [81,82],
Trypanosoma brucei [83,84] and T. cruzi [17]. Trypanosomatids undergo
a complex life cycle with several distinct developmental forms, each
having particular morphologic and metabolic profiles. However, these
organisms accomplish the associated gene expression changes without
transcriptional control [85]. Indeed, translation regulation proved to be
a key mechanism controlling protein levels as revealed by drastic
changes in translational efficiency for many developmentally regulated
genes. For instance, the transition from a dividing to a non-diving
parasite form was accompanied by a decrease in the translational effi-
ciency of ribosomal proteins which in turn may explain the observed
global decrease in protein synthesis. However, proteins required in
the non-dividing stage scape this general trend and are actively trans-
lated as shown for the trans-sialidase family of virulence factors in T.
cruzi [17]. Besides, the data allowed the curation of the available ge-
nomes in these non-model organisms [84].

Also, RP was applied to study translation in virus like human
cytomegalovirus and Kaposi's sarcoma-associated herpesvirus, both
herpesvirus, and also in Cricket paralysis virus and Influenza A virus
(see [11,86-88], respectively).

4. Applications, Challenges and Perspectives

Besides classical applications we have been discussing above, like
determine translation gene expression levels, pause associated motifs,
codon translational rates, uORF and frameshift events detection,
among others, here we will mention specific protocols that had evolved
from initial RP experiments, like how to determine TIS by Qian lab
[15,89]. In first place, they describe an approach named global transla-
tion initiation sequencing (or GTI-Seq) that combine the use of
lactimidomycin and cycloheximide to detect both initiation and elonga-
tion ribosomes along transcripts, in human and mouse. The other, but
similar approach, named QTI-Seq (Quantitative Translation Initiation
Sequencing) evaluating not only TIS qualitatively, but also quantita-
tively, so statistical comparisons can be made between two conditions.
In bacteria also exist an approach to identify TIS genome-wide named
tetracycline-inhibited RP [90].

Research on mitochondrial and chloroplast translation is also
possible using RP [91-93]. Recently, an specific application of RP
named mitochondrial ribosome (mitoribosome) profiling was devel-
oped [94]. In this case, the approach developed in yeast consist in the
immunoprecipitation of mitoribosomes from cell lysates to perform
RNAse digestion. A similar approach but targeting reticulum-bound
ribosomes was also used, in mammalian cells, to study translation
related to intracellular traffic of membranes [19].

Throughout this minireview we have shown how the RP method has
provided the scientific community with a powerful system to study the
translation mechanisms and regulation, and more generally a more
complete picture of regulation of gene expression in several models.

However even when the seminal paper will turn 10 years old next
year many aspects of the technique are not completely resolved, as



174 G. Eastman et al. / Computational and Structural Biotechnology Journal 16 (2018) 167-176

can be shown in the continuous development of new experimental
protocols and analysis tools. Variations of the method are emerging to
address particular cases, such as the development of protocols to assess
localized translation. For instance, Williams et al. [95] reported
proximity-specific ribosome profiling to target translation of nuclear
encoded mitochondrial genes by tagging ribosomes in close contact
with the outer mitochondrial membrane. In this context, localized
translation can be investigated in more difficult scenarios like protein
synthesis in neuronal projections [96-98], specifically Holt lab per-
formed ribosome tagging and analyzed mRNA associated to tagged
polysomes in the pre-synaptic area of a minute portion of the brain
[99] but the low input in mRNA would impair ribosome profiling. So,
it is still necessary to develop methods that will allow the study of
systems where input material is a limiting factor. Some work is starting
to appear in this field [100].

Some intriguing questions have not been yet pursued, particularly
there are just a few reports where RP has been applied to disturbed
systems, for example drug treated cells or pathological cells, as
neurodegenerative diseases tissue or cancer cells where translation
me be playing a key role in the etiology of the abnormal molecular
processes.
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PDCD4, un requlador de la traduccion con posibles funciones neuronales

Pocos reguladores traduccionales proteicos nuevos han sido descritos en la literatura
recientemente, en particular en modelos neuronales. En este sentido, nuestro laboratorio ha
explorado la presencia y el rol de la proteina PDCD4, capaz de regular la traduccion, en
modelos neuronales in vitro e in vivo. Estos antecedentes, junto con resultados previos

obtenidos por el grupo (ver mas adelante), sugieren para PDCD4 un posible rol neuronal.

PDCD4 fue identificado inicialmente como un gen cuya expresion aumentaba durante la
apoptosis [30]. Estudios posteriores mostraron que se trata de un gen supresor de tumores
involucrado en la regulacion de la transcripcion y traduccion de ARNm, en las vias de
transduccién de sefiales celulares y en la apoptosis, entre otros [31]. EI gen de PDCD4
codifica para una proteina de 470 aminoacidos [30], muy conservada en vertebrados [31] y
de expresién ubicua en los tejidos [32]. Dicha proteina consta de tres dominios, uno amino-
terminal de union al ARN y dos dominios MA-3 de interaccién proteina-proteina: uno central
(MA-3m) y otro carboxilo-terminal (MA-3c) [31]. A nivel de secuencia, la proteina cuenta con
varios sitios plausibles de fosforilacion que regulan su actividad, localizaciéon subcelular y
degradacién mediada por el proteasoma [31,33]. El ARNm que codifica para PDCD4 cuenta
también con sitios blanco de micro ARN, los cuales regulan su traduccién en condiciones
fisiologicas alteradas. El caso mas estudiado es el del miRNA-21, quien inhibe la traduccion

de PDCD4 en diversos tipos tumorales [34-37].

Respecto de las funciones a cargo de PDCD4, se ha descrito que interviene en la
transformacion neoplasica donde se manifiesta como gen supresor de tumores, regulando
negativamente la proliferacién celular, invasion celular, el crecimiento tumoral y la sobrevida
celular luego de dafio al ADN [31]. Estas funciones implican el control a nivel transcripcional
y traduccional de la expresion génica por parte de PDCD4. A nivel transcripcional se ha visto
gue PDCD4 regula la actividad de varios factores de transcripcion al unirlos de forma directa.
Algunos ejemplos son: c-Jun [38,39], spl [40], Twistl [41] y p53 [42]. A nivel traduccional,
mediante interacciones ARN-proteina PDCD4 es capaz de reconocer estructuras secundarias
en los 5'-UTR de sus ARNm blancos y de esta manera ejercer un control de forma especifica
[43]. También se ha observado que mediante interacciones proteina-proteina PDCD4 se une
tanto con los factores de iniciacion eucariotas elF4A y elF4G, asi como con proteinas que se
encuentran en el complejo de iniciacion 40S y complejo de preiniciacion 43S [44,45]. En
condiciones normales, elF4G une elF4A e interacciones adicionales activan este ultimo factor
para que manifieste su actividad de ARN helicasa, la cual le permite resolver estructuras
secundarias presentes en los 5-UTR y que inhiben la traduccion de los ARNm. PDCD4

compite con elF4G y con el ARNm por la union a elF4A [46]. Cuando PDCD4 logra unir a

20


https://paperpile.com/c/MpaHhC/aQMA
https://paperpile.com/c/MpaHhC/tlJs
https://paperpile.com/c/MpaHhC/aQMA
https://paperpile.com/c/MpaHhC/tlJs
https://paperpile.com/c/MpaHhC/Y1lK
https://paperpile.com/c/MpaHhC/tlJs
https://paperpile.com/c/MpaHhC/tlJs+gSi6
https://paperpile.com/c/MpaHhC/Byvf+3sLV+EG6C+3pk5
https://paperpile.com/c/MpaHhC/tlJs
https://paperpile.com/c/MpaHhC/oa0F+y7cM
https://paperpile.com/c/MpaHhC/7zF5
https://paperpile.com/c/MpaHhC/ua04
https://paperpile.com/c/MpaHhC/t0SL
https://paperpile.com/c/MpaHhC/o2WF
https://paperpile.com/c/MpaHhC/0lm2+Q8hh
https://paperpile.com/c/MpaHhC/kt0A

elF4A, lo hace de manera estable y bloquea el sitio de unién al ARN de elF4A, estabilizando
una conformacion abierta inactiva del complejo de iniciacion [43]. De esta forma, la interaccion
de PDCD4 con elF4A inhibe su actividad helicasa, lo cual en consecuencia inhibe de forma
directa la traduccion cap-dependiente de ciertos mensajeros que aln no se conocen con
detalle (ver Figura Il.1). También ha sido descrito un posible mecanismo por el cual PDCD4
es capaz de inhibir la traducciébn de ARNm de manera independiente del factor elF4A [47,48].
Los mensajeros cuya traduccion es inhibida por PDCD4, son los que por tanto se denominan

blancos traduccionales.

ATP

v

ADP

Figurall.1. Modelo molecular planteado parailustrar lainterferencia de
PDCD4 con el complejo de preiniciacion. El esquema muestra en la parte
superior el correcto acople del factor elF4H al complejo de preiniciacion
asociado al consumo de ATP. En la parte inferior se muestra la interaccién
de PDCD4 con elF4A que desplaza a elF4G de su posicion y determina por
tanto la inhibicion de la actividad helicasa del factor 4A. Figura adaptada de
Waters et al J Biol Chem (2011).
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Nuestro grupo ha trabajado en la caracterizacion del rol de PDCD4 en diversos modelos
neuronales. Hemos descrito la expresién de este factor tanto en sistema nervioso central
como periférico mediante técnicas como microscopia confocal y RT-PCR [49] asi como hemos
explorado posibles blancos traduccionales en modelos neuronales in vitro utilizando Ribo-Seq
[50]. De esta manera, comprender en detalle el rol de PDCD4 en modelos neuronales, asi
como evidenciar y describir sus posibles blancos traduccionales en dichos modelos son
aspectos de interés para nuestro laboratorio.

Requlacion de la traduccién en enfermedades neurodegenerativas

El control de la expresion génica mediante la regulacion de los niveles traduccionales,
independientemente de su modulacién por factores proteicos, puede representar un aspecto
relevante en el desarrollo de neuropatologias. A modo de ejemplo, algunos de los procesos
neuronales donde el control traduccional es de particular importancia son: los procesos de
generacion de memoria y consolidacion por LTP o LDP [51-56], desérdenes genéticos
hereditarios que determinan retardo mental como el sindrome de X fragil [57-61],
neuropatologias y desérdenes neurodegenerativos como el mal de Parkinson [62,63] y el mal

de Alzheimer, en el cual nos enfocaremos en adelante.

El mal de Alzheimer es una enfermedad neurodegenerativa que afecta al cerebro y representa
la mayor proporcion de los casos de demencia a nivel mundial [64]. Aunque sus causas ho
son completamente entendidas, salvo casos de inicio temprano con mutaciones especificas
[65], la enfermedad esta muy bien descrita histopatolégicamente. El analisis post mortem de
cerebros de pacientes enfermos revela claramente pérdida de masa cerebral y de contactos
sinapticos, asi como la presencia de placas amiloides y acumulos de la proteina TAU
hiperfosforilada [66,67]. Mientras los acimulos de TAU hiperfosforilada se observan a nivel
intracelular, las placas amiloides se observan principalmente a nivel extracelular y son el
resultado de la acumulacion del péptido beta amiloide (AB), producido por el inapropiado
clivaje de la proteina APP [68,69].

A pesar de la gran cantidad de estudios de asociacion genética y de expresion génica que
han sido realizados en distintos modelos de la enfermedad de Alzheimer, pocos han centrado
su atencion en la regulacion a nivel traduccional. A su vez, recientemente tanto el péptido AR
como la proteina TAU, los dos factores fundamentales de la enfermedad, han sido vinculados
con el proceso de sintesis proteica. Por ejemplo, se ha descrito la regulacién de eventos de
sintesis proteica local en sinaptosomas obtenidos a partir de cerebros de modelos murinos

transgénicos de la enfermedad que sobreexpresan APP [23]. También se ha visto que la
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presencia de oligébmeros de AR inducen la sintesis de novo de TAU [70], que TAU es capaz
de interaccionar con el ribosoma in vitro [71] y que la sintesis de proteinas ribosomales puede
verse inhibida en modelos transgénicos que sobreexpresan TAU [72]. Al mismo tiempo, se ha
descrito un mecanismo de sefializacion iniciado por el péptido AR que regula la actividad del

complejo mTOR [73,74], quien cumple un rol fundamental en el control de la traduccién [75].

Considerando toda esta evidencia previa, nos resulta interesante explorar posibles eventos
de regulacion traduccional en modelos de la enfermedad de Alzheimer extendiendo el uso de
metodologias dmicas para el estudio de la traduccién a nuevos modelos neuronales con una

clara relevancia en salud.
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ll. HIPOTESIS DE TRABAJO Y OBJETIVOS

La hipotesis de trabajo en la cual se basa la presente tesis es que los mecanismos de
regulacion traduccional son importantes para modular procesos celulares en las neuronas.
Los mecanismos de regulacion traduccional pueden estar asociados a factores proteicos
reguladores como PDCD4 y/o pueden estar involucrados en neuropatologias complejas como
el mal de Alzheimer.

De esta manera, el principal objetivo de la presente tesis es contribuir a comprender
mecanismos y eventos de regulacién traduccional en células neuronales utilizando estrategias

experimentales y bioinformaticas que permitan observar la traduccion a nivel global.

En este contexto, la presente tesis doctoral se encuentra dividida en tres grandes capitulos

donde los siguientes objetivos especificos seran abordados y discutidos:

1. Investigar el rol que ejerce PDCD4 en la regulacién traduccional y determinar sus
ARNmM blancos en neuronas obtenidas por diferenciacion de células PC12.

2. Optimizacion de Ribo-Seq en modelos neuronales in vitro de células primarias y tejido
nervioso animal in vivo.

3. Explorar la regulacion traduccional en modelos transgénicos de la enfermedad de

Alzheimer.

En cada caso, luego de una breve introduccion en cada capitulo plantearemos una hipétesis
de trabajo especifica, dentro del marco de la hipétesis de trabajo aqui planteada, a ser

contrastada y evaluada mediante los objetivos especificos arriba mencionados.
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IV. CAPITULO 1

BUSQUEDA DE ARNm BLANCOS TRADUCCIONALES DE PDCD4 MEDIANTE RIBO-SEQ
EN NEURONAS OBTENIDAS POR DIFERENCIACION DE CELULAS PC12

Uno de los primeros desafios que abordamos en la presente tesis fue culminar los
experimentos iniciados durante mi tesis de Maestria relacionados a entender el posible rol de
PDCD4 en modelos neuronales, asi como la busqueda de sus blancos traduccionales en
dichos modelos. En este sentido, la hipotesis de trabajo que nos planteamos fue que PDCD4
es capaz de regular la traduccion de un conjunto de ARNm blancos en modelos celulares
neuronales. Para verificar o rechazar esta hip6tesis utilizamos la linea celular PC12, capaz de
diferenciar a un tipo neuronal bajo exposicion a NGF. Durante mi etapa previa de maestria y
mediante transfeccion de vectores lentivirales, generamos una variante capaz de silenciar de
manera especifica e inducible la expresién de PDCD4. Utilizando este modelo, aplicamos las
técnicas de RNA-Seq y Ribo-Seq para estudiar eventos de regulacion traduccional
influenciados por la presencia/ausencia de PDCD4. En la presente tesis realizamos nuevos
experimentos de transfeccién y secuenciacion masiva para aumentar la cantidad de réplicas
biolégicas y junto con los datos previamente producidos, realizamos el analisis
correspondiente para determinar los blancos traduccionales de PDCD4 en el modelo de

trabajo tipo neuronal.

De esta manera pudimos estudiar con validez estadistica los eventos de regulacion
traduccional, comparando los niveles de eficiencia traduccional entre ambas condiciones. Asi,
definimos una lista de ARNm posibles blancos traduccionales de PDCD4 como aquellos
genes cuya eficiencia traduccional aumenta con un p-valor asociado <0.05, en ausencia de
PDCD4 respecto del control (presencia de PDCDA4). Esta lista de 267 ARNm es el primer
reporte de blancos traduccionales de PDCD4 en modelos neuronales estudiado mediante
aproximaciones 6micas. Anteriormente ha sido publicado el reporte de 62 ARNm blancos de
PDCD4, también determinados por Ribo-Seq, en un modelo celular inmortal de células
epiteliales [76]. Probablemente por lo alejado que se encuentra este modelo del modelo

celular neuronal, no comparten casi ningin ARNm.

A partir de la lista de blancos traduccionales encontrada, realizamos distintos tipos de andlisis
gue revelaron la presencia de una firma génica asociada al crecimiento neuritico o crecimiento
axonal, firma que describimos en detalle y reportamos. Realizamos también confirmaciones
de algunos de los blancos traduccionales mas relevantes encontrados, ya sea por

cuantificacion relativa de ARNm en fracciones de un gradiente polisomal, o por cuantificacion
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proteica mediante Western blot. Previamente habiamos observado que el crecimiento
neuritico en células PC12 diferenciadas a neuronas se encuentra aumentado en ausencia de
PDCD4. Estos resultados y observaciones estan en linea con otros resultados de nuestro
grupo que también mostraban el mismo control negativo sobre el crecimiento neuritico y

axonal en cultivos primarios de neuronas corticales y del ganglio de la raiz dorsal.

De esta manera, gran parte de los resultados obtenidos durante esta etapa, junto con los
resultados obtenidos por Andrés Di Paolo durante su tesis de posgrado mencionados
anteriormente, formaron parte de una publicacion en conjunto en la cual compartimos primer
autoria (ver trabajo publicado Il a continuacion). Los resultados obtenidos correspondientes a

este capitulo y no incluidos en la publicacion son presentados y discutidos mas adelante.

Trabajo publicado Il: PDCD4 requlates axonal growth by translational repression of

neurite growth-related genes and is modulated during nerve injury responses

Se adjunta a continuacion el manuscrito publicado junto con su material suplementario.

Por razones de tamafio y espacio las tablas suplementarias no fueron incluidas. Las mismas

pueden encontrarse en el siguiente enlace:

https://rnajournal.cshlp.org/content/26/11/1637/suppl/DC1.
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PDCD4 regulates axonal growth by translational repression
of neurite growth-related genes and is modulated during
nerve injury responses

ANDRES DI PAOLO,"? GUILLERMO EASTMAN,?° RAQUEL MESQUITA-RIBEIRO,®> JOAQUINA FARIAS,?
ANDREW MACKLIN,* THOMAS KISLINGER,** NANCY COLBURN,*'° DAVID MUNROE,”:"°
JOSE R. SOTELO SOSA," FEDERICO DAJAS-BAILADOR,® and JOSE R. SOTELO-SILVEIRA?®

"Departamento de Proteinas y Acidos Nucleicos, Instituto de Investigaciones Biolégicas Clemente Estable, Montevideo 11600, Uruguay
Departamento de Gendmica, Instituto de Investigaciones Biolégicas Clemente Estable, Montevideo 11600, Uruguay

3School of Life Sciences, University of Nottingham, Nottingham NG7 2UH, United Kingdom

*Princess Margaret Cancer Centre, University Health Network, Toronto M5G 1L7, Canada

5Universi'cy of Toronto, Department of Medical Biophysics, Toronto M5S 1A1, Canada

®Former Chief of Laboratory of Cancer Prevention at the National Cancer Institute-NIH at Frederick, Maryland 21702, USA

’Former Laboratory of Molecular Technologies, LEIDOS at Frederick National Laboratory for Cancer Research, Frederick, Maryland 21702, USA
8Departamento de Biologia Celular y Molecular, Facultad de Ciencias UdelaR, Montevideo 11400, Uruguay

ABSTRACT

Programmed cell death 4 (PDCD4) protein is a tumor suppressor that inhibits translation through the mTOR-dependent
initiation factor EIF4A, but its functional role and mRNA targets in neurons remain largely unknown. Our work identified
that PDCDA4 is highly expressed in axons and dendrites of CNS and PNS neurons. Using loss- and gain-of-function exper-
iments in cortical and dorsal root ganglia primary neurons, we demonstrated the capacity of PDCD4 to negatively control
axonal growth. To explore PDCD4 transcriptome and translatome targets, we used Ribo-seq and uncovered a list of po-
tential targets with known functions as axon/neurite outgrowth regulators. In addition, we observed that PDCD4 can
be locally synthesized in adult axons in vivo, and its levels decrease at the site of peripheral nerve injury and before nerve
regeneration. Overall, our findings demonstrate that PDCD4 can act as a new regulator of axonal growth via the selective
control of translation, providing a target mechanism for axon regeneration and neuronal plasticity processes in neurons.

Keywords: programmed cell death 4 (PDCDA4); axonal growth; axonal regeneration; translation; ribosome profiling

INTRODUCTION numerous molecules have been shown to regulate
PDCD4, including p21 (Goke et al. 2004), Cdk4 (Jansen
et al. 2005), and JNK/c-Jun/AP-1 (Yang et al. 2003,
2006; Bitomsky et al. 2004), there is also a growing list of
PDCD4 translational targets, including C-MYB, P53,
SIN1, and BDNF (Singh et al. 2011; Wedeken et al.
2011; Wang et al. 2017; Li et al. 2020), together with inter-
nal ribosome entry site-regulated apoptosis inhibitors
(Liwak et al. 2012). Although misregulation of PDCD4 in
a variety of tumors (Zhang et al. 2006; Gao et al. 2007,
Mudduluru et al. 2007; Zhen et al. 2016) suggests an im-
portant role in cancer development (Zhang et al. 2006;
Gao et al. 2007; Mudduluru et al. 2007; Zhen et al.
2016), the full scope of PDCDA4 translational targets and
its potential role in other growth-dependent cellular

The tumor suppressor programmed cell death 4 (PDCD4)
protein was first described in cancer studies and has
been shown to regulate protein synthesis by inhibition of
EIF4A helicase activity (Yang et al. 2003; Suzuki et al.
2008; Matsuhashi et al. 2019) and via interaction with spe-
cific RNA motives present in a particular subset of target
mRNAs (Loh et al. 2009; Wedeken et al. 2011; Biyanee
et al. 2015). In mitogen stimulated cells, the degradation
of PDCD4 is necessary for efficient protein translation,
which is a prerequisite for cell growth and proliferation
(Dorrello et al. 2006; Schmid et al. 2008). At present, while
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systems has only recently started to be elucidated (Haas
et al. 2020). In this regard, the molecular pathways in-
volved in the development of tumor cells share a signifi-
cant overlap with axonal growth and regeneration
processes in the nervous system, particularly in the context
of protein synthesis regulation (Chédotal et al. 2005; Heine
et al. 2015).

The highly polarized nature that defines the morphology
of a neuron makes local protein synthesis in the different
cellular compartments (soma, dendrites and axons) an es-
sential need for their development and function, being
also important for plasticity and regenerative processes
in the adult (Verma et al. 2005; Jiménez-Diaz et al. 2008;
Huebner and Strittmatter 2009; Gumy et al. 2010; Park
et al. 2010; Jung et al. 2011; Deglincerti and Jaffrey
2012; Kar et al. 2013; Obara and Hunt 2014; Sotelo-
Silveira and Holt 2014; Ohtake et al. 2015; Terenzio et al.
2018). The acceptance of local protein translation as a
key molecular mechanism in neuronal function has
prompted the development of a variety of experimental
models and omics approaches to investigate the specific
axonal transcriptomes and proteomes (for review, see
Farias et al. 2020). In this context, the elucidation of the
regulatory pathways that can control the selective transla-
tion of axonal MRNAs has become an essential step in the
understanding of neuronal development, growth and ac-
tivity (Swanger and Bassell 2011; Jung et al. 2012).
Among the various molecular mechanisms reported so
far (Lin and Holt 2008; Holt et al. 2019), the mammalian tar-
get of rapamycin (mTOR) complex is described as a master
regulator of local axonal translation and an important sig-
naling process in axonal regeneration (Verma et al. 2005;
Park et al. 2008; Terenzio et al. 2018), while also being af-
fected in many different tumor types (Murray and Tee
2018). Interestingly, although PDCD4 protein has been
described as an important downstream component of
the mTOR pathway, it has not been directly associated
with axonal processes. So far, the function of PDCD4 in
the CNS has been linked to fetal alcohol syndrome, where
it regulates general protein synthesis in cortical neurons
(Narasimhan et al. 2013; Riar et al. 2014) and depression-
like behaviors via BDNF regulation (Li et al. 2020). In spinal
cord injury, PDCD4 has been shown to be down-regulated
by microRNA-21 (Jiang et al. 2017) reinforcing the view of
its potential role in neuronal mechanisms.

Considering the reported overlap in the molecular pro-
cesses that promote both tumor and axon growth
(Chédotal et al. 2005; Duman-Scheel 2009; Frank and
Tsai 2009; Heine et al. 2015), we decided to investigate
the potential role of PDCD4 in axonal function and regen-
eration. We hypothesized that as a repressor of translation,
PDCD4 could be regulating mRNAs involved in axonal
growth, regeneration and/or local protein synthesis and
that its expression would be tightly regulated during these
processes. Our study demonstrates how the manipulation

1638 RNA (2020) Vol. 26, No. 11

of PDCDA4 levels in central and peripheral nervous system
neurons can control axonal growth, suggesting a poten-
tially key role in axon regeneration in vivo. As a way to iden-
tify putative mRNAs regulated by PDCD4, we used
ribosome profiling (Ribo-seq) to explore the translational
effects of PDCD4 at a genome-wide level. We detected
more than 250 possible mRNA candidates whose transla-
tional efficiency (TE) levels increase in the absence of
PDCD4. Among them, we have identified a specific group
of genes reported to be relevant in neurite/axonal devel-
opment and regeneration. Overall, our findings demon-
strate that PDCD4 can act as a new regulator of axonal
growth via the selective control of translational targets,
providing a specific mechanism for axon regeneration
and neuronal plasticity processes in neurons.

RESULTS

Localization of PDCD4 in the nervous system

To address the role of PDCD4 in neuronal cells, we first in-
vestigated its localization across different neuronal types.
As shown in Figure 1A, we could detect PDCD4 protein
in the central nervous system (CNS) of adult rats, both in
cell bodies and neurites of CA1 hippocampal, Purkinje
and cortical neurons. PDCD4 is also present in adult axons
of the peripheral nervous system (PNS), as demonstrated
following the analysis of its distribution in rat sciatic nerves,
where specific axon detection can be more easily as-
sessed. Crucially, this experimental approach allowed us
to precisely detect high levels of PDCD4 inside the axo-
plasmic region of both longitudinal and transversal nerve
cryosections (Fig. 1B).

Previous work in cancer cells demonstrated that both the
translation and activity of PDCD4 can be regulated via the
mTOR-p70S6K pathway (Dorrello et al. 2006), prompting
us to investigate the potential link between PDCD4 and
its upstream regulator p70SéK. As shown in Figure 1C,
both PDCD4 and phosphorylated (active) p70S6K-Thr-
389 are present in longitudinal sections of ventral root ax-
ons, evidence that the activated mTOR pathway colocal-
izes with PDCD4 in the axoplasm of peripheral neurons.

Regulation of PDCD4 levels in primary neurons
can control axonal growth

Following the demonstration of PDCD4 expression in CNS
and PNS neurons, we decided to explore its functional role
using neuronal in vitro models. First, we used primary cor-
tical neuronsisolated from embryonic mice. These cells can
fully differentiate in culture to develop a morphologically
intricate and functionally connected neuronal network after
10-12 d in vitro (Cotterill et al. 2016; Banker 2018).
Following this period, axonal growth is decreased to allow
the synaptic maturation that leads to the establishment ofa
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FIGURE 1. PDCD4 is expressed in dendrites and axons of the central and peripheral nervous
system. (A) Immunohistochemistry assays show the distribution of PDCD4 protein at different
types of neurons including CA1 hippocampal neurons, Purkinje of cerebellum and cortical neu-

dependent knockdown of PDCD4 pro-
duced the opposite effect, with a sig-
nificant increase in axonal length (Fig.
2C). To assess if this effect was also ob-
served in peripheral neurons, we evalu-
ated axonal growth in dorsal root
ganglia (DRG) neurons cultured in
compartmentalized microfluidic cham-
bers. Addition of a cell-permeable
siRNA probe targeting PDCD4 pro-
duced a significant increase in axonal
growth (Fig. 2D). Importantly, we con-
firmed that in both cortical and DRG
neurons the addition of PDCD4 siRNA
led to a significant decrease in PDCD4
levels detected by immunochemistry
(Supplemental Fig. S1B,C), an effect
further confirmed by immunoblot-
ting using the neuroblastoma N2a cell
line, which has high transfection
efficiency (Supplemental Fig. S1D).
Overall, these functional studies dem-
onstrate that PDCD4 modulates axonal
growth in central and peripheral ner-
vous system neurons.

rons of prefrontal cortex of adult rats. Cell bodies are indicated by filled arrows and axons (or

dendrite for Purkinje neurons) by unfilled arrows (scale bar, 20 um). (B) PDCD4 protein is also
detected in peripheral axons, like sciatic nerves, by immunohistochemistry. The images above
correspond to longitudinal sections and the images below to transversal sections. Examples of
axonal regions are highlighted in white dotted ROls (scale bar, 10 um). (C) Longitudinal sec-
tions of ventral roots. Examples of axonal regions are highlighted with white dotted ROls. A
partial colocalization between PDCD4 and p70-S6K signals is detected (scale bar, 5 um).

functional network of connected neurons, which is ob-
served after ~2 wk in culture (Chiappalone et al. 2006).
PDCD4 protein was detected in primary cortical neurons
throughout their development in culture, with levels signifi-
cantly increasing in cell body and axons between days 2 and
day 5, and a major increase also detected after 12 d in vitro
(Fig. 2A). The observation that PDCD4 levels increase in the
late stages of neuronal network development and synaptic
maturation (day 5-12) supports the hypothesis that increas-
ing levels of PDCD4 could repress axon and/or neurite
growth. To test this, we investigated the effect of PDCD4
overexpression on axonal growth following transfection
with a PDCD4 plasmid at day 2 (24 h after seeding), with
analysis of axonal length carried out 72 h later (day 5 of
cell culture). Before the functional evaluation, we confirmed
that neurons transfected with PDCD4 plasmid have a signifi-
cant increase in PDCD4 levels detected by immunocyto-
chemistry (Supplemental Fig. ST1A). Increased PDCD4
levels during this period of active axonal growth (days 2-5
in vitro) produced a significant reduction in axonal length
(Fig. 2B). To further confirm the dynamic regulation of axonal
growth based on PDCD4 levels, we showed that the siRNA-

Ribosome profiling reveals that
PDCDA4 regulates the translation
of genes involved in axon/neurite
growth

To explore the capacity of PDCD4 to

regulate translation in neurons, we
decided to use the ribosome profiling strategy (Ribo-seq)
in differentiated PC12 neuron-like cells as a suitable and
relevant model for the investigation of neuronal mecha-
nisms (Shao et al. 2016; Zheng et al. 2016). To confirm
the experimental validity of this approach, we first demon-
strated the expression of PDCD4 in PC12 cells at different
time points following NGF-induced neuron differentiation,
with levels remaining relatively stable throughout the cul-
ture period (Supplemental Fig. S2A). Using a doxycycline
inducible shRNA system, we obtained stable cell popula-
tions with inducible silencing of PDCD4 expression. In
this way, addition of NGF and doxycycline for 72 h allowed
us to achieve neuron differentiation of PC12 and silencing
of PDCD4 expression (Supplemental Fig. S2B-G).

As afirst experimental approach to the use of PC12 neu-
ron-like cells, we analyzed if neurite growth was regulated
by the presence or absence of PDCD4. Confirming our
previous observations in primary neuron cultures, knock-
down of PDCD4 in PC12 cells increased neurite length
compared to controls (Fig. 3A,B), allowing us to validate
their use in the search for putative PDCD4 translational tar-
gets. For this, we isolated polysomal and total RNA from
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FIGURE 2. PDCD4 axonal levels change during neuron development and modulation of this protein can control axonal growth.
(A) Immunocytochemistry assays show that PDCD4 levels increase during cortical primary neurons differentiation in vitro (scale bar, 20 pm).
Cell bodies were indicated by filled arrows and axons by unfilled arrows. The signal quantification shows that cell bodies and axons have a sig-
nificant increase in PDCD4 expression for day 5, and a trend to increase for day 12, always compared to day 2 ((***] P<0.001, ANOVA test with
post-Tukey, error bars: SEM, n=3 independent primary cortical neuron cultures for day 2 and day 5, with three technical replicates for each in-
dependent experiment; n=2 for day 12, with two technical replicates for each independent experiment). (B) Cotransfected cortical primary neu-
rons with a GFP plasmid and a PDCD4 plasmid, or a GFP plasmid and a pcDNA plasmid (scale bar, 20 pm). Overexpression of PDCD4 in
transfected neurons at day 5 induce a decrease in axonal length (25%) compared to control condition (**] P<0.01, paired test, n =5 independent
primary cortical neuron cultures, error bars: SEM). (C) Same as above but for PDCD4 knockdown using an siRNA for PDCD4 or an siRNA control
(scale bar, 20 ym). Down-regulation of PDCD4 induces an increase in axonal length (18%) compared to the control condition ([**] P<0.01, paired
t-test, n = 6 independent primary cortical neuron cultures, error bars: SEM). (D) Immunocytochemistry assays with acetylated tubulin in peripheral
DRG neurons cultured in compartmentalized chambers and transfected with a permeable siRNA for PDCD4, or with a siRNA control (scale bar,
500 pm). Quantification of axonal growth shows similar effect as above: down-regulation of PDCD4 determines an increase (24%) of axonal growth
increase (* P<0.05, Student's t-test, n=4, error bars: SEM). In all cases, the "n" corresponds to independent biological replicates.

differentiated PC12 cells in the presence and absence of  allowed us to determine steady-state transcriptome and
PDCD4. Samples were analyzed using parallel RNA-seq  translatome levels for over 10,000 mRNAs (Supplemental
and Ribo-seq protocols (Supplemental Fig. S3A-C), which Table S1). Fold changes (shPDCD4/shScrambled) at both
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FIGURE 3. Translatome and steady-state transcriptome levels of expression for mRNAs was quantified genome-wide by Ribo-seq and RNA-seq,
respectively, in absence (shPDCD4) and presence (shScrambled) of PDCD4 achieved by lentiviral transfection in neuron-like differentiated PC12
cells. (A) To explore if PDCD4 modulates neurite outgrowth also in differentiated PC12 cells, we compared neurite length in differentiated PC12
growing in presence and absence of PDCD4. Three independent cultures were contrasted and illustrative fields are shown (scale bar, 50 pm).
(B) Quantification of neurite length of A is shown and an increase of almost 1.6x in absence of PDCD4 is detected, with a marginal trend toward
significance (P=0.052, Student's t-test, n=3 independent cell cultures with an average of 80 neurites considered by replicate, error bars: SD).
(C) Scatter plot showing PDCD4 regulation at the level of transcriptome evaluated by RNA-seq. Red and green dots indicate differentially ex-
pressed genes, up- and down-regulated, respectively ([fold change|>2 and P<0.05 estimated by edgeR). (D) Same as C but for PDCD4 regu-
lation at the level of translatome evaluated by Ribo-seq. (E) Fold changes (shPDCD4/shScrambled) at transcriptome and translatome levels are
contrasted for detected genes. Possible PDCDA4 translational targets are those that present a significant increase in translational efficiency (P <
0.05 estimated by Xtail), and are indicated in blue (267 mRNAs). Along the scatter plot, vertical and horizontal histograms show fold change values
distribution estimated by Ribo-seq and RNA-seq. (F) RPKM gene expression levels for PDCD4 translational targets indicated in blue in E are
shown for the two compartments (RNA-seq and Ribo-seq) in each condition.
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transcriptome and translatome levels were contrasted for
detected genes, and according to its previously described
role (Matsuhashi et al. 2019), PDCD4-knockdown has an
impact on both transcriptome and translatome compart-
ments (Table 1; Fig. 3C,D; Supplemental Fig. S3D-G).
To specifically study PDCD4 regulation in protein synthe-
sis, we compared translation efficiency (TE) levels between
conditions. TE, which is calculated as the ratio between
translatome over transcriptome levels for a particular
mRNA, is an informative parameter to discriminate transla-
tional regulation events from those exclusively transcrip-
tional, and indicates how efficiently an mRNA is
translated (Ingolia et al. 2009). Using the Xtail R package
(Xiao et al. 2016) to explore TE differences, we detected
267 mRNAs whose TE levels significantly increase follow-
ing PDCD4 knockdown (P<0.05; Table 1; Fig. 3E,F;
Supplemental Fig. S4; Supplemental Table S2), and 100
mRNAs whose TE decreases. The first group, which repre-
sents potential PDCD4 targets, displays unaltered
steady-state transcriptome levels (88% has |fold change]
<1.5-fold), but they increase their levels of translation
(86% has fold change >1.5-fold; Fig. 3F). In order to ex-
plore if the regulation of translational efficiency was also
being observed at the protein level, total protein samples
obtained at the same time of the sequencing analysis were
quantified by label-free proteomics. Although we ob-
served some specific correlations with Ribo-seq data, we
could only detect a small fraction of proteins changing sig-
nificantly, with the sensitivity of this approach not sufficient
to detect global correlations (Supplemental Fig. S5).

To investigate the functional implications of PDCD4 reg-
ulation over the 267 putative targets that increase their
translational efficiency, protein association analysis was
performed using STRING (Jensen et al. 2009). This re-
vealed three to four related and altered protein cores
and a network with significantly more interactions than ex-
pected (P-value =0.0163; Supplemental Fig. S6A). The
observed related protein cores within PDCD4 putative tar-
gets are grouped under regulation of mitosis (Moustafa-
Kamal etal. 2019), centromere and kinetochore; regulation
of transcription and splicing (Kim et al. 2014; see Fig. 3C;

TABLE 1. Number of analyzed and differentially expressed
genes (P<0.05) estimated by edgeR for transcriptome and
translatome, and by Xtail for translational efficiency

Up-regulated = Down-regulated

Analyzed

genes FC>2 FC>1 FC<-2 FC<-1

Transcriptome 10,946 73 999 134 1039

Translatome 9967 124 269 168 348
Translational 9931 164 267 95 100
efficiency
1642 RNA (2020) Vol. 26, No. 11

Supplemental Fig. S3D,E); regulation of mitochondrial ac-
tivity (Zhang et al. 2006); and protein translocation to the
endoplasmic reticulum (Hudson 2008; Wang et al. 2013).
Interestingly, when analyzing the list of targets whose trans-
lational efficiency decreases in the absence of PDCD4 (100
genes), we found that neither core-related proteins nor pro-
tein interactions were significantly altered (P-value = 0.954;
Supplemental Fig. S6B). This difference provides a good
indication that those putative targets increasing their trans-
lation after PDCD4 knockdown represent a defined set of
cellular functions, while those down-regulated in our se-
quencing data are likely emerging as a secondary cell effect
and/or experimental noise.

In order to uncover those potential PDCD4 targets with
functional links to neurite, axon and/or dendritic growth,
we curated the list using in-house software that allowed
usto link published articles with gene lists and user-defined
terms (Radio S, Sotelo-Silviera JR, and Smircich P, in prep.;
https:/github.com/sradiouy/IdMiner). We also explored
the list of differentially expressed genes separately at the
transcriptome or translatome level (fold change >2 and P-
value <0.05 estimated by edgeR), and the down-regulated
genes at TE (100 genes with P-value <0.05 estimated by
Xtail), searching for genes that might inhibit neurite out-
growth. This comprehensive approach highlighted several
experimentally validated axon and/or neurite outgrowth-
related genes from the list of potential PDCD4 translational
targets. This signature of 36 genes was mainly composed of
up-regulated genes at the level of TE in PDCD4 absence
(26 genes), but also by genes up-regulated only at the
translatome (four genes) or transcriptome levels (three
genes), or down-regulated at TE (three genes) whose as-
cribed function is to inhibit neurite outgrowth. Transcrip-
tome and translatome levels of the 36 genes show a
global induction of translation after PDCD4 knockdown,
from low-middle to high translational levels (Fig. 4A).

Among the signature of neurite and axon-growth-relat-
ed genes, we found genes previously reported to directly
control neurite outgrowth: Elavl4, Styx/1, Bdnf, Dmd,
Lancl2, Lif, and Nfkb2. In the case of ELAVL4 (also known
as HUD), DMD and LANCL1 proteins, their expression is
required for neurite outgrowth in PC12 cells (Mobarak
et al. 2000; Acosta et al. 2004; Fukao et al. 2009; Zhang
et al. 2009), while the pseudophosphatase MK-STYX
(STYXL1) increases both the number of cells with neurite
extensions and neurite outgrowth in PC12 (Flowers et al.
2014). Brain-derived neurotrophic factor (BDNF) was
shown to increase neurite length in rodent primary neuron-
al cultures (lwasaki et al. 1998; Cohen-Cory et al. 2010;
Dajas-Bailador et al. 2012), as well as in PC12 cells
(Squinto et al. 1991; lwasaki et al. 1997). On the other
hand, the TE of LIF is down-regulated in PDCD4's ab-
sence, and it was shown that activating LIF receptor signal-
ing can have a negative impact on neurite extension in
PC12 cells (Ng et al. 2003). Particularly interesting is the
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map, where an induced expression at translation level is detected in the absence of PDCDA4. (B) Venn diagram showing the intersection between
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relationship between the transcription factor complex
nuclear factor-kappa-B (NFkB) and neuritogenesis, where
activating the NFxB pathway and increasing Nfkb2 gene
expression promotes neuritogenesis in PC12 cells
(Manecka et al. 2013). This strong link motivated us to con-
firm PDCD4 regulation of NFKB2 protein abundance. For
this we used a model of cortical neurons in culture, silenc-
ing PDCD4 by a new set of lentiviral particles with shRNA
against PDCD4, and quantifying protein abundance by
western blot. By this, we confirmed by an orthogonal
method that NFKB2 total protein levels increase signifi-
cantly after knockdown of PDCD4 (Supplemental Fig. S7).

In line with the notion that PDCD4 can regulate axon-re-
lated mRNA translation in neurons, we found that a signifi-
cant proportion of the 267 putative translational targets
identified in our Ribo-seq analysis are found in two differ-
ent published axonal transcriptomes from in vitro neuron
models (Fig. 4B). On the other hand, those genes for which
we observe a decrease in the TE after PDCD4 knockdown

are not specifically enriched in axonal transcriptomes, pro-
viding further support to our hypothesis that they reflect
secondary mechanisms (Supplemental Fig. S8). A signifi-
cant fraction of PDCD4 mRNA translational targets were
also found in the recently described in vivo motor axon
transcriptome (Farias et al. 2020) (23 out of 255, in a set
of 1008 mRNAs; P-value =2.8 x 107%%). These findings
support the idea that PDCD4 could also be a player in
regulating local axonal responses and plastic processes
in vivo.

Sciatic nerve injury in vivo reduces local axonal levels
of PDCD4

Our in vitro functional studies and ribosome profiling data
support the hypothesis that PDCD4 is a novel regulator of
axonal function. For this reason, we decided to test our
findings in vivo, using a model of axon regeneration, a cel-
lular process where the regulation of axonal protein
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synthesis is important (Verma et al. 2005; Huebner and At 18 h post injury, when the nerve is in the active regen-
Strittmatter 2009; Gumy et al. 2010). For this, we per- eration phase, we analyzed the levels of PDCD4 along
formed a full transection of the rat sciatic nerve, using  the axoplasm. Our analysis demonstrates that uninjured
the contralateral nerve as a control for no injury (Fig. 5A).  controls show no change in the expression of PDCD4
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FIGURE 5. Sciatic nerve injury induces a decrease of PDCD4 levels locally in axons next to the injury site and an up-regulation (and activation) of
p-p70S6K, a component of mMTOR-PDCD4 pathway. PDCD4 could be locally synthetized in peripheral axons as a possible mechanism for protein
level regulation. (A) A complete transection of the sciatic nerve was performed in adult rats using the contralateral nerve as a control condition. The
analyzed regions are labeled as proximal and distal (or distal injury) in reference to cell bodies. (B) Eighteen hours post injury, the sciatic nerves
were extracted from the animals and the levels of PDCD4 were analyzed by immunohistochemistry (scale bar, 5 pm). Signal quantification shows
no differences on PDCD4 levels between regions in the control condition (distal vs. proximal), but in the injury to the sciatic nerves, a significant
decrease in PDCD4 levels at the injury region was detected (distal injury vs. proximal). These changes are specific to PDCD4 because other pro-
teins in the axon-like F-Actin (evidenced by phalloidin) and MAG protein did not have differences on expression levels comparing distal injury
versus proximal (**P <0.01, two-tailed Mann-Whitney test, n =3, error bars: SEM). White dotted ROls correspond to examples of quantified ax-
onal regions. (C) As in B, levels of PDCD4 and p70S6K were analyzed by immunohistochemistry comparing injury axons vs control (scale bar, 10
pm). By signal quantification we detect an increase in the phosphorylated form of p70S6K, a direct upstream regulator of PDCD4 expression on
the mTOR pathway (***P <0.001, two-tailed Mann-Whitney test, n= 2, error bars: SEM). White dotted ROls correspond to examples of axonal
quantified regions. (D) Maximum intensity projection images showing Puro-PLA signal for PDCD4 inside the axoplasm at 30 min of puromycin
incubation and the associated control condition without puromycin. The green spots inside the axoplasm reveals that PDCD4 is newly synthetized
in the axon. The right panel shows the signal quantification at two different time points of puromycin incubation compared to the control (***P <
0.001 and *P<0.02, ANOVA and Mann-Whitney test, n = 2, error bars: SEM). White dotted regions define the limits of the axoplasm region. Note
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that in all the cases, “n" are from independent biological replicates.
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along the axoplasm of the sciatic nerves (Fig. 5B, confocal
images of “Proximal” and “Distal” axonal sections in rela-
tion to the cell bodies). However, we observed a significant
decrease of ~30% of PDCD4 axonal levels at the site of in-
jury (“distal injury” in diagram) when compared to the
proximal region of the same nerve segment (Fig. 5B).
Importantly, these changes in PDCD4 levels are not due
to an overall loss of protein content at the site of injury,
as the levels of actin and MAG do not change when com-
paring all conditions (Fig. 5B). These findings allowed us to
conclude that axonal levels of PDCD4 are dynamically de-
creased at the site of axonal injury and during the regener-
ation process.

The potential role of PDCD4 as a translation regulator in
axonal growth would require the existence of precise mo-
lecular pathways controlling its localized expression. In this
regard, degradation of PDCD4 would be able to rapidly
promote axon regeneration in the context of nerve injury.
Indeed, concomitant to the decrease in PDCD4 levels in
injured axons, we found a significant increase in the acti-
vated form of p70S6K (phospho-p706SK), which acts as a
direct regulator of PDCD4 degradation via the mTOR
pathway (Fig. 5C; Dorrello et al. 2006). The tight control
of protein levels in the axoplasm is not only dependent
on degradation, but also on localized protein translation
(Vuppalanchi et al. 2009; Yoon et al. 2009; Sahoo et al.
2018). Indeed, PDCD4 mRNA levels are detected in the
axon of peripheral neurons, both in vivo (Farias et al.
2020) and in vitro in our DRG compartmentalized cultures,
where gPCR analysis of RNA extracted from the axon com-
partment showed an increase from day 3 to 12 (day 3 C;
value =25.5 and day 12 C, value = 23.6) samples. To test
if local translation could control PDCD4 levels in axons,
we carried out the Puromycin-Proximity Ligation Assay or
Puro-PLA in rat ventral roots in vivo (tom Dieck et al.
2015) to explore local protein synthesis. Consistent with
its dynamic role in the control of axon processes, our re-
sults indicate that PDCD4 can be locally translated in ma-
ture noninjured axons (Fig. 5D). Overall, these results
revealed two possible molecular mechanisms for the reg-
ulation of PDCD4 levels in mature axons ex vivo, either
via degradation and/or local protein synthesis.

DISCUSSION

Our studies demonstrate that PDCD4 is expressed in dif-
ferent neuronal cell types of the CNS and PNS and is dis-
tributed in axonal and dendritic compartments, possibly
interacting with other components of the mTOR pathway,
such as its upstream protein regulator p70S6K (Fig. 1).
Since PDCD4 is known to regulate protein synthesis in tu-
mor models and also act as a downstream component of
the mTOR pathway, we postulated that it could have a
role in molecular processes relevant to axonal function.
The possibility that PDCD4 functions as a translation reg-

ulator factor in both cancer and neuronal cells agrees
with the observation that many of the key cellular hall-
marks of cancer encompass molecular processes that
are crucial in nervous system development, such as inva-
sive cell growth, cytoskeleton rearrangements, ECM dy-
namic interactions and survival (Duman-Scheel 2009;
Heine et al. 2015).

In mouse primary cortical neurons, we observed that
PDCD4 is localized to the cell body and axons, with levels
increasing during time in culture (Fig. 2A). This increase in
PDCD4 levels correlates with neuronal network maturation
and the establishment of synaptic contacts, a period that
requires decreased axon growth. It is thus possible that el-
evated levels of PDCD4 mark the end of active axonal
growth and the establishment of a stable cortical network.
Further confirmation came from the overexpression of
PDCD4, which caused a significant decrease in axonal
growth. Importantly, the knockdown of PDCD4 levels
caused the opposite effect, with a significant increase in
axonal length (Fig. 2C,D). The analysis of axonal growth
in primary cortical neurons constituted a useful approach
for the investigation of the cellular and molecular mecha-
nisms that control neuronal network development in the
CNS. However, the elucidation of those mechanisms
that can control axonal growth is also a fundamental
area of research in the study of nerve regeneration in
PNS (He and Jin 2016). It was thus important to investigate
if PDCD4 could have a role in the regulation of axonal
growth using an in vitro model of peripheral neurons,
such as dissociated DRG primary neurons. Consistent
with the high levels of PDCD4 observed in peripheral ax-
ons in vivo (Fig. 1B,C), and the functional data from corti-
cal neurons (Fig. 2B,C), siRNA-dependent knockdown of
PDCD4 in DRG neurons grown in microfluidic chambers
(Taylor and Jeon 2011; Dajas-Bailador et al. 2012) showed
a significant increase in axon growth (Fig. 2D). Overall, the
functional studies in primary neurons of central and pe-
ripheral origin demonstrate a clear mechanistic link be-
tween the control of PDCD4 levels and the regulation of
axon growth and network development, confirming that
PDCD4 can modulate these processes, probably at the
level of translation.

In order to explore the molecular signature underlying
the link between PDCD4 and the control of neurite/axon
growth, we decided to use a genomic approach to eluci-
date putative PDCD4 translational targets. To do this, we
first generated a stable PC12 cell line able to induce
PDCD4 knockdown by shRNA (Supplemental Fig. S2),
and then confirmed that similar to primary neurons,
PDCD4 knockdown caused an increase in the neurite
length of differentiated PC12 neuron-like cells (Fig. 3A,
B). Despite its described role in selective mRNA transla-
tional mechanisms, the investigation of PDCD4 targets
has been largely unexplored using genomics approaches,
neither in cancer nor in neuronal models. However, very
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recent work by Haas and collaborators described PDCD4
targets using transcriptomics and Ribo-seq in a telome-
rase-immortalized human epithelial cell line (Haas et al.
2020). The implementation of Ribo-seq protocols, which
are based on deep sequencing of ribosome-protected
mRNA fragments, makes it possible to monitor translation
directly, significantly improving the estimation of protein
translation levels as compared to the classic RNA-seq ap-
proaches (Ingolia et al. 2012; Eastman et al. 2018). Our
Ribo-seq data confirmed the key role of PDCDA4 in the reg-
ulation of translation and provided only the second ap-
proximation to the full scope of its cellular targets and
the first in a neuronal cell model (Fig. 3C-F). It allowed
us to compare the PDCD4-dependent transcriptome and
translatome data sets (Fig. 3C,D), identifying 267 mRNAs
with a potential role as PDCD4 translational targets (Fig.
3E,F). This set of neuronal-related putative targets signifi-
cantly increases their translational efficiency in the absence
of PDCD4 (P-value <0.05 estimated by Xtail; Supplemen-
tal Table S2). We compared this list with that defined by
Haas et al., where 62 mRNAs increase their translation
upon PDCD4 silencing. Although 50 of those 62 targets
could be detected in our study and show considerable ex-
pression levels, only Cldnd1, an apoptosis-related gene in
epithelial cells (Achari et al. 2015), is common to both stud-
ies. This is likely the reflection of differences in cell type,
developmental stage and experimental model, and pro-
vides a tantalizing perspective on the regulatory potential
that can be attributed to PDCD4 and which is likely con-
trolled by the additional recruitment of cell- and stage-
specific mechanisms.

In order to further elucidate the regulatory mechanisms
at play, samples from the same RNA-seq and Ribo-seq ex-
perimental protocols were analyzed by label-free quantita-
tive proteomics (LFQ). However, the number of observed
and regulated proteins (~3000 and 141 proteins, respec-
tively) were lower than expected. From 141 differentially
expressed proteins (P-value <0.05; ANOVA), 87 of them
(62%) show the same direction of change seen in the
Ribo-seq data (with similarly positive or negative fold
changes; Supplemental Fig. S5B). In addition to the lack
of sensitivity, it is also likely that protein levels might
need to be evaluated at later time points than the Ribo-
seq data, but this was beyond the scope of this study.
Ultimately, protein levels are also subject to dynamic reg-
ulatory processes that control their half-life and degrada-
tion, and which might prevent the direct correlation of
Ribo-seq data with estimation of proteome levels, particu-
larly for low expression genes, which could be relevant in
PDCD4 function (Zubarev 2013; Kumar et al. 2016).

Based on our functional results with primary neurons, we
investigated the list of potential PDCD4 targets identified
from our Ribo-seq data to uncover a neurite/axon growth
gene signature. A list of 36 PDCD4 targets emerged with
axon growth and/or neurite outgrowth links (Fig. 4A).

1646 RNA (2020) Vol. 26, No. 11

Besides the genes associated with neurite outgrowth in
PC12 cells described previously, the remaining genes
were also described as associated with neurite or axonal
growth previously in the literature (Bisogno et al. 2003;
Nakanishi et al. 2006; Su et al. 2006; Ghiani et al. 2010;
Fiesel et al. 2011; Bali et al. 2013; Kar et al. 2013; Olbrich
et al. 2013; Mincheva-Tasheva et al. 2014; Munnamalai et
al. 2014; Siddig et al. 2015; Yu et al. 2016; Parviainen
et al. 2017; Tang et al. 2017; Chen et al. 2019). Relevant
and interesting examples include genes coding for pro-
teins associated with the cytoskeleton, either actin with
Tmsb4x (van Kesteren et al. 2006; Yang et al. 2008) or mi-
crotubules with Stmn3 (Riederer et al. 1997; Manna et al.
2007); cell adhesion molecules like Cadm1 (Nagara et al.
2012), Amigo2 (Kuja-Panula et al. 2003), Dscam!1 (Hattori
et al. 2008; Zhu et al. 2013; Hutchinson et al. 2014), and
Emb (Lain et al. 2009), transmembrane proteins associated
to signal transduction including Tspan7 (Bassani and
Passafaro 2012); calcium-binding proteins like Spock3
(Schnepp et al. 2005; Yamamoto et al. 2014), Hpcal1
(Braunewell et al. 2011; Wang et al. 2014), and Camk2b
(Fink et al. 2003; Yan et al. 2016), anterograde and retro-
grade transport and signaling with mRNAs like Dynll1 (Lin
et al. 2015) and Lancl2, different kinases like Tnik
(Kawabe et al. 2010), Mob1b (Lin et al. 2011; Song et al.
2018), Pnck (Wayman et al. 2004; Uboha et al. 2007), and
also synaptic-associated proteins like Rab3il1 (Villarroel-
Campos et al. 2016). Importantly, a significant proportion
of PDCD4 putative translational targets identified in our
analysis were also found in axonal transcriptomes from in
vitro neuron models (Zappulo et al. 2017; Nijssen et al.
2018) and in vivo motor axon transcriptome (Farias et al.
2020) (Fig. 4B), supporting the validity of these processes
beyond our experimental models.

Indeed, our own work managed to extend the observa-
tion of PDCD4's capacity for regulation of axon growth in
primary neurons to an in vivo axon regeneration model,
demonstrating that PDCD4 levels decrease following inju-
ry and during the regenerative growth phase (Fig. 5A,B).
Taking into consideration that PDCD4 levels are high
along adult peripheral axons in sciatic nerves (Fig. 1B),
we believe a decrease in the levels of this translational re-
pressor would allow the expression of growth-related pro-
teins to aid local axon regeneration. Taken together, ourin
vitro and in vivo experiments support the idea that the dy-
namic control of PDCD4 levels in the neurons and axons
could act as a new regulatory mechanism of protein syn-
thesis in a specific and growth-oriented manner.

The role proposed for PDCD4 in the regulation of local
protein synthesis in neurons would require a tight control
of its levels in the axon. In agreement with previous reports
(Verma et al. 2005; Terenzio et al. 2018), we found that the
active form of p70S6K protein (phosphorylated at Thr 389)
was increased twofold at the injury site, when compared to
uninjured axons (Fig. 5C). Given that the local activation of
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the mTOR pathway in the injured axons increases axonal
protein synthesis (Verma et al. 2005; Terenzio et al.
2018), our findings confirm that the increased phosphory-
lation of p706SK in the axons correlates with a decrease in
PDCD4 levels, likely mediated by activation of the protea-
some system (Dorrello et al. 2006). In this scenario, the
translation repression offered by PDCD4 would be re-
moved, releasing the potential for growth mechanisms.

Local depletion of PDCD4 would be useful to mediate a
rapid regeneration response; however, local neosynthesis
can be used as an important mechanism to modulate pro-
tein synthesis of specific targets in other contexts of neuron
development, when axon growth is reduced and synaptic
consolidation might be needed. Indeed, PDCD4 levels
have been shown to be regulated by miR-21 in cancer mod-
els increasing transformation, invasion, and metastasis
(Asangani et al. 2008; Matsuhashi et al. 2019). Consistent
with this, miR-21 is up-regulated during axonal growth
and regeneration in DRG axons (Strickland et al. 2011)
and miR-21 and PDCD4 have been analyzed in a model
of spinal cord injury, where whole tissue levels of miR-21 in-
crease and PDCD4 decrease after injury (Jiang et al. 2017).
To testthe potential existence of local protein synthesisasa
regulatory mechanism controlling PDCD4 protein levels in
the axoplasm, we used proximity ligation assays (PLA) (tom
Dieck etal. 2015). Our results suggest that PDCD4 is locally
translated in the axoplasm of peripheral neurons (Fig. 5D),
supporting previous neurite data of newly synthetized pro-
teomics, where PDCD4 is also detected (Zappulo et al.
2017).

Overall, our study shows the expression of PDCD4 in dif-
ferent types of neurons ex vivo, in vitro and also at different
development stages in both mouse and rat experimental
models. These results demonstrate a role of PDCD4 in pro-
cesses where the dynamic regulation of protein synthesis is
of crucial importance, such as axonal growth, in both de-
velopment and regeneration. We report the first Ribo-
seq data set for PDCD4 in a neuronal model, defining
267 mRNAs that could be regulated by PDCD4 at the
translational level, with a significant number of these being
related to neuronal plasticity and axonal growth processes.
The potential relevance of this regulatory capacity for
PDCD4 is further suggested by its regulation by local pro-
tein synthesis and/or degradation in peripheral axons.
Taken together, our findings uncover a new role for
PDCD4 in protein synthesis regulation at neuronal and
specifically axon levels. This represents new evidence of
the interesting correlation between cancer and neuronal
pathways, especially the ones related to axonal growth
and regeneration during injury. Further studies should elu-
cidate the functional implications of those specific MRNAs
regulated by PDCD4 in neurons, and particularly those act-
ing locally in axons, a process that could provide novel
functional insights in both plasticity and regenerative
processes.

MATERIALS AND METHODS

Animals and injury procedures

Sprague-Dawley male adult rats (6-9 mo old) were used for ex
vivo experiments. The maintenance was made in accordance
with international agreements at IIBCE bioterium in Montevideo,
Uruguay. Sciatic nerve transection was performed as in Canclini
and collaborators (Canclini et al. 2014). All the experimental pro-
cedures were made according to the Uruguayan ethical national
committee (CNEA) with approved project code “005/01/2014."

Cell cultures

Rats (Sprague-Dawley) and mice (C57/BL6) used for primary neu-
ron cultures were housed at the Animal Unit in the School of Life
Sciences (University of Nottingham). They were bred and sacri-
ficed according to the UK Animal (Scientific Procedures) Act
1986. Primary cortical neuron cultures were obtained from C57/
BL6 E16 mice brains as previously described (Lucci et al. 2020).
Primary DRG cultures were obtained from E18 rat embryos.
PC12 cell lines from ATCC (ATCC CRL-1721) were grown in colla-
gen | (ThermoFisher, Cat# A1048301) coated plastic surfaces at 8
ug/cm?. Complete medium was made of RPMI (ThermoFisher,
Cat#t 31800022), 10% of horse serum (ThermoFisher, Cat#
26050088), 5% of fetal bovine serum (Capricorn Scientific, Cat#
FBS-11A), and antibiotics (Sigma-Aldrich, Cat# A5955). The cells
were cultured following commercial instructions and neuronal
differentiation was achieved by removing growth factors and an-
tibiotics and exposing cells to 100 ng/mL of NGF 2.5S (Thermo-
Fisher, Cat# 13257019) for at least 72 h. Neuroblastoma
(Neuro2a) cell lines were a kind gift from the Robert Layfield lab-
oratory, University of Nottingham, UK. For more details about cell
cultures, please see Supplemental Materials and Methods.

siRNA and plasmid transfections

Primary cortical neurons and Neuro2a cells were both transfected
24 h after neuron seeding (day 2 of culture). For siRNA experi-
ments we used 25 nM of siGENOME Mouse Pdcd4 SMARTpool
5 nmol (Cat# M-044032-01-0005) or siGENOME Non-Targeting
siRNA Control Pool No.1, 5 nmol (Cat# D-001206-13-05), both
from GE Healthcare Dharmacon—Horizon Solutions. Transfection
protocols followed manufacturer’s instructions using Lipofect-
amine 2000 (Invitrogen, ThermoFisher). Plasmid transfections
were performed with 2 pg of PDCD4-pcDNA 3.1 (zeromycin),
kindly gifted by Yang Hsin-Sheng, using an empty plasmid as con-
trol. Cortical neurons were cotransfected with 1 pg pmax-GFP
Green-cat (ThermoFisher). In the specific case of primary DRG
neuron cultures, the cell permeable Accell SMART POOL Pdcd4
siRNA 5 nmol (Cat# E-097927-00-0005) or Accell Non-Targeting
Pool 5 nmol (Cat# D-001910-10-05), both from GE Healthcare
Dharmacon—Horizon Solutions, were incubated at 1 uM final
concentration in the cell body side of compartmentalized cham-
bers after DRGs develop neurites. The PC12 cell line was trans-
fected using commercial lentiviral particles from Dharmacon
GE, with an inducible shRNA against PDCD4 (SMARTchoice
Inducible Rat PDCD4 PGK-turboGFP shRNA, 100 ul, 107 TU/
mL; Material# VSR6432-223515627), or shScrambled control
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(SMARTchoice Inducible Non-targeting Control PGK/TurboGFP,
50 pulL, 107 TU/mL; Material# VSC6580). After transfection, cells
were grown in complete medium for 24 h and selected with 5
pg/mL of puromycin (P7255, Sigma-Aldrich) for 3-5 d. Cells
were then cultured in complete medium to obtain stable cell lines
able to induce silencing of PDCD4 or express a scrambled shRNA
control.

Immunohistochemistry and immunocytochemistry

For tissue sections, rats were intracardially perfused with 3%
sodium citrate (S4641-500, Sigma-Aldrich) and 4% PFA
(158127, Sigma-Aldrich) in Phosphate Buffer Saline (PBS) buffer
pH 7.4 (137 mM NaCl, 2.7 mM KCI, 8 mM NayHPOy,, and 2 mM
KH2PO4). Following standard cryoprotection and 0.5% triton
X-100 (13444259, ThermoFisher) permeabilization, 20 ym cryo-
sections were made. Incubation with primary and secondary anti-
bodies was performed in a blocking buffer with 5% NGS (MERCK,
NS02L) overnight at 4°C. The PHEM buffer (60 mM PIPES, 25 mM
HEPES, 10 mM EGTA, 2 mM MgCl,) was used for washes. For pri-
mary neurons and cell lines, cells were rinsed with PBS buffer and
fixed with 4% PFA, 5 mM CaCl, and 4% sucrose in PBS buffer for
30 min (RT), permeabilized in 0.2% Triton + 10 mM glycine in PBS
for 20 min (RT) and incubated with antibodies overnight. Cells
were mounted using Vectashield with DAPI (H-1200-10,
VectorlLabs) or Pro-Long Gold Antifade (P36930, ThermoFisher)
mountant reagents. For a list of antibodies and probes used,
please see Supplemental Material.

Puro-PLA protocol

Ventral roots were extracted from adult rats and incubated in neu-
robasal media with puromycin at 300 uM. Then a fixation with 4%
PFA for 1 h was performed and cryosections were made as de-
scribed above. The PLA protocol was carried out according to
the manufacturer’s instructions of DuoLink, Sigma using the fol-
lowing reagents: Duolink In Situ PLA Probe Anti-Rabbit PLUS
(Cat#DUO92002-30RXN), Duolink In Situ PLA Probe Anti-Mouse
MINUS (Cat#DUO92004-30RXN), Duolink In Situ Detection Re-
agents FarRed (DUO92013-30RXN).

Image acquisition and quantification analysis

Neocortex, cerebellum, sciatic nerves, and PC12 cell images were
taken using an LSM confocal OLYMPUS FV300 with a 60x oil, NA
1.42 objective. For primary cultures, we used an inverted fluores-
cent microscope ZEISS axiovert 200 M coupled to a CCD camera
(Photometrics CoolSnap MYO). For axonal length images, a 10x
air NA 0.3 or 20x air NA 0.8 were used, while immuno-
fluorescence quantification was done with a 63x oil NA 1.3. For
PLA experiments on ventral roots, an LSM confocal ZEISS 800
was used with a 63x oil, NA 1.4. The stacks were always taken
at an ideal pm number between each z plane.

For image quantification, the Fiji (Just Image J) tools
(Schindelin et al. 2012) and the Neuron_Growth plugin software
developed by Fanti and collaborators at the Universidad
Nacional Auténoma de México (http:/www.ifc.unam.mx/ffm/
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conditions.html) were used. For full details of quantification meth-
ods, see Supplemental Methods.

Ribosome profiling

Cells were treated with 100 mg/uL of cycloheximide (01810,
Sigma-Aldrich) for 1 h at 37°C in the hood to stop translation be-
fore collection of RNA on ice. A transcriptome sample was sepa-
rated to use as total RNA control and submitted to RNA extraction
using mirVana Isolation Kit (ThermoFisher, Cat# AM1560) and
RNA-seq protocol. At the same time, a proteome sample was sep-
arated and submitted to label-free quantitative proteomics using
an LC-MS/MS Orbitrap Fusion. For translatome samples, cells
were lysed and a polysomal pellet was obtained by ultracentrifu-
gation in sucrose cushion, resuspended and digested with
Benzonase (Sigma-Aldrich, Cat# E1014). Ribosomal footprints
were isolated running a denaturalized 15% PAGE 7 M urea, cut-
ting the proper band identified by length (~30 nt) and extracting
RNA from gel slice. Ribosomal footprints quality and quantity was
checked using 2100 Agilent Bioanalyzer Small RNA Kit and sub-
mitted to small RNA-seq protocol. Two biological replicates per
condition (shPDCD4 and shScrambled) and per compartment
(transcriptome, translatome and proteome) were obtained.

Sequencing and bioinformatic analysis

Alltranscriptome and translatome samples were sequenced in BGI
Tech Solutions. Transcriptome samples were sequenced using
RNA-Seq Quantification Library (Normal Library: 2-10 pg) proto-
col, with poly(A)+ selection and 20 million paired-end (2 x 100
bp) reads obtained. Translatome samples were submitted to
Small RNA Library (Low-Input Library: 0.2-1 pg) protocol and
40 million single-end reads were obtained. Sequence data is avail-
able atthe NCBI Sequence Read Archive (SRA; https:// trace.ncbi
.nlm.nih.gov/Traces/sra/) under BioProject ID PRINA6 11824.

Sequences were mapped using bowtie2 (Langmead and
Salzberg 2012) versus curated mRNAs described in the mouse
genome (available at NCBI ftp site). Read counts were estimated
by featureCounts (Liao et al. 2014) and differential gene expres-
sion analysis between transcriptomes or translatomes was done
using edgeR (Robinson et al. 2010). Normalized counts were ex-
ported and translational efficiency was calculated and contrasted
between conditions (shPDCD4 vs. shScrambled) using Xtail R
package (Xiao et al. 2016). Gene lists analysis was performed us-
ing the online free tool STRING (Jensen et al. 2009) and in-house
software (Radio S, Sotelo-Silviera JR, and Smircich P, in prep.;
https:/github.com/sradiouy/IdMiner).

For comparison between potential PDCD4 translational targets
and axonal transcriptomes, we used published axonal RNA-seq
data sets (Zappulo et al. 2017; Nijssen et al. 2018). Downloaded
FASTQ files were mapped to the Mus musculus genome
(GRCm38) with HISAT2 (Kim et al. 2015). StringTie (Pertea et al.
2015, 2016) was used to assemble and quantify the transcripts.
For subsequent analysis, low expression genes were removed
(TPM < 1). For the comparison, mouse orthologs of the potential
PDCD4 translational targets were used, since all the axonal tran-
scriptomes data sets come from murine models. The Venn dia-
gram was performed with the VennDiagram package of R (Chen
and Boutros 2011). The EASE Score (a modified Fisher exact
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P-value) was used to test if axonal transcriptomes were enriched in
potential PDCD4 translational targets, and specifically those relat-
ed with axonal growth. Extended protocols and details are avail-
able in SI Appendix.

SUPPLEMENTAL MATERIAL

Supplemental material is available for this article.
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Supplementary Materials and Methods

Animals and injury procedures
Sprague Dawley male adult rats (6-9 months old) were used for ex vivo experiments. The maintenance
was made in accordance with international agreements at IIBCE bioterium in Montevideo, Uruguay.
Animals were anesthetized with ketamine and xylazine mix (100 mg/kg, 10 mg/kg) by intraperitoneal
injection. Afterwards the animals were intracardially perfused using paraformaldehyde.

e Sciatic nerve transection
Adult Sprague-Dawley rats were anesthetized with 50 mg/kg pentobarbital. An incision was made at
mid-thigh and the sciatic nerve was transected, which was then closed with cyanoacrylate glue. After
18 h recovery, rats were euthanized by decapitation and a 2-cm sciatic nerve segment proximal to the
transection was removed. Equivalent contralateral uninjured segments were used as controls.
Afterwards we labelled the proximal region using a strand and quickly fixed with PFA 4% for 1 hour at
RT. Immunohistochemistry protocols were carried out as described for in vivo tissues. All the
experimental procedures were made according to the Uruguayan ethical national committee (CNEA)
with approved project code “005/01/2014”.

Cell Cultures
Rats (Sprague-Dawley) and mice (C57/BL6) used for primary neuron cultures were housed at the
Animal Unit in the School of Life Sciences (University of Nottingham). They were bred and sacrificed
according to the UK Animal (Scientific Procedures) Act 1986.

e Primary cortical neurons culture
Primary cortical neuron cultures were obtained from C57/BL6 E16 mice brains as previously described
(Lucci et al. 2020). Brain cortices were dissected, and the meninges separated under a dissection
microscope. The tissue was further incubated in Hanks Balanced Salt Solution (HBSS, Ca?* and Mg?*-
free; Gibco) with 1 mg/ml trypsin and 5 mg/ml DNAse | (Sigma-Aldrich) at 37°C for 30'. Following the
addition of 0.05% (v/v) soybean trypsin inhibitor (Sigma-Aldrich), the tissue was mechanically
dissociated in Neurobasal media (Invitrogen) supplemented with 1X GlutaMax and 2% B-27 (Gibco).
Dissociated neurons were resuspended in supplemented Neurobasal media (10x108 cells/mL).

e Primary DRG neurons culture
Primary DRGs cultures were obtained from E18 rat embryos. Briefly, approximately 200 DRGs
ganglions were extracted from 11-15 embryos per experiment in L15 cold media, trypsinized in Ca?*-
Mg?* PBS 0.025% trypsin for 10 minutes at 37°C, 5% CO: and incubated with 0.1% collagenase type |
(filtered 0.2 pm) for 20 min, 37°C, 5% CO:.. Pellet is resuspended and dissociated in DMEM complete
media (2% B27, 2 mM glutamate, 1% PE, 50 ng/mL NGF, 50 ng/uL GDNF, 4 uM APH). Cells were
centrifuged at 1000 g for 5 minutes, and the pellet resuspended in complete media before seeding into
compartmentalized microfluidic chambers (Xona Microfluidics, Xona SND 150) pre-coated with laminin
20 pg/mL for 1 hour, 37°C. Then 10 pL of dissociated DRGs were seeded into the designated channel
(approximately 30 DRGs in each).

e PC12 cell line culture and lentiviral transfection
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PC12 cells from ATCC were grown in RPMI 1640 medium (Gibco) supplemented with 10% horse
serum, 5% of fetal bovine serum and antibiotics (penicillin and streptomycin), at 37°C with 5% CO:..
Plastic surfaces were coated with 8 pg/cm? collagen | from rat tail. Neuronal differentiation was achieved
by removing growth factors and antibiotics and exposing cells to 100 ng/mL of NGF 2.5S for at least 72
h. To achieve PDCD4 silencing, commercial lentiviral viral particles from Dharmacon GE, with an
inducible shRNA against PDCD4, were used. After transfection, cells were grown in complete medium
for 24 hrs and selected with 5 pg/mL of puromycin for 3-5 days. Cells were then cultured in complete
medium to obtain stable cell lines able to induce silencing of PDCD4 or express a scrambled shRNA
control.
e Neuroblastoma (Neuro2a) Cell line culture

Neuro2a cells were a kind gift from Robert Layfield lab, University of Nottingham, UK. Cells were
maintained in DMEM, 10% FCS, 1% PS and seeded on 12-well plates at 1.5x10° cells/well.

siRNA and plasmid transfections

In the primary cortical neuron and Neuro2a cell line, transfections were performed 24 hours after neuron
seeding (day 2 of cell culture) using Lipofectamine 2000 (Invitrogen) as suggested by manufacturer’s
instructions. 25 nM of SIGENOME Mouse Pdcd4 SMARTpool 5 nmol (catalog number M-044032-01-
0005) and siGENOME Non-Targeting siRNA Control Pool N°1 5 nmol (catalog number D-001206-13-
05) both from GE Healthcare Dharmacon-Horyzon Solutions, using Lipofectamine 2000 (Invitrogen,
Thermo Scientific), following the manufacturer's instructions. For plasmid transfections the PDCD4-
pcDNA 3.1 (zero) was kindly gifted by Yang Hsin-Sheng, with empty plasmid used as a control. Both
plasmids were applied at 2 ug final concentration and added 24 hours after neuron seeding (day 2 of
cell culture). To identify transfected cortical neurons the siRNA and PDCD4 plasmids were co-
transfected with pmax-GFP Green-cat (ThermoScientific) 1 ug of final concentration and cells were
fixed 72 hours after transfection (day 5 of cell culture). In the specific case of primary DRG neuron
cultures, the cell permeable Accell SMARTPOOL Pdcd4 siRNA 5 nmol (catalog number E-097927-00-
0005) or Accell Non Targeting Pool 5 nmol (catalog humber D-001910-10-05) both from Healthcare
Dharmacon - Horyzon Solutions were incubated at 1 uM final concentration in the cell body side of
compartmentalized chambers after DRGs develop neurites. 96 hours later neurons were fixed.

Semi-quantitative Real Time PCR

PDCD4 quantification in PC12 cells was performed by semi-quantitative real time PCR and AACt
method (Livak and Schmittgen 2001). For this, RNA was isolated using Trizol (Invitrogen,
Cat#15596026) or mirVana isolation kit (ThermoFisher, Cat# AM1560). Genomic DNA was removed
by DNAse treatment (Invitrogen, Cat#AM2222) and RNA was re-isolated by the same method. cDNA
was produced by retrotranscription by SuperScript Il (Invitrogen, Cat#18064014) or Il (Invitrogen,
Cat#18080044) reverse transcriptase and quantified with SYBR Green Master Mix (Applied
Biosystems, Cat#A25742) in Corbett Rotor-Gene 6000 instrument with the following PCR conditions:
10 minutes at 95°C, 40 cycles of: 15 seconds at 95°C, 15 seconds at 58°C and 45 seconds at 60°C;
and 72°C to 90°C melting. In all cases, three independent biological replicates were used to evaluate
significant differences by Student’s test using RPL29 gene as housekeeping (Zhou et al. 2010).

For primary DRGs cultures, E18 rat embryos were cultured at two channel compartmentalized
microfluidic chambers as described in the previous section. Axonal RNA was obtained as described
previously (Garcez et al. 2016). To obtain cDNA, 50 ng of RNA were retrotranscribed by Superscript IlI
reverse transcriptase (ThermoFisher, Cat#18080093) according to manufacturer instructions. The
gPCR was performed using PowerUp SYBR Green (Applied Biosystems) in an Applied Biosystems
Step One Plus thermocycler, using cycling parameters recommended by Applied Biosystems (mMRNA).
Data was acquired with Applied Biosystems SDS2.3 software. As above, RPL-29 gene was used as
housekeeping gene (Zhou et al. 2010).

Primers sequences were obtained from literature: PDCD4 forward: 5'-
TGAGCACGGAGATACGAACGA-3' and PDCD4 reverse: 5'-GCTAAGGACACTGCCAACACG-3' from
(Liu et al. 2010), RPL29 forward: 5'-CAAGTCCAAGAACCACACCAC-3' and RPL29 reverse: 5'-
GCAAAGCGCATGTTCCTCAG-3' from (Parker et al. 2013).

Immunohistochemistry and immunocytochemistry
e Tissue sections
For brain, cerebellum and sciatic nerve tissue, rats were intracardially perfused with 3% sodium citrate
and then 4% PFA in PBS buffer. Tissue extraction was done after two hours of perfusion, and a final
fixation step was performed overnight (ON), 4°C for brain and cerebellum and 1 hour at RT for sciatic
nerves. 3x10 minutes washes in PBS and cryo-protection steps with successive incubations in 15 and
2
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30% sucrose ON, 4°C for one and two days respectively were performed. Cryosections of 20 um were
collected on glass slides pre-treated with Poly-L-Lysine 0.1% in mQ water. Permeabilization with 0.5%
Triton in the PHEM buffer for 20 minutes at RT, 3x5 washes in PHEM buffer and blocking in 3% BSA,
1% glycine for 30 minutes at RT were developed. Incubation with the primary and secondary antibodies
was performed in a blocking buffer with 5% NGS, ON at 4°C with 3x10 minutes washes in buffer PHEM
between and after incubation.
e Primary neurons and cell lines

For cortical, DRG neurons, PC12 and Neuro2a cell lines, the media was removed, and cells rinsed with
PBS and fixed with 4% PFA with 5 mM CaClz and 4% sucrose in PBS buffer for 30 minutes (RT). Cells
were permeabilized in 0.2% Triton + 10 mM glycine in PBS for 20 minutes at RT. Incubation with the
primary antibody was made in 3% BSA ON at 4°C, while incubation with secondary antibodies was
made in the same buffer for 2 hours at RT. Cells were mounted using Vectashield with DAPI or Pro-
Long Antifade reagent.

List of antibodies and probes

Rabbit polyclonal PDCD4 antibody (dilution 1:200) Abcam (ab51495); Mouse monoclonal MAG
antibody (dilution 1:1500) Millipore (Cat#MAB1567); Mouse monoclonal antibody Phospho-p70 S6
Kinase (Thr389) (1A5) (dilution 1:400) CellSignaling (#9206); Mouse Monoclonal Anti-Acetylated
Tubulin antibody (dilution (1:1000) Sigma - Aldrich (Cat#T7451); Alexa Fluor 555 Phalloidin (dilution
1:150) Invitrogen-ThermoFisher (Cat#A34055); Alexa Fluor 647 Phalloidin (dilution 1:150) Invitrogen-
ThermoFisher (Cat#A22287); Goat anti-Mouse IgG, (H+L) HRP conjugate antibody Millipore (Cat#
AP308P); Swine anti-rabbit IgG HRP antibody Dako (Cat# P0217); Goat anti-Mouse IgG (H+L) Cross-
Adsorbed Secondary Antibody Alexa Fluor 488 (dilution 1:1000) ThermoFisher (Cat# A-11001); Goat
anti-Mouse IgG (H+L) Secondary Antibody, Alexa Fluor 555 conjugate (dilution 1:1000) ThermoFisher
(Cat# A-21422); Goat Anti-Mouse IgG (H+L) Antibody Alexa Fluor 633 Conjugated (dilution: 1:1000)
ThermoFisher (Cat# A-21052); DAPI (dilution 1:2000) ThermoFisher (Cat#D1306).

Puro-PLA protocol

A total of 2 independent experiments were made. Ventral roots were extracted from adult rats and
incubated in neurobasal media with puromycin at 300 uM final concentration for 15 and 30 minutes or
without puromycin as a control condition. Then a fixation with 4% PFA for 1 hour was performed and
cryosections were made as described above.

The PLA protocol was carried-out according to the manufacturer's instructions of DuoLink, Sigma using
the following reagents: Duolink® In Situ PLA® Probe Anti-Rabbit PLUS dilution 1/5 (Cat#DU092002-
30RXN), Duolink® In Situ PLA® Probe Anti-Mouse MINUS dilution 1/5 (Cat#DU092004-30RXN),
Duolink® In Situ Detection Reagents FarRed (DU0O92013-30RXN).

Protein extraction and western blot protocol for Neuro2a cell line

A total of 3 independent experiments were performed. Cells were scraped 72 h after transfection, lysed
with 150 pL of RIPA (50 mM Tris-HCI, pH 8.0, with 150 mM sodium chloride, 1.0% Igepal CA-630 (NP-
40), 0.5% sodium deoxycholate and 0.1% sodium dodecyl sulphate), centrifuged for 20 min at 12,0009
and supernatants collected and run on a 12% SDS-PAGE gel. Proteins were separated by standard
electrophoresis protocol. For blocking step 5% milk in TBST (TBS buffer with Tween-20 0.1%) was
used for 1 hour at RT. The primary antibodies were incubated ON, 4°C and a chemiluminescence
protocol was performed using HRP secondary antibodies. The enzyme substrate was the Supersignal
West femto-maximum sensitivity substrate revealed and was incubated for 1 minute and then washed
with blocking buffer. Western blot bands were detected with a Las 3000 mini from FUJIFILM using the
accumulated signal method.

Image acquisition

Neo-cortex, cerebellum, sciatic nerves and PC12 cells images were taken on the LSM confocal
OLYMPUS FV300 using a 60X oil, NA 1.42 objective. The software for controlling the microscope and
taking the images was the Fluoview version 5.0c.

For primary cultures, an inverted fluorescent microscope ZEISS axiovert 200M coupled to a CCD
camera (Photometrics CoolSnap MYQO) was used. For axon length images, a 10X air NA 0.3 or 20X air
NA 0.8 were used, while quantification of immunofluorescence used a 63X oil NA 1.3. The
micromanager software version 1.4 was employed to acquire the images and control the microscope.
For PLA experiments on ventral roots an LSM confocal ZEISS 800 was used. A 63x oil, NA 1.4 premium
objective adapted for AiryScan was used for image acquisition. The stacks were always taken at ideal
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pm number between each z plane. The software for controlling the microscope and taking the images
was the ZEN Blue version 2.3.

Image quantification and analysis
In all image quantification analysis, we kept the same PMT (below 700 V) and/or time exposures of the
camera in order to compare control and experimental conditions. We also kept the same PMT (below
700 V) and same laser intensities for each experiment between conditions, with all the images from
each experimental group taken on the same day.

e Quantification of fluorescence
Quantification of expression levels from immunofluorescence signals at different regions of interest
(ROIs) was made with Fiji (Just ImageJ) software (Schindelin et al. 2012). Following the selection of
ROIls, the Raw_Integrated_Density was calculated and divided by the size of the selected area. For
each condition an average of these values was calculated and normalized against its control. The value
for the controls was defined as 1. For the selection of ROIs in cortical and DRG neurons the acetylated
tubulin was used to define subcellular compartments. For quantitative analysis in cortical neurons a
total of 292 cell bodies and 129 axons were quantified from three independent experiments (unless as
indicated for day 12) In experiments with sciatic nerve ventral roots axoplasms, MAG, phalloidin and
light-chain neurofilament 68 KDa were used as counter-stains.

e Quantification of axonal length of cortical neurons
Images were taken from at least four independent preparations. GFP-positive neurons were assessed
with axons defined as a neurite that was longer than 80 ym and at least three times the length of other
processes, measured from the cell body to the distal extent of the central region of the growth cone.
Selected axon projections were measured using ImageJ, and the data expressed as percentage of the
respective controls. For determination of axon versus branch, the axon was defined as the process that
remained parallel to the axon segment proximal to the branch point. Branches were defined as
processes extending at orthogonal angles to the axon. Total length of axon branches was not included
in the measurement. The average length of axons in control groups was + 341 um (mean + 14.92). The
average for each experimental condition (SIRNA PDCD4 or plasmid PDCD4) was normalized against
its control. A total number of ~400 cortical axons were measured per condition for the PDCD4
overexpression analysis and ~600 axons per condition for the PDCDA4 silencing analysis. The n number
was defined as separate experiments from independent neuronal preparations for all conditions.

e Quantification of axonal length of DRG neurons
A stitched image of the entire axonal channel of the microfluidic chambers stained for axons (acetylated
tubulin) was obtained using micromanager software and the stitching plugin of Fiji software for each
axonal microfluidic compartment. A total of 4 independent experiments with siRNA control chambers
and 3 with siRNA of Pdcd4 were used (in total 9 siRNA Control and 7 siRNA PDCD4 chambers were
used). Image analysis for neuron growth was processed using the Neuron_Growth plugin software
developed by Fanti & collaborators at the Universidad Nacional Auténoma de México
(http://www.ifc.unam.mx/ffm/conditions.html). The same software settings were used for all images and
the percentage of the area covered by the axons was quantified. Average values were calculated for
the siRNA control chambers and for the sSiRNA PDCD4 chambers and normalized to the internal control.

e Quantification of neurite length of differentiated PC12 cells
Images were taken from five independent preparations. For quantifying neurite length of differentiated
PC12 cells in the presence and absence of PDCD4, three independent cell cultures were growth for
each condition. After 72 h of shRNA induction, cells were exposed to NGF for 72 h to achieve neuron-
like differentiation. The free line tool of ImageJ was used to mark neurites in several optic fields for each
culture and length was quantified. An average of 80 neurites were quantified per replicate. Neurite
length was contrasted in the two conditions comparing 3 vs 3 averages per replicate

e Puro-PLA Pdcd4 spots quantifications
Fiji (just ImageJ) software was used to quantify PLA signal. After selection of axoplasm regions
(counterstained with phalloidin and/or light-chain-neurofilament) from Z-stack images a z project with
maximum intensity projection algorithm was used to obtain a single image with all the PLA spots for
each stack. Then a threshold was defined to detect each spot as black and the rest as white. Then the
“analyze particles” algorithm was used with the size between 0.20-10 in all cases. The “masks display
exclude clear” algorithm was used to count and see the mask on each spot and to control if the protocol
was adequately working for each image. The experiment without puromycin was used as a control
condition and the count of PLA/area were defined as “1”. Following this, the PLA counts for 15 minutes
and 30 minutes exposure to puromycin were normalized to the control.

e Western Blot quantification
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Images were obtained with the same exposure settings. Fiji (Just ImageJ) gel quantification software
was used selecting ROIs equal to the biggest protein band for each image. Each band was quantified
and then divided by the one corresponding to actin (control band) for each line. The values
corresponding to sSiRNA PDCD4 were expressed as a percent of the siRNA control.

Ribosome Profiling

After 72 h of 100 ng/mL NGF 2.5S and 500 ng/mL doxycycline exposure, to achieve neuronal
differentiation and shRNA expression, 80x10%cells per condition were used to isolate total RNA and
polysomes, in two biological replicates per condition. For this, cells were treated with 100 mg/uL of
cycloheximide (CHX) for 1 hour at 37°C in the hood to stop translation before collection of RNA on ice.
A Transcriptome sample was separated to use as total RNA control and submitted to RNA extraction
using mirVana isolation kit (ThermoFisher, Cat# AM1560) and RNA-Seq protocol. At the same time, a
proteome sample was separated and submitted to label-free quantitative proteomics using an Orbitrap
Fusion. For translatome samples, cells were lysed and post mitochondrial supernatant was loaded in a
12%-33.5% sucrose cushion and ultracentrifugated in SW40Ti rotor at 35,000 RPM for 2:45 hrs at 4°C.
Polysomal pellet was resuspended and digested with 200 U of Benzonase for 10 minutes at RT.
Digestion was stopped with mirVana Lysis Buffer to continue with RNA isolation. Ribosomal footprints
were isolated running a denaturalized 15% PAGE 7M urea, cutting the proper band identified by length
(~30nt) and extracting RNA from gel slice. Ribosomal footprints (Translatome sample) are then
concentrated by precipitation and quality and quantity checked using 2100 Agilent Bioanalyzer Small
RNA Kit.

Sequencing and bioinformatic analysis

All transcriptome and translatome samples were sequenced in BGI Tech Solutions. Transcriptome
samples were submitted to RNA-Seq Quantification Library (Normal Library: 2-10 ug) protocol, using
poly(A)+ selection and 20 millions of paired-end (2x100 bp) reads were obtained. Translatome samples
were submitted to Small RNA Library (Low-Input Library: 0.2-1 ug) protocol and 40 millions of single-
end reads were obtained.

Fastq files obtained were analyzed using servers available in the Genomics Department at 1IBCE.
Sequences were mapped using bowtie2 (Langmead and Salzberg 2012) versus curated mRNAs
described in the mouse genome (available at NCBI ftp site). For translatome samples, sequences were
first mapped against Rattus norvegicus rRNA genes to remove contamination. Reads counts were
estimated by featureCounts (Liao et al. 2014) and differential gene expression analysis between
transcriptomes or translatomes was done using edgeR (Robinson et al. 2010). Normalized counts were
exported and translational efficiency was calculated and contrasted between conditions (shPDCD4 vs
shScrambled) using Xtail R package (Xiao et al. 2016). Gene lists analysis were performed using on-
line free tools like STRING (Jensen et al. 2009) and an in-house software (manuscript in preparation;
https://github.com/sradiouy/IdMiner).

Protein samples were submitted to label-free quantitative proteomics using an LC-MS/MS Orbitrap
Fusion instrument. Protein intensity values (LFQ/IBAQ) were averaged and statistical differences were
reported using ANOVA.

General statistical analysis

All data groups shown are expressed as the mean + SEM and the probability distribution of the data set
was analyzed before further statistical analysis. Normality tests were made for all the data sets. With
normal data, a two tailed t-student test was performed or paired t test for plasmid and siRNA axonal
length quantifications. If the data sets don't pass the normality tests, a Mann Whitney test was used. In
all cases p values less or equal to 0.05 were considered as significant. Each “n” was defined as an
independent experiment from a separate culture preparation. The following general code was used: (*):

p value <0.05; (**): p value <0.01; (***): p value <0.001.
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Supplementary Figures Legends.

Figure S1. (A) Fluorescent image of cortical neurons overexpressing PDCD4: GFP and PDCD4
expression is shown in cortical neurons transfected with a PDCD4 cDNA plasmid or with a pcDNA
control plasmid. In both cases, a GFP co-transfected plasmid was used as a positive evidence of
transfection. White arrows indicate the transfected neurons (scale bar 20 um). The right panel shows
guantification of PDCD4 levels, detecting an increase of 2.3 fold compared to the control condition (p
value (***) <0.001, two tailed Mann Whitney test, n=3 with 3 technical replicates, error bars: SEM). (B)
Same as (A) but for cortical neurons were PDCD4 was knockdown using a mix of 4 siRNA sequences
against PDCD4 (Dharmacon siRNA SMARTPOOL) or a mix of 4 scrambled siRNA sequences as
control. Again a GFP co-transfected plasmid was used, and the white arrows show the transfected
neurons (scale bar 20 um). The right panel shows quantification of PDCD4 levels, detecting a decrease
of 0.66 fold compared to the control (p value (**) <0.01, two tailed Mann Whitney test, n=3 with 3
technical replicates, error bars: SEM). (C) Fluorescent image of DRG neurons were PDCD4 was
knockdown using 4 cell permeable siRNA sequences against PDCD4 (Dharmacon Accell siRNA
SMARTPOOL) or a mix of 4 Accell scrambled siRNA sequences as control. Tubulin and PDCD4
expression is shown (scale bar 20 um). The right panel shows quantification of PDCD4 levels detecting
a decrease of 0.65 fold compared to the control (p value (*) 0.02, two tailed Mann Whitney test, n=3
with 3 technical replicates, error bars: SEM). (D) To test if the SiRNA probes or plasmids have an effect
on total PDCD4 protein levels, we transfect N2A cell line, as a high transfection efficiency model.
PDCD4 expression is shown by western blot as the upper bands, while lower bands correspond to actin
as a loading control. The right panel shows relative quantification of PDCD4 Western Blots bands (p
value (***) £0.001 and p value (*) £0.02, two tailed Mann Whitney test, n=3 with 2 technical replicates,
error bars: SEM).

Figure S2. PDCD4 expression silenced by inducible shRNA in the PC12 cell line. Inducible PDCD4
silencing in PC12 cells was achieved by lentiviral transfection and confirmed by semi-quantitative
RealTime PCR and immunofluorescence. (A) PDCD4 expression was followed at different time points
of NGF-induced neuron differentiation in wt PC12 cells using immunofluorescence. (B) Neuron-like
phenotype achieved in PC12 cells after 72 h of NGF exposure, evidenced by phase contrast
microscopy. (C) PDCD4 expression evaluated by immunofluorescence was analyzed in PC12-
shScrambled and PC12-shPDCD4 cells after NGF exposure alone or with sShRNA expression induction
by doxycycline (DOX). lllustrative images are shown. (D) PDCD4 signal quantification shows a high
decrease in PDCD4 only in PC12-shPDCD4 exposed to NGF+DOX (p value (**) <0.01, One-way
ANOVA with post-hoc Tukey test; n=2 with almost 150 cells analyzed per replicate). (E) PDCD4
silencing was also confirmed by semi-quantitative RealTime PCR (p value (***) <0.001, Student’s t test,
n=3, error bars: SD). (F) GFP expression was also monitored by immunofluorescence as an indication
of shRNA expression induction by DOX. lllustrative images are shown. (G) Quantification of GFP signal
shows insignificant levels in absence of DOX while considering levels when is present. Differences were
statistically significant (p value (**) <0.01, one-way ANOVA with post-hoc Tukey test, n=2 with almost
150 cells analyzed per replicate). In A-C and F scale bars means 20 um.

Figure S3. RNA-Seq and Ribo-Seq data were analyzed individually by edgeR. (A) Ribosomal footprints
periodicity was explored comparing 5-end read mapping distribution among the three codon
nucleotides. Each dot represents a fraction of reads in each position for each sample (transcriptome
RNA-Seq derived and translatome Ribo-Seq derived). For translatome samples the first position in the
codon tends to be enriched but for transcriptome samples distribution tends to be uniform. (B) Mapping
distribution among mRNA features was studied comparing 5UTR, CDS and 3’-UTR expression and
comparing between transcriptomes and translatomes. In the first, the three regions are expressed while
for translatome samples CDS is preferentially expressed over UTRs regions. (C) Inter-replicate Pearson
correlation value is shown for transcriptome and translatome samples, in the two conditions
(shScrambled and shPDCD4). (D) and (E) Volcano and MA plot, respectively, for transcriptome
compartment (RNA-Seq). (F) and (G), same as (D) and (E) but for translatome compartment (Ribo-
Seq). In D-G red and green dots indicate differentially expressed genes, up- and down-regulated,
respectively ([fold change| >2 and p value <0.05).



Figure S4. Heatmap of potential PDCD4 targets. RNA-Seq and Ribo-Seq expression levels in PDCD4
presence and absence (shScrambled and shPDCD4, respectively) is shown for the 267 putative
PDCD4 mRNA targets.

Figure S5. Quantification and comparison of protein abundance in PDCD4 presence and absence
(shScrambled and shPDCD4, respectively) by label-free quantitative proteomics. (A) Scatter plot
comparing protein abundance (LFQ/iBAQ values) in shScrambled and shPDCD4 conditions. Red and
green dots indicate differentially expressed proteins, up- and down-regulated respectively (p value
<0.05 estimated by ANOVA). PDCD4 is indicated in the scatter where the knock-down could be also
evidenced. (B) Correlation between fold change values estimated by proteomics and Ribo-Seq for 87
differentially expressed proteins at the proteome that also show the same direction of change in the
Ribo-Seq data.

Figure S6. Functional protein association network by STRING for PDCD4 putative translational targets
defined by translational efficiency criteria (A) and for the opposite direction genes (B). In (A) the 4
functional-related clusters discussed in the text are indicated: Cluster 1 in blue, highlighting genes
associated to mitosis and cell cycle; Cluster 2 in red, highlighting genes associated to the nucleus;
Cluster 3 correspond to mitochondrial activity and Cluster 4 in yellow, highlighting genes associated to
protein export. Disconnected nodes are hidden in (A) but shown in (B) for illustrative reasons.

Figure S7. Lentiviral shPDCD4 on cortical neurons cultured in vitro upregulates total levels of NFKB2
measured by Western Blot. (A) Cortical neurons were transfected with increasing amounts of lentiviral
particles (+ and ++) containing shPDCD4 sequences, or with vehicle (no lentiviral particles). Western
blot bands for PDCD4, NFKB2 and TUBB3 as non-target control are shown in each case. (B) Relative
guantitation of PDCD4 and NFKB2 levels in each condition is shown. While levels of PDCD4 descend
down to three-fold with increasing lentiviral particles, NFKB2 levels increase more than two fold.

Figure S8. Comparison of down-regulated mRNAs targets after PDCD4 knockdown with previously
reported axonal transcriptomes. (A) Venn diagram showing the intersection between TE down-
regulated mRNAs by PDCD4 and axonal transcriptomes described in Figure 4B. Separate and
overlapping expressions between samples are shown. Only transcripts with a level of expression of
TPM =1 were considered. (B) The table shows the type of neuron used in each study, the total genes
detected and the number of common genes between potential PDCD4 targets (or potential PDCD4
targets related to axonal growth) and each axonal transcriptome. The EASE Score (a modified Fisher
Exact p-value) is also shown, which indicates gene-enrichment.
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Figure S6.
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Figure S7.
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Axonal transcriptome of
mMmESC: INeurons
(Zappulo et a/ 2017)

Axonal transcriptome of
MESC: motorneurons
(Nijssen et al., 2018)

8207
In common with genes
Neuron Total genes | downregulated by PDCD4 Reference
All (EASE Score)
mESC:iNerons 11145 47 (0.2263) Zappulo et al., 2017
mESC:motorneuron 4453 9 (0.1118) Nijssen et al., 2018
Figure S8.
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Supplementary Tables Legends.

Table S1. Total number of reads sequenced and mapped in both transcriptome and translatome
samples.

Table S2. Average RPKM expression values, log: fold change in translational efficiency and p values
for putative PDCD4 targets.
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Requlacion traduccional de PDCD4 sobre el ARNm de Nfkb2

En la publicacién anterior se presenta como ejemplo de regulacién traduccional ejercida por
PDCD4 el caso de Nfkb2. Como se describe en la publicacion, considerando el particular rol
gue cumple dicho gen en el crecimiento neuritico se procedi6 a verificar el control negativo
gue ejerce PDCD4 sobre la expresion traduccional del ARNm de Nfkb2. De esta manera, se
mostré mediante Western blot que silenciar la expresién de PDCD4 en cultivos de neuronas
corticales aumenta significativamente la abundancia proteica de NFKB2, respecto del control
(ver Figura Suplementaria 7 de Di Paolo & Eastman et. al RNA 2020). Con el objetivo de
complementar la evidencia a favor de dicha regulacién, nos propusimos también cuantificar la
abundancia del ARNm de Nfkb2 en distintas fracciones de un gradiente polisomal en
presencia y ausencia de PDCD4. Efectivamente pudimos confirmar que en ausencia de
PDCD4, la cantidad de ARNm de Nfkb2 aumenta en las fracciones polisomales respecto del
control en presencia de PDCD4, como se describe a continuacion.

Materiales y Métodos

e Cuantificacion de la abundancia de ARNm en distintas fracciones polisomales

El mismo protocolo que el descrito para Ribo-Seq en el trabajo publicado Il fue utilizado para
producir perfiles polisomales a partir de células PC12 diferenciadas a neuronas en presencia
y ausencia de PDCD4. En este caso, el sobrenadante postmitocondrial fue cargado en
gradientes lineales de sacarosa de 10% a 50% vy ultracentrifugado en un rotor SW40Ti a
35.000 RPM por 2 horas a 4°C. Como control se utilizd6 25 mM de EDTA para desensamblar
los polisomas. El perfil polisomal fue visualizado mediante un detector UV en linea (Cole-
Parmer) y se colectaron distintas fracciones. EI ARN se purific6 mediante Trizol (Invitrogen) y
se gener6 ADN copia mediante retrotranscripcion (SuperScript Il y 1, Invitrogen). La
cuantificacion relativa de los genes se realiz6 mediante el kit SYBR Green Master Mix
(Invitrogen) en el equipo BioRad CFX96 Touch™ Real-Time PCR Detection System. Las
secuencias de los cebadores utilizados fue disefiada con la herramienta Primer-BLAST del
NCBI y se muestran a continuacién: NFKB2 forward: 5-AGCATTGTACGGCTACGCTT-3/,
NFKB2 reverse: 5'-GGAGACTTGCTGTCGTGGAT-3'.
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Resultados

e EI ARNm de Nfkb2 aumenta su abundancia en las fracciones polisomales tras silenciar
PDCD4.

Con el objetivo de visualizar mediante técnicas ortogonales el aumento en los niveles
traduccionales de blancos relevantes de PDCD4, nos propusimos colectar distintas fracciones
de un gradiente polisomal y evaluar la cantidad relativa de ARNm en cada fraccion, en
presencia y ausencia de PDCD4. De esta manera, preparamos perfiles polisomales que
registramos en linea mediante cuantificacion de absorbancia a A=254 nm. Los picos
correspondientes tanto a las subunidades 40S y 60S del ribosoma, asi como el ribosoma
completo, y la region polisomal fueron evidenciados mediante el tratamiento de la muestra
con 25 mM de EDTA, lo cual desensambla los ribosomas (ver Figura IV.1 A). Seleccionamos
entonces tres distintas regiones del gradiente que se corresponden a fracciones libres de
polisomas, con polisomas livianos o con polisomas pesados. La abundancia relativa de los
ARNmM de Pdcd4 y Nfkb2, blanco traduccional de PDCD4 y regulador clave del crecimiento
neuritico en células PC12, fue evaluada mediante RT-PCR en tiempo real. Los resultados
muestran que para Pdcd4 se observa una disminucién en la cantidad de ARNm que ingresa
en las fracciones polisomales, como es de esperarse, tras el silenciamiento. Por su parte, para
Nfkb2, observamos que en la condicién sin PDCD4 la cantidad de ARNm aumenta en las

fracciones polisomales, en especial en la fraccién de polisomas livianos (ver Figura IV.1 B).

Discusion

En este primer capitulo nos propusimos como objetivo determinar el rol de PDCD4 en modelos
neuronales y explorar su posibles ARNm blancos traduccionales. Para esto utilizamos la linea
celular PC12, capaz de diferenciar a un tipo neuronal tras exposicion a NGF, y utilizando
vectores lentivirales producimos un modelo capaz de silenciar de manera inducible la
expresion de PDCD4, asi como su respectivo control. Resultados obtenidos en simultaneo en
nuestro laboratorio, e incluidos en el trabajo publicado Il presentado antes, mostraban que
PDCD4 podia regular el crecimiento axonal en neuronas corticales primarias y del ganglio de
la raiz dorsal. Por esta razén, primero exploramos si en nuestro modelo celular tipo neuronal
se observaba el mismo efecto sobre el crecimiento de neuritas. Efectivamente demostramos
gue el silenciamiento de PDCD4 determina que las células PC12 diferenciadas presenten

neuritas mas largas (en promedio 1,6 veces mas largas; p valor = 0.052; ver trabajo publicado

1.
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Figura IV.1. Cuantificacién de Pdcd4 y Nfkb2 en distintas fracciones de un gradiente
polisomal en presenciay ausencia de PDCD4. (A) Se muestra un perfil polisomal obtenido
a partir de células PC12. La cantidad de ARN representada por el valor de absorbancia a 254
nm es graficado versus la posicion en el gradiente de sacarosa de 10% a 50%. El grafico en
negro muestra la condicién tratada con cicloheximida (CHX) que detiene la traduccion,
mientras que el grafico punteado muestra la condicion tratada con 25 mM de EDTA que
desensambla los polisomas. Los picos correspondientes a las subunidades 40S, 60S, el
ribosoma (80S) y la fraccion polisomal son indicados. Ademas se muestra el rango en el cual
se colectaron las 3 fracciones analizadas correspondientes a (1) fraccion libre de polisomas,
(2) fraccion de polisomas livianos y (3) fraccion de polisomas pesados. (B) Se muestra la
cuantificacion relativa de ARNm para Pdcd4 (arriba) y Nfkb2 (abajo) por RT-PCR para las tres
fracciones colectadas. En azul se muestra la condicién Control (o shScrambled) y en rojo la
condicion con PDCD4 silenciado (shPDCD4).

Con el objetivo de conocer las funciones posiblemente reguladas por PDCD4 y describir los
posibles blancos traduccionales de dicho factor en modelos neuronales, aplicamos la técnica
de Ribo-Seq en el modelo celular neuronal descrito anteriormente. De esta manera definimos
una lista de 267 ARNm posibles blancos traduccionales de PDCD4 cuya eficiencia de

expresion traduccional aumenta de manera significativa en ausencia de PDCDA.

Considerando que el efecto observado sobre el crecimiento neuritico o axonal era conservado
en distintos modelos neuronales in vitro, exploramos la lista de blancos traduccionales de

PDCD4 en busqueda de una firma génica asociada al crecimiento neuritico o axonal. De esta
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manera, describimos un grupo de 36 genes cuya eficiencia traduccional se ve aumentada en
ausencia de PDCD4 y cuyas funciones biologicas descritas estan directamente asociadas al
crecimiento neuritico o axonal. Un ejemplo relevante es el gen de Nfkb2 que describimos
como blanco traduccional de PDCD4 y que se ha demostrado promueve la neuritogénesis en
PC12 diferenciadas [77]. Pudimos confirmar de manera ortogonal la regulacion ejercida por
PDCD4 en dicho gen tras evaluar la abundancia proteica de NFKB2 en presencia y ausencia
de PDCD4 en un modelo de neuronas corticales in vitro (ver trabajo publicado I). Resultados
similares se obtuvieron al evaluar las cantidades relativas del ARNm de dicho gen en distintas
fracciones polisomales en presencia y ausencia de PDCD4 (ver Figura IV.1). En este caso
observamos que la cantidad relativa del ARNm de Nfkb2 aumenta en las fracciones
correspondientes a los polisomas luego de silenciar PDCD4, lo cual confirmaria también su
denominacion como blanco traduccional de PDCDA4.
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V. CAPITULO 2

OPTIMIZACION Y APLICACION DE LA TECNICA DE RIBO-SEQ EN MODELOS
NEURONALES IN VITRO E IN VIVO

Durante mi tesis de Maestria trabajamos en la puesta a punto y realizacion de la técnica Ribo-
Seq utilizando lineas celulares [50]. De esa manera fue que logramos aplicarla con éxito
utilizando la linea celular PC12 que es capaz de diferenciar a un modelo tipo neuronal, como
se menciond anteriormente. Sin embargo, nos planteamos como un primer objetivo de este
capitulo evaluar la aplicacion de Ribo-Seq en distintos modelos neuronales, como cultivos de
neuronas embrionarias o tejidos nerviosos provenientes de animales. Conociendo las
ventajas y limitaciones que cada modelo neuronal posee, disponer de la técnica en un

conjunto variado de sustratos nos aportaria un valor adicional.

Como fuera mencionado en la Introduccion (ver Trabajo publicado 1), el protocolo de Ribo-
Seq puede ser dividido en tres pasos principales: i) obtenciéon de una muestra representativa
del estado traduccional celular; ii) ensayo de digestion de dicha muestra con ARNasas y
recuperacion de las huellas ribosomales vy iii) secuenciacion masiva de dichos fragmentos y
posteriores analisis in silico. Respecto del primer punto, el protocolo que nuestro grupo de
trabajo ha desarrollado y aplicado previamente [78—80] implica la recuperacion de la fraccion
polisomal activa mediante ultracentrifugacion del sobrenadante postmitocondrial en colchones
de sacarosa [81]. Este representa ser un paso critico debido al generalmente bajo rendimiento
en la recuperacion de ARN tras la ultracentrifugacion, lo cual implica disponer de una gran
cantidad de material de partida. Lamentablemente, esto no es posible es todos los modelos
biolégicos, en particular en modelos neuronales donde el nimero de células con las que se
trabaja suele ser bajo en comparacion a las que podemos obtener de cultivos de lineas
celulares. En la literatura algunas alternativas han sido descritas para sobrellevar este
problema. Por un lado, un trabajo liderado por Hornstein del grupo de Peter Sims [82] describe
un protocolo para producir librerias de huellas ribosomales para secuenciacion masiva sin
pasos de ligacion, lo cual reduce la complejidad del protocolo y permite obtener resultados a
partir de cantidades muy pequefas de huellas ribosomales (>1 ng). Este protocolo se base
en producir las librerias de ADN en una sola reaccion donde se utiliza una retrotranscriptasa
con actividad de cambio de hebra (del inglés, template switching) utilizada cominmente en
protocolos de construccién de librerias de low-input ARN para secuenciacién de célula Unica
(single cell RNA-Seq). Por otro lado, el grupo de Chekulaeva, utilizando modelos neuronales

y contrastando diferencias entre el soma y las neuritas [83], realizé el ensayo de digestion
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directamente sobre el sobrenadante postmitocondrial, sin posterior recuperacion de la fraccion
monosomal, y compar6 los resultados con el protocolo clasico donde si se recupera dicha
fraccion luego del paso de digestidbn. En este caso, los autores compararon diversos
pardmetros entre ambos protocolos, como el largo de las huellas ribosomales obtenidas, su
distribucion de mapeo sobre las distintas regiones del ARNm, su periodicidad, entre otros. Los
resultados no muestran diferencias significativas entre ambos protocolos por lo cual los
autores eliminaron el paso de recuperacion de la fraccion monosomal, también realizado
mediante ultracentrifugacion y que por lo tanto requiere de una gran cantidad de material de
partida.

Contemplando estos antecedentes y con el objetivo de aplicar el protocolo de Ribo-Seq en
distintos modelos neuronales in vitro e in vivo, transformamos los desafios de cada modelo
en particular en objetivos especificos a optimizar. Por ejemplo, en el caso de los cultivos de
neuronas in vitro, donde la cantidad de células obtenidas es bajo, nos propusimos trabajar en
la optimizacién del protocolo suprimiendo el paso de ultracentrifugacion. En lineas generales,
el protocolo se reduce a obtener un sobrenadante postmitocondrial sobre el cual se realiza el
ensayo de digestion y se procede luego a la directa separacion y recuperacion de huellas
ribosomales mediante PAGE. Por otro lado, en el caso del uso de muestras de tejido nervioso,
como pueden ser distintas secciones de cerebro, la limitante de la cantidad de células puede
ser solucionada aumentando la cantidad de tejido. De esta manera, en este caso el principal
desafio fue poner a punto la rapida obtencién del sobrenadante postmitocondrial asegurando
la total lisis de las células y la integridad de los polisomas. En suma, brevemente, en cada
caso se ajustaron la cantidad inicial de material a utilizar, los protocolos de lisis celular y

obtencion de polisomas, asi como el posterior ensayo de proteccion con ARNasa.

Por otro lado, en segundo lugar en este capitulo, nos planteamos realizar un ensayo
comparativo utilizando dos ARNasas distintas, por un lado la enzima Benzonasa con la cual
solemos trabajar en nuestro laboratorio, y por el otro lado la enzima RNAsa I, ampliamente

utilizada en los trabajos que siguen la descripcion del protocolo original [84].

Benzonasa es el nombre comercial que recibe la enzima extracelular secretada por la bacteria
Serratia marcescens, por lo que también se la conoce como endonucleasa Serratia [85,86].
Esta enzima es un dimero de dos subunidades de 245 aminoacidos y 30 kDa, con dos puentes
de disulfuro esenciales [86]. Muestra un patrén de digestion no especifico y es capaz de
degradar tanto ARN, como ADN, ya sean simple o doble cadena, lineares o circulares. Por el
otro lado, la enzima RNAsa |, que se obtiene de Escherichia coli [87,88], tiene un tamafio de
27 kDa y digiere de manera no especifica solamente ARN, con una marcada preferencia por

ARN simple cadena respecto de ARN doble cadena. A pesar de no degradar ADN, se ha
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observado que la enzima tiene capacidad de unirse al mismo. Mas alla de estas diferencias,
en el contexto del protocolo de Ribo-Seq importa destacar que la enzima Benzonasa, la que
utilizamos en nuestros protocolos, produce fragmentos de ARN cuyos extremos 5 se
encuentran fosforilados y 3’ desfosforilados, listos para la ligacion de adaptadores y los
siguientes pasos del protocolo de produccién de librerias de secuenciacion. En cambio, los
fragmentos producidos por la RNAsa | tienen fosforilado el extremo 3’ por lo que es necesaria
la desfosforilacion de los mismos antes de ligar adaptadores [84]. Esto introduce, al menos,
una ronda extra de precipitacion, concentracion y resuspension del ARN que, ademas de
posiblemente introducir algin tipo de sesgo asociado a la reaccion enzimatica de
desfosforilacion, disminuye la cantidad final recuperada por los rendimientos inherentes de
los protocolos de precipitacion y concentracion.

En este sentido, la hipétesis de trabajo planteada es que ambas enzimas producen huellas
ribosomales con caracteristicas distintas, pero determinan niveles de expresion traduccional
comparables en un mismo modelo celular. Asi, nos propusimos como objetivos producir y
secuenciar huellas ribosomales a partir de células HEK293 en condiciones basales, utilizando
las enzimas Benzonasa y RNAsa | por separado. Luego nos planteamos comparar las
caracteristicas de las huellas ribosomales producidas en cada caso y también contrastar los
traductomas y los niveles de expresion traduccional definidos por cada enzima. Trabajos
similares en la literatura han estudiado el uso de distintas enzimas para la preparacion de

huellas ribosomales, aunque sin incluir la enzima Benzonasa [89].

A modo de resumen, en el presente capitulo logramos poner a punto el uso de la técnica de
Ribo-Seq en desafiantes sustratos bioldégicos como cultivos primarios de neuronas (bajo
namero de células) y tejido nervioso animal (complejos protocolos de lisis). En ambos casos,
las huellas ribosomales obtenidas y/o secuenciadas cumplieron todos los controles de calidad
esperados. En segundo lugar, también obtuvimos y comparamos huellas ribosomales
producidas a partir de dos ARNasas distintas, Benzonasa y RNAsa I. La cuantificaciéon de los
niveles de expresion génica traduccional definidos por cada enzima resultaron comparables
a pesar de las diferencias observadas en las caracteristicas de las huellas ribosomales, como

su tamafio, patrén de mapeo y periodicidad.
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Materiales y Métodos

e Cultivo in vitro de neuronas corticales embrionarias

Los cultivos de neuronas corticales fueron obtenidos de embriones en gestacion en el dia 17-
18 siguiendo los protocolos utilizados en el laboratorio del Dr. George Bloom [68].
Brevemente, el cerebro de los embriones es removido y colocado en un ambiente estéril en
presencia de buffer HBSS donde se obtiene el tejido cortical. El tejido es digerido con tripsina
0,25% a 37°C por 40 minutos, luego la reaccion es inactivada con suero fetal bovino y las
células son lavadas 3 veces con buffer HBSS. Se realiza un tratamiento con ADNasa y luego
se disocian las células mecanicamente con pipetas Pasteur. Las células son plaqueadas a
una tasa de 60.000 células por cm? en medio neurobasal libre de suero y suplementado con
B27, L-glutamina, glucosa, antibiéticos y 5% de suero fetal bovino. El medio de plaqueo es
removido luego de 3 horas y reemplazado por un medio idéntico sin suero fetal bovino. Se
realizan cambios de medio parciales (50%) cada 3-4 dias hasta alcanzar los 10-12 dias de
crecimiento in vitro. En todos los casos las neuronas crecen en superficies pretratadas con 10

ug/cm? de poli-D-lisina overnight a 4°C (ver Nota 1 en Anexo).

e Procesamiento de corteza cerebral de ratones adultos para obtener el sobrenadante

postmitocondrial

Los ratones fueron crecidos, alimentados y reproducidos en el bioterio de la Universidad de
Virginia (EE.UU.) siguiendo los protocolos establecidos en su propia reglamentacion. Para el
disecado de la corteza cerebral los ratones fueron sacrificados por dislocacion cervical
previamente anestesiados en camara de CO.. Rapidamente se procede a cortar la cabeza
del ratén, abrir el craneo y obtener el cerebro entero que se coloca en una placa de plastico
fria con PBS y 100 pg/mL CHX (ver Nota 2 en Anexo). Utilizando bisturis y pinzas primero se
remueven el bulbo olfatorio y el cerebelo. Luego se divide el cerebro con un corte sagital en
sus dos hemisferios y se remueve el tejido blanco (hipocampo y otras estructuras
subcorticales) de manera de obtener solamente la corteza. Por ultimo el tejido final es pesado,
triturado con bisturis y se termina de homogeneizar utilizando un homogenizador de vidrio y
buffer de lisis (5 mM Tris pH 7,5; 2,5 mM MgCl,; 1,5 mM KCI; 0,5% Triton X-100; 0,5%
deoxicolato de sodio; 2 MM DTT y 100 pg/mL CHX) en relacion 10% (m/v). El lisado es agitado
en vortex por 5 segundos y reposado 5 minutos en hielo. Los restos celulares, nucleos y
mitocondrias son eliminados mediante dos centrifugaciones consecutivas de 1 y 10 minutos,

a maxima velocidad y 4°C, recuperando el sobrenadante.
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e Cultivo de células HEK293

Los cultivos de células HEK293 se realizaron sobre placas de plastico utilizando medio DMEM
suplementado con 10% de suero de ternero (Cosmic, GE Healthcare Life Sciences) y

antibioticos, en estufas a 37°C con atmésferas humedas y 5% de CO..
e Ribo-Seq

Tanto la fraccidbn polisomal enriquecida como el sobrenadante postmitocondrial fueron
utilizados para los ensayos de Ribo-Seq. La obtencion de los sobrenadantes
postmitocondriales a partir de los cultivos celulares in vitro, tanto para neuronas corticales
embrionarias como para células HEK293, se realiz6 de la siguiente manera: los cultivos
celulares son pretratados por 1 hora a 37°C con 100 pg/mL CHX e inmediatamente después
son colocados en hielo. Se remueve el medio y los cultivos son lavados de dos a tres veces
con PBS frio en presencia de 100 pg/mL CHX. Luego del ultimo lavado se remueve el liquido
y las células son despegadas por accion mecanica mediante raspado. Mediante
centrifugacion a 2000 RPM y 4°C por 10 minutos las células son concentradas y luego
resuspendidas en buffer de lisis (5 mM Tris pH 7,5; 2,5 mM MgClz; 1,5 mM KCI; 0,5% Triton
X-100; 0,5% deoxicolato de sodio; 2 mM DTT y 100 ug/mL CHX) intercalando agitaciones de
5 segundos en vortex. Por Ultimo se centrifuga a maxima velocidad y 4°C por 2 minutos para

obtener el sobrenadante postmitocondrial.

Las fracciones polisomales se obtuvieron mediante ultracentrifugacion del sobrenadante
postmitocondrial en colchones de sacarosa de 12% y 33,5% en buffer polisomal (20 mM
HEPES pH 7,5; 5 mM MgCl,; 100 mM KCIl y 100 pg/mL CHX) utilizando un rotor SW41Ti a
36,000 RPM y 4°C por 2 horas. El pellet polisomal obtenido es resuspendido en el mismo

buffer polisomal.

Los ensayos de proteccion con ARNasa se realizaron con distintas cantidades de la enzima
Benzonasa (Sigma) segun correspondiere (los detalles en este paso de optimizacion se
discuten mas adelante). En todos los casos, la digestion se realiz6 por 10 minutos a
temperatura ambiente y se interrumpio mediante el agregado de buffer de lisis del kit mirVana
(Invitrogen) para la posterior extraccion de ARN con el mismo kit. EI ARN obtenido fue
precipitado y concentrado con etanol 80% y acetato de sodio 3 M pH 5,2 para maximizar la
recuperacion de fragmentos pequefios. En este caso y en todos los protocolos siguientes de
precipitacion de ARN se utiliz6 una sustancia co-precipitante inerte, como el GlycoBlue
(Invitrogen), a los efectos de visualizar el pellet. Las digestiones fueron separadas utilizando
geles comerciales de poliacrilamida al 15% en presencia de Urea 7 M (Novex, Thermofischer)

en buffer TBE durante 65 minutos a 200 V. Un marcador de peso molecular de ADN de rango
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ultra bajo (Invitrogen) y oligos de ARN de 26 y 34 nucledtidos (nt) de largo fueron utilizados
para reconocer las bandas correspondientes a las huellas ribosomales. Los geles fueron
revelados con GelRed (Biotium) y visualizados en cuarto oscuro bajo radiacion UV donde se
cortan las bandas correspondientes a las huellas ribosomales. EI ARN se extrajo del gel
overnight en agitacion suave y en presencia de buffer de extraccion (300 mM acetato de sodio
pH 5,2; 1 mM EDTA y 0,25% (m/v) de SDS). Luego el ARN es precipitado con isopropanol y
resuspendido en agua DEPC listo para control de calidad y envio a secuenciacion.

En los experimentos donde se utiliz6 enzima RNAsa | (Invitrogen) para ensayos de digestion
se introdujeron las variantes que se describen a continuacion. La digestion con RNAsa | se
realizé por 45 minutos a temperatura ambiente con agitacion suave, utilizando 300 unidades
de enzima segun el protocolo descrito [84]. Luego, se continué con el mismo protocolo descrito
anteriormente para la extraccion de ARN, separacién por electroforesis y recuperacion del
ARN correspondiente a las huellas ribosomales. Para la fosforilacion de los extremos 5’ de
las huellas ribosomales producidas con la enzima RNAsa | se utilizaron 10 unidades de T4
quinasa (New England BioLabs) a 37°C por 30 minutos. La reaccion se inactiva a 65°C por
20 minutos y luego el ARN se precipita y concentra con etanol 80% para sus posteriores usos

(control de calidad y/o secuenciacién masiva).

El control de calidad de las muestras de huellas ribosomales fue realizado en la plataforma
2100 Agilent Bioanalyzer utilizando kits y chips para ARN pequefios (small RNA; Agilent). La
secuenciacion masiva de las muestras se realizo utilizando servicios comerciales extranjeros
como BGI Tech Solutions - Hong-Kong. Para la secuenciacion de huellas ribosomales se
utilizo el protocolo de small RNA library obteniendo al menos 80 millones de lecturas single-

end de 50 nt de largo.
e Anadlisis de datos

Los archivos de secuenciacion fueron procesados en los servidores del Departamento de
Gendmica. Para el andlisis se utilizaron tanto software comerciales, como CLC Genomics
Workbench, como software libre. Brevemente la calidad de los archivos de secuenciacion fue
evaluada mediante FastQC [90] y en caso de ser necesario las secuencias fueron trimeadas
por calidad utilizando sickle [91]. Para los mapeos se utilizo tanto bowtiel [92] como bowtie2
[93] y las versiones disponibles mas actualizadas de los genomas de referencia de ratén (Mus
musculus, version mm10, 2011/12 - GRCm38) y humano (Homo sapiens, version hg38,
GRCh38) descargadas del sitio web ftp del NCBI (ftp://ftp.ncbi.nlm.nih.gov/refseq/). Las tablas
de conteo fueron producidas con featureCounts [94] y los analisis de expresion génica

diferencial fueron realizados con el paquete de R edgeR [95,96]. Los andlisis de ontologia
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génica fueron realizados con herramientas web libres como g:GOST de g:Profiler [97] y
STRING [98].

Se utilizaron scripts de elaboracién propia en lenguaje python, asi como samtools [99],
bedtools [100] y herramientas de bash para algunos analisis especificos, como el estudio de
la periodicidad de huellas ribosomales, la distribucién de mapeos en regiones codificantes y
no codificantes, y la preferencia de sitio de corte de las enzimas. Diversos paquetes de R

fueron utilizados para la creacion de graficos y representacion visual de datos.

Resultados

e Optimizacion del nimero de células y la cantidad de enzima a utilizar en ensayos de

digestién sobre el sobrenadante postmitocondrial

Considerando que una de las principales desventajas del protocolo de Ribo-Seq es la gran
cantidad de material de partida necesario, ya sean células creciendo in vitro o tejido, nos
propusimos en una primera instancia optimizar el protocolo para evitar el paso de purificacion
de polisomas y realizar el ensayo de proteccion con ARNasa directamente sobre el
sobrenadante postmitocondrial, como ya ha sido descrito en trabajos previos [83]. Esta
variante, nos permitiria trabajar con muestras mas delicadas de las cuales no sea factible
recoger las grandes cantidades de material de partida necesarias en la version estandar del

protocolo, un ejemplo claro son los cultivos de neuronas embrionarias.

En una primera instancia utilizamos cultivos de células HEK293 de manera de evaluar el rango
Optimo de numero de células necesaria para producir y recuperar huellas ribosomales en
cantidad y calidad adecuadas para su posterior secuenciacién. También trabajamos en ajustar
la cantidad de enzima ARNasa a utilizar, considerando que en contraparte al ensayo clasico
donde la digestion se realiza sobre un pellet polisomal, en este caso tenemos una muestra
mas compleja, que de hecho probablemente incluya restos de ADN que son también digeridos

por la enzima Benzonasa.

Como se muestra en la figura V.1 se utilizaron cantidades decrecientes de células para
obtener distintos sobrenadantes postmitocondriales. Estos sobrenadantes fueron digeridos
con cantidades adecuadas de Benzonasa segun calculos derivados de protocolos anteriores
(>250 U por cada 400 pug de ARN estimados por Nanodrop en el sobrenadante). EI ARN de
cada digestion es purificado, obteniéndose cantidades decrecientes acordes, y luego dichas
digestiones fueron separadas mediante PAGE al 15% en condiciones desnaturalizantes. Las

bandas correspondientes a las huellas ribosomales fueron cortadas y el ARN recuperado fue
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Figura V.1. Optimizaciéon de la cantidad de células a utilizar para producir huellas
ribosomales a partir del sobrenadante postmitocondrial. En el panel izquierdo de la
figura se muestra un gel de poliacrilamida al 15% en condiciones desnaturalizantes por la
presencia de urea 7 M. En el carril de mas a la izquierda se muestra un marcador de peso
molecular de ADN y se indica el tamafio de algunas bandas. Luego se muestra el perfil de
las digestiones (A-F) realizadas a partir de cantidades decrecientes de células y por lo tanto
cantidades decrecientes de ARN total sembrado (ver gréfico superior). En el rectangulo
punteado blanco se muestra la region correspondiente a las huellas ribosomales que fue
cortada y utilizada para recuperar el ARN. EI ARN recuperado es evaluado en electroforesis
capilar en el instrumento Bioanalyzer utilizando chips de small RNA. La reconstruccion virtual
del gel se muestra en el panel derecho y abajo se puede observar la cuantificacion de ARN
recuperado en cada una de las fracciones correspondientes a las huellas ribosomales.

observado por electroforesis capilar en un chip de Bioanalyzer que permitié evaluar el tamafio
y la cantidad del mismo. Los resultados indican que existe una saturacion en la recuperacion
de ARN correspondiente a las huellas ribosomales cuando partimos de grandes cantidades
de células. El rendimiento relativo maximo se obtiene para el caso donde separamos en el gel

de poliacrilamida una digestion que contiene 10 pug de ARN (muestra B), como esperdbamos
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segun la literatura [84]. De todas maneras, a partir de todas las muestras se logré recuperar
ARN correspondiente a las huellas ribosomales en cantidades suficientes para lograr producir
librerias de secuenciacion. La muestra con menor cantidad inicial (muestra F) representaba
aproximadamente menos de 3 millones de células, que implicaron 2,5 ug de ARN sembrados
en el gel de poliacrilamida. De la banda correspondiente a las huellas ribosomales se
obtuvieron apenas més de 50 ng de ARN, lo cual a pesar de ser una cantidad baja, es

suficiente para construir librerias de secuenciacion con protocolos de low input.

Con el objetivo de evaluar la cantidad apropiada de enzima para realizar el ensayo de
digestién sobre el sobrenadante postmitocondrial, procedimos a realizar un ensayo de
digestién sobre muestras equivalentes con distintas cantidades de enzima. De esta manera,
se utilizaron nuevamente cultivos de células HEK293 en alto grado de confluencia para
obtener el sobrenadante postmitocondrial. Dicho sobrenadante fue digerido con cuatro
cantidades distintas de Benzonasa: 0; 2,5; 25 y 250 unidades. Los valores utilizados
responden a la experiencia previa y los calculos realizados del experimento anterior, los
cuales indicaban que debiamos utilizar para este experimento puntual en el orden de 20
unidades. La figura V.2 muestra los resultados obtenidos. En primera instancia se pueden
observar claras diferencias entre las distintas muestras respecto del perfil de bandas que se
aprecian en el gel de poliacrilamida (ver Figura V.2 A). Mientras la muestra no digerida
practicamente que no logra ingresar al gel y apenas se separan y observan unas bandas de
tamafnios grandes (aproximadamente >100 nt), probablemente correspondientes a ARN
ribosomales pequefios y de transferencia, las distintas digestiones muestran patrones
similares a grandes rasgos. De todas maneras, se pueden observar diferencias entre los
perfiles de las distintas digestiones en cuanto a presencia y ausencia de bandas o intensidad
de las mismas, como era de esperar. Las muestras también fueron separadas por
electroforesis capilar utilizando chips de small RNA en el instrumento Bioanalyzer. En este
caso podemos observar con mayor detalle las diferencias entre las muestras observando los
electroferogramas generados (ver Figura V.2 B). En particular, si nos enfocamos en la region
entre 20 y 40 nucleétidos correspondiente a las huellas ribosomales podemos observar
diferencias mayores entre las distintas muestras. A pesar de que la digestion con 250
unidades de Benzonasa es la que muestra mayor cantidad de ARN en la regién centrada en
los 30 nucledtidos, debido a que presenta el electroferograma con mayor intensidad, no se
observa un pico definido en dicha zona, solamente uno de menor tamafio (~25 nt). Algo similar
se observa para la digestién con 2,5 unidades de enzima, con la desventaja de que ademas
es la que presenta menos cantidad de ARN por mostrar valores mas bajos de fluorescencia.
En cambio, la muestra digerida con 25 unidades de enzima presenta un claro pico del tamafio

esperado para las huellas ribosomales (30 nt) y con buenos valores de fluorescencia. Las
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bandas correspondientes a las huellas ribosomales fueron cortadas del gel, se recuper¢ el
ARN y se separ6 por electroforesis capilar en Bioanalyzer para evaluar la distribucion de
tamanos y cantidad de las huellas. De esta manera pudimos confirmar que los fragmentos de
ARN presentes en la banda obtenida en la digestion con 25 unidades de enzima tenian el
tamano esperado (tamafio promedio de 28 nt) y se recuperaban en cantidad adecuada para

proceder con la generacion de librerias de secuenciacion (~300 ng en este caso).
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Figura V.2. Optimizacion de la cantidad de enzima a utilizar para producir huellas
ribosomales a partir del sobrenadante postmitocondrial. (A) Se muestra un gel de
poliacrilamida al 15% en condiciones desnaturalizantes por la presencia de urea 7 M donde
se separaron digestiones de sobrenadantes postmitocondriales con distintas cantidades de
enzima. Ademas de utilizar un marcador de peso molecular de ADN se corrieron dos oligos
de ARN de 26 y 34 nt de largo para tener una indicacion mas precisa de la banda
correspondiente a las huellas ribosomales. En el gel se muestran 4 tratamientos distintos: sin
digerir (O unidades) y digestiones con 2,5; 25y 250 unidades de Benzonasa. (B) Las muestras
también fueron separadas por electroforesis capilar en Bioanalyzer utilizando chips de small
RNA y se muestran los perfiles de electroferogramas para las tres digestiones: en verde la
digestién con 2,5 U; en azul con 25 U y en rojo con 250 U. En el panel inferior se muestran
los electroferogramas ampliados para la region correspondiente a las huellas ribosomales,
con el mismo cadigo de colores. Con un asterisco (*) se indica el pico correspondiente a las
huellas ribosomales de 28 nucleotidos.
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Vale mencionar que para este experimento trabajamos en el rango inferior del experimento
anterior, considerando que la cantidad de neuronas in vitro a disponer se encuentra en dicho
rango (entre 3 y 5 millones de células en una placa de petri de 10 cm). En este caso
nuevamente pudimos obtener fragmentos de ARN correspondientes a huellas ribosomales de

tamanfo y cantidad esperados utilizando 25 unidades de Benzonasa.
e Ensayo de Ribo-Seq sobre cultivos in vitro de neuronas corticales primarias

Una vez ajustados los detalles del protocolo de Ribo-Seq para trabajar con un bajo nUmero
de células, procedimos a aplicar esta estrategia en cultivos in vitro de neuronas corticales
embrionarias. Como primera aproximacion, en este caso utilizamos dos genotipos distintos:
neuronas derivadas de embriones de ratones wild-type C57/BL6 (wt) o de ratones tau-
knockout (tauKO; [101]). Se obtuvieron aproximadamente 4 millones de células para cada
genotipo y se crecieron por entre 10-11 dias in vitro (ver Figura V.3 A). Vale mencionar que
estos cultivos no se componen exclusivamente de células neuronales, sino que también estan
presentes células no neuronales, como células gliales, aunque en menor medida. De todas
maneras, para simplificar la nomenclatura, los llamaremos cultivos de neuronas de aqui en
adelante. Una vez alcanzado el grado de diferenciacién neuronal esperado, se obtuvieron los
sobrenadantes postmitocondriales y se realizaron los ensayos de digestion con la cantidad
adecuada de Benzonasa (ver mas arriba). En este caso se logré recuperar cerca 230 ng de
ARN de las bandas correspondientes a las huellas ribosomales cuyo tamafio estimado por

Bioanalyzer fue de entre 25y 34 nucleétidos (ver Figura V.3 By C).

La secuenciacién masiva de los fragmentos de ARN derivados de las huellas ribosomales
arrojo 92 y 141 millones de lecturas para las neuronas wt y tauKO, respectivamente. A pesar
de que, como era de esperar, gran parte de dichas lecturas derivan de fragmentos de ARN
ribosomal (ARNr) contaminante (84% y 78% respectivamente), se pudo obtener una gran
cantidad de lecturas mapeando sobre el transcriptoma de referencia (7,5 y 14,8 millones de
lecturas respectivamente). A su vez, una alta proporcion de esas lecturas mapearon sobre
ARNmM resultando en un total de 4 y 8,4 millones de lecturas mapeadas sobre transcriptos

codificantes.

En este caso realizamos una serie de analisis globales para evaluar la performance de la
técnica aplicada a este modelo biologico. En primer lugar evaluamos la cantidad de genes
detectados, o genes por encima de un minimo de expresion, utilizando distintos umbrales
entre 1y 100 CPM (conteos por millon; ver Figura V.4 A). Por ejemplo, utilizando un umbral
de 5 CPM gue podriamos considerar adecuado, logramos detectar 11.274 y 11.589 en los

genotipos wt y tauKO, respectivamente. Dichos genes muestran valores de expresion que se
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Figura V.3. Produccion de huellas ribosomales a partir de cultivos in vitro de neuronas
corticales primarias. (A) Imagenes ilustrativas de microscopia de contraste de fases
tomadas a 10X mostrando los cultivos in vitro de neuronas corticales derivadas de embriones
de ratones wild-type (wt; izquierda) y tau-knockout (tauKO, derecha). (B) Se muestra el gel
de poliacrilamida al 15% con urea donde se separan las digestiones de los sobrenadantes
postmitocondriales obtenidos. Se utilizaron oligos de ARN de 26 y 34 nt para reconocer las
bandas correspondientes a las huellas ribosomales que fueron cortadas del gel. (C) Se
muestra una reconstruccion digital del gel de electroforesis capilar obtenido en Bioanalyzer
utilizando chips de small RNA. Ademas de las digestiones (Dig) puede observarse el perfil
del ARN recuperado de las bandas del gel correspondientes a las huellas ribosomales (HR).

distribuyen de la manera esperada y similar entre ambos genotipos (ver Figura V.4 B). Luego

evaluamos la distribucion de la regién de mapeo de las huellas ribosomales sobre los ARNm
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comparando las regiones traducidas (CDS) versus las no traducidas (5’- y 3'-UTR). En este
caso observamos que, tanto para las huellas obtenidas del genotipo wt como tauKO, existe
una preferencia de mapeo sobre la region codificante (>60%). La region 5’-UTR casi no se ve
representada y la 3’-UTR si presenta mapeo de huellas ribosomales (ver Figura V.4 C). Estas
asimetrias no son resultado de diferencias en el tamafo de cada region estudiada, ya que es
de esperarse que regiones mas largas presenten mas lecturas. Esto no ocurre en este caso
ya que como se observa en la Figura V.4 D la distribucion de tamanos de los CDS y 3’-UTR

estudiados es muy similar.

Por ultimo, evaluamos otro parametro caracteristico de las huellas ribosomales como es la
periodicidad. Debido a que el ribosoma se mueve de coddn en codoén, suele observarse una
patrén de mapeo de las huellas ribosomales que refleja este movimiento. Si nos enfocamos
en genes de alta expresion y con cobertura homogénea, logramos ver como uno de los tres
nucledtidos del codén se ve favorecido en el mapeo de los extremos 5’ de las huellas
ribosomales [102]. En este caso, observamos dicha periodicidad en el subset de genes y
huellas ribosomales analizado (ver Figura V.4 E y F). De manera similar a lo que observamos
comunmente cuando utilizamos Benzonasa, las huellas ribosomales muestran un claro patrén
de periodicidad cuando tienen un tamafio de 39 nt, 6 cuando se alejan 3 nt (36 y 42 nt, por

ejemplo, ver mas adelante).

En lineas generales podemos afirmar que el protocolo de produccién y secuenciacion masiva
de huellas ribosomales a partir de cultivos in vitro de neuronas corticales primarias funcioné
de manera 6ptima. Pudimos detectar niveles de expresion traduccional para una gran
cantidad de genes (>10.000), sobre los cuales las huellas ribosomales mapearon
preferentemente en las regiones codificantes y mostrando el patron de periodicidad que las
caracteriza. En este caso utilizamos neuronas corticales derivadas de dos genotipos distintos
de ratones (wt y tauKO). De todas maneras todos los analisis globales realizados no arrojaron

diferencias sustanciales con base en el genotipo utilizado.

e Puesta a punto del protocolo de obtencién de huellas ribosomales a partir de corteza

cerebral de ratén

Considerando otra alternativa posible de modelos neuronales a utilizar nos propusimos
trabajar con secciones de cerebro de ratén. Como primera aproximacién nos centramos
especificamente en la corteza cerebral por tratarse de una de las regiones con mayor cantidad
de células y mayor proporcion de células neuronales [103]. De esta manera, trabajamos
utilizando distintos protocolos de lisis evaluando la recuperacion de la fraccion polisomal

mediante ultracentrifugacion en colchones de sacarosa, en presencia y ausencia de EDTA,
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Figura V.4. Analisis globales de la secuenciacién masiva de huellas ribosomales
obtenidas a partir de cultivos in vitro de neuronas corticales primarias. (A) El gréfico
muestra el nimero de genes detectado para cada uno de los genotipos utilizados (wt, wild-
type y tauKO, tau-knockout) utilizando distintos valores de conteos por millon (CPM) como
minimo exigido. (B) Se muestra la distribucién de los valores de expresién génica mediante
boxplots, para ambos genotipos, utilizando aquellos genes con >5 CPM (11.274 y 11.589
genes en los genotipos wt y tauKO, respectivamente). (C) Se muestra la distribuciéon de las
regiones donde mapean las lecturas sobre el ARNm (5’-UTR, CDS y 3’-UTR) para ambos
genotipos. (D) Como control de las distribuciones que se muestran en (C), se grafica la
distribucion de los tamafios de las regiones utilizadas. (E) Se muestra, mediante histogramas,
la distribucién de tamafio de las huellas ribosomales mapeadas en el genotipo wt y del subset
utilizado para el calculo de periodicidad (en negro). Los tamafios indicados con asteriscos (*)
fueron utilizados para el célculo de la periodicidad cuyo resultado se muestra a la derecha,
donde se indica el porcentaje de lecturas que caen en cada uno de los tres nucleétidos del
codédn. (F) Idem (E) pero para el genotipo tauKO.
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como agente que desensambla los polisomas. Por ejemplo, esperamos que la cantidad de
ARN presente en el pellet polisomal disminuya cuando corremos la muestra en presencia de
EDTA.

Una vez que logramos obtener pellet polisomales con suficiente cantidad de ARN,
procedemos a realizar los ensayos de digestion y separar las muestras en PAGE 15% con
urea 7 M. Luego cortamos las bandas correspondientes a las huellas ribosomales y
recuperamos el ARN de manera de evaluar el rendimiento final, la cantidad de ARN obtenido

y los tamarfios de huellas recuperadas.

En lafigura V.5 se muestra el resultado del protocolo final optimizado a partir del cual logramos
obtener huellas ribosomales a partir de corteza cerebral en cantidad, calidad y tamafio
adecuado para la posterior generacién de librerias de secuenciacion. Se muestra el gel
desnaturalizante de poliacrilamida al 15% donde puede verse el perfil de bandas generado,
asi como el control sin digerir. Se muestra también la reconstruccién virtual del gel generada
por el Bioanalyzer resultado de la electroforesis capilar en chip de small RNA. En este caso
también se observa especificamente la muestra de ARN correspondiente a las huellas
ribosomales extraidas de la banda cortada del gel. Por ultimo se muestran los perfiles de
electroferogramas de la digestiéon y las huellas ribosomales superpuestos. Puede observarse
como la muestra correspondiente a las huellas ribosomales esta enriquecida en fragmentos
de 28 y 31 nt de largo como es de esperarse. En este caso se obtuvieron aproximadamente
300 ng de ARN lo cual es suficiente para proceder a los protocolos de secuenciacion. Este
mismo protocolo, aqui optimizado y puesto a punto, serd utilizado en el capitulo 3 (ver mas

adelante).
e Comparativa entre huellas ribosomales producidas con Benzonasa y RNAsa |

Con el objetivo de buscar similitudes y diferencias en los resultados obtenidos a partir de
diferentes protocolos, donde se utilizan distintas enzimas para la produccion de huellas
ribosomales, nos propusimos comparar los resultados obtenidos a partir de digestiones
realizadas con Benzonasa y RNAsa |. Nuestro grupo ha trabajado desde un principio con la
enzima Benzonasa debido a que es capaz de generar fragmentos de ARN con los extremos
5’ fosforilados y 3’ desfosforilados (ejemplos en [78-80]). Esto representa una clara ventaja
desde el punto de vista del protocolo pues permite la ligacion directa de adaptadores de
secuenciacion, sin necesidad de pasos intermedios de fosforilacién, precipitacion vy
recuperacion, que podrian introducir sesgos o disminuir los rendimientos [104,105]. Por el otro
lado, la enzima RNAsa | es la utilizada en el protocolo original y la mas utilizada, en general,

en los trabajos donde se utiliza la técnica de Ribo-Seq [84]. Sin embargo, esta enzima si deja
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Figura V.5. Purificacion de huellas ribosomales a partir de corteza de raton. (A) Se
muestra el gel de poliacrilamida 15% con urea 7 M donde se sembr6 la digestion del pellet
polisomal y el control correspondiente sin digerir. Los oligos de ARN de 26 y 34 nt fueron
utilizados para reconocer las bandas de las huellas ribosomales. (B) Se muestra la
reconstruccion virtual del gel corrido en Bioanalyzer utilizando chip de small RNA.
Nuevamente se muestra el control sin digerir, la muestra digerida y la fracciéon de ARN
correspondientes a las huellas ribosomales recuperada del gel. (C) Se muestran los
electroferogramas obtenidos del Bioanalyzer superpuestos para la digestion del pellet
polisomal de corteza en rojo y las huellas ribosomales recuperadas en azul. La zona
correspondiente a las huellas ribosomales se muestra ampliada y se pueden apreciar los
picos en 28 y 31 nt correspondientes a las huellas ribosomales.
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los extremos 3’ fosforilados por lo cual es necesario un paso de desfosforilacion previo a la

construccion de librerias de secuenciacion.

Para realizar dicha comparacion obtuvimos distintos pellet polisomales a partir de células
HEK293 en cultivo y realizamos en paralelo y en duplicado digestiones con Benzonasa y
RNAsa | sobre muestras equivalentes. Purificamos el ARN de cada digestién y separamos las
mismas mediante corrida electroforética. Luego obtuvimos las huellas ribosomales a partir de
las bandas correspondientes y en el caso de las huellas ribosomales derivadas de la digestion
con la enzima RNAsa |, procedimos a fosforilar los extremos 5’ y desfosforilar los extremos 3’.
En dltimo lugar el ARN es precipitado, recuperado y concentrado nuevamente (ver Figura
V.6).

Los perfiles de digestiones obtenidos con las dos enzimas muestran algunas diferencias que
son particularmente claras en las regiones de tamafios mayores a las huellas ribosomales
(ver Figura V.7 Ay B). Especificamente en la region correspondiente a las huellas ribosomales
también se pueden apreciar diferencias. Por ejemplo, el electroferograma observado en la
region correspondiente a las huellas ribosomales muestra que las digestiones con Benzonasa
producen un pico cercano a 28 nt y dos hombros de menor absorbancia a 26 y 31 nt. Por su
parte, el perfil de digestion producido por la RNAsa | en estas condiciones muestra un pico
principal a 31 nt y un hombro a la altura de 28 nt (ver Figura V.7 B). Luego de purificadas y
concentradas, y para el caso de las huellas producidas con RNAsa | también desfosforiladas,
las huellas ribosomales muestran pequefias diferencias de tamafios (ver Figura V.7 C). De
todas maneras, en ambos casos se obtuvieron cantidades suficientes para la construccion de
librerias de secuenciacion: 768 y 636 ng de ARN para las huellas producidas con Benzonasa
y 370 y 350 ng de ARN para las producidas con RNAsa |. Se puede observar aqui que al
comparar la cantidad de huellas ribosomales producidas con RNAsa | recuperadas del gel y
la cantidad final obtenida luego de desfosforilar, precipitar y concentrar, observamos una

pérdida cercana al 50%, como mencionadbamos anteriormente.

La secuenciacion masiva de las huellas ribosomales, en duplicados biolégicos, producidas
con Benzonasa y RNAsa | gener6 en promedio mas de 120 millones de lecturas simples. De
éstas, cerca del 85% correspondian a fragmentos de ARNr mientras que cerca de 10 millones
mapearon sobre ARNm (ver Tabla V.1). El andlisis de componentes principales (PCA)
muestra como las dos réplicas de cada condiciéon, que a continuacion llamaremos
directamente Benzonasa y RNAsa |, se separan claramente segun la primera componente
gue explica casi el 87% de la variacion observada (ver Figura V.8 A). También se observa
cémo ambas réplicas de cada condiciébn muestran altos niveles de correlacion, con valores de

correlacion de Pearson superiores a 0,98 (ver Figura V.8 B). Como una primera aproximacion,
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Figura V.6. Estrategia experimental para la produccién y comparacion de huellas
ribosomales utilizando Benzonasa y RNAsa |. Se muestra un esquema del protocolo
realizado para la obtencion y secuenciacion de huellas ribosomales generadas con
Benzonasa y RNAsa I. Se cultivan células HEK293 en confluencia (i) y se lisan para obtener
el sobrenadante postmitocondrial (PM; ii). Dicho sobrenadante es ultracentrifugado en
colchones de sacarosa para obtener un pellet polisomal (iii). Cantidades equivalentes del
pellet polisomal son digeridas en paralelo con ambas enzimas (iv) y las huellas ribosomales
son recuperadas (v). Las huellas ribosomales producidas con la enzima Benzonasa presentan
un extremo 5’ fosforilado y un extremo 3’ desfosforilado, por lo que son fragmentos ligables.
Por su parte, las huellas producidas con RNAsa | son fragmentos no ligables por lo que
requieren un paso adicional de fosforilacion de extremos 5’ mediante accién de la T4 quinasa
(T4 PNK; vi). Por altimo los fragmentos son evaluados en calidad y cantidad mediante chips
de small RNA en Bioanalyzer (vii) y posteriormente secuenciados de manera masiva (Vviii).
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Figura V.7. Purificacion de huellas ribosomales utilizando Benzonasay RNAsal l. (A) Se
muestra la corrida en PAGE 15% con urea 7 M de las digestiones de pellet polisomales
utilizando Benzonasa y RNAsa |, en duplicados. Los oligos de ARN se utilizaron para
identificar y cortar las bandas correspondientes a las huellas ribosomales. (B) Las digestiones
también fueron evaluadas por electroforesis capilar en chip de small RNA en Bioanalyzer. Se
muestra el electroferograma observado para las dos enzimas: en rojo Benzonasa y en azul
RNAsa |I. Se muestra también ampliada la zona correspondiente a las huellas ribosomales.
(C) Se observa la representacion virtual del gel producida por el Bioanalyzer. Se pueden
observar las distintas digestiones (Dig) obtenidas de las dos enzimas (Benz y RNAsa 1), asi
como las bandas especificas de las huellas ribosomales (HR) obtenidas en ultimo lugar.
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Tabla V.1. Estadisticos de secuenciacion y mapeo de huellas ribosomales obtenidas
a partir de Benzonasa y RNAsa I. La tabla muestra el nimero total de lecturas obtenidas,
el porcentaje de las mismas que corresponde a contaminacion por ARNTr, la cantidad de
lecturas mapeadas sobre el transcriptoma de referencia y especificamente sobre los ARNm.

Enzima Total de % de Lecturas rrl;aepc):ctal;rs:s % sobre
lecturas ARNr | mapeadas sobre ARNM ARNmM
122.906.986 | 81,8% | 16.673.224 14.720.802 88,3%
Benzonasa
95.768.276 | 84,2% | 9.438.694 8.106.113 85,9%
123.579.208 | 87,7% | 8.549.450 7.310.863 85,5%
RNAsa |
153.015.842 | 88,7% | 10.700.276 9.222.608 86,2%

comparamos la equivalencia de ambas enzimas para producir huellas ribosomales de los
mismos genes. Luego de filtrar segun distintos valores de expresion, para evitar usar genes
con pocas lecturas cercanos al ruido, intersectamos las listas de genes detectados en cada
caso. De esta manera, por ejemplo, utilizando un filtro de genes con valores de expresién
mayores a 1 CPM, detectamos 15.631 genes con la enzima Benzonasa y 14.998 con la
RNAsa |, de los cuales 14.549 eran compartidos (el 93% y 97% respectivamente). De manera
similar, si filtramos segun un valor de expresion mayor a 5 CPM se observan resultados
similares: 11.431 genes detectados con la Benzonasa y 11.084 con la RNAsa | habiendo
10.501 en comun, el 92% y 95% respectivamente (ver Figura V.8 C). Ademéas de compartir
un alto porcentaje de los genes detectados entre las dos condiciones, se puede observar una
buena correlacion global entre los niveles de expresion cuantificados con cada enzima, como

se muestra en el scatter plot de la Figura V.8 D.

En primer lugar, nos planteamos estudiar si los niveles de expresion traduccional definidos
por cada enzima eran comparables o si existian grandes grupos de genes detectados con
una enzima pero ausentes con la otra. Asi, nos propusimos evaluar posibles diferencias o
sesgos en los genes detectados por una enzima y no por la otra. De esta manera,
considerando que los valores de expresién génica calculados para cada enzima mostraban
distribuciones globales similares (ver Figura V.9 A), decidimos aplicar tres criterios para definir

los grupos de genes asociados a cada enzima. En cada grupo, se espera representar genes
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Figura V.8. Comparacion global de los niveles de expresién génica obtenidos a partir
de las dos enzimas. (A) Se muestra un PCA de las 4 muestras donde se observa
claramente la separacion de las dos condiciones segln la primera componente que explica
el 86,9% de la variacion. (B) Se muestra la correlacion entre los valores de expresion génica
calculados para cada réplica (n=2) segun la enzima utilizada mediante sendos scatter plots
(Benzonasa izquierda y RNAsa | derecha). Se indica también el valor de correlacion de
Pearson. (C) Los genes son filtrados segun su nivel de expresion (>1 CPM, izquierda y >5
CPM, derecha) y las listas de genes son comparadas entre las dos enzimas. Se muestran
los diagramas de Venn de dichas comparaciones. (D) Los valores promedio de expresion
génica estimados segun el uso de la Benzonasa y la RNAsa | son comparados en el scatter
plot que se muestra. El valor de correlacién de Pearson también es indicado.

apenas detectados con una enzima pero muy bien expresados con la otra, 0 genes que varian
demasiado sus niveles de expresion entre las dos condiciones. Para esto, definimos tres
criterios de filtrado que denominamos, segun su légica, de la siguiente manera: filtro por
cuartiles, por expresion o por ranking. El filtro por cuartiles detecta aquellos genes que se
encuentran en el primer cuartil de la distribuciéon para una condicién, pero su valor esta por
encima de la mediana en la segunda condicion. El filtro por expresién devuelve aquellos genes
con las diferencias de expresion mas altas entre las dos condiciones. En este caso nos
guedamos con el top50. En tercer lugar, el filtro por ranking selecciona aquellos genes que,
luego de ordenarlos por niveles de expresién, cambian su posicion en el ranking entre las dos
condiciones mas de 5000 puestos. Utilizando estos tres criterios filtramos 58, 50 y 136 genes

respectivamente, cuya expresion y/o presencia se ve favorecida con la enzima Benzonasa.
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Por su parte, para la enzima RNAsa |, filtramos 39, 50 y 117 genes, respectivamente para los
tres criterios. Los valores de expresion de cada subgrupo asi como la légica de cada filtro
puede observarse en la Figura V.9 B. De todas maneras, los filtros no son excluyentes y existe
cierto solapamiento entre los distintos criterios. En el caso de la Benzonasa el nimero de
genes unicos total fue de 188 y para la RNAsa | de 170 (ver Figura V.9 C). En un primer lugar
nos interesaba conocer si este grupo de genes representaba alguna funcién biol6gica o
proceso en particular, por lo que realizamos analisis de ontologia. Los resultados mostraron
por un lado que los 188 genes de deteccidén sesgada con la Benzonasa no representaban
funciones ontoldgicas sobrerrepresentadas, solamente detectamos enriquecidas vias KEGG
asociadas al espliceosoma y al transporte de ARN (ver Figura V.9 D y Figura Suplementaria
XI.1). Por el otro lado, los 170 genes asociados a la RNAsa | si mostraron sobrerrepresentadas
categorias ontologicas principalmente relacionadas al ribosoma, union al ARN, plegamiento
de proteinas y traduccion (ver Tabla Suplementaria XI.1). En este caso las vias KEGG
enriquecidas fueron el ribosoma, el procesamiento de proteinas en el reticulo endoplasmico
y el espliceosoma (ver Figura V.9 D y Figura Suplementaria XI.2). De todas maneras llamé
nuestra atencién la baja proporcion de genes codificantes en las listas analizadas. Por
ejemplo, el porcentaje de genes codificantes en ambas listas fue de 41,5% y 58,2% para
Benzonasa y RNAsa | respectivamente. Por esta razon exploramos la identidad de los genes
no codificantes en cada set de datos y encontramos una importante presencia de ARN

pequefios, en particular especies small nuclear y small nucleolar (ver Figura V.9 E).

En paralelo aplicamos paquetes de andlisis de expresion génica diferencial para reconocer
genes cuyos valores de expresion estimados por las dos enzimas sean estadisticamente
diferentes y asi complementar el analisis anterior en busqueda de genes asociados a cada
enzima. Vale aclarar en este aspecto, que el concepto de expresion génica diferencial en este
caso no estd asociado al clasico estudio de dos condiciones bioldgicas distintas, sino a la
comparacion entre los niveles de expresion génica cuantificados mediante una y otra enzima
en la misma condicion bioldgica. En este caso, la comparativa entre las dos réplicas de cada
condicion pudo identificar una gran cantidad de genes expresados diferencialmente segun el
criterio de tasa de cambio mayor a 2 y p-valor ajustado (FDR) menor a 0,05. De todas
maneras, observamos que una gran proporcion de dichos genes indicados como diferenciales
corresponden a genes de baja expresion (<10 CPM en ambas condiciones): 1283 de los 2412
genes sobrerrepresentados con la enzima Benzonasa (47%) y 604 de los 1947
sobrerrepresentados con la enzima RNAsa | (31%; ver Figura V.10 A). Por dicha razon,

eliminamos estos genes de baja expresion de las listas de genes diferenciales. A nivel global,
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Figura V.9. Identificacién de genes asociados con cada enzima y analisis funcional de

los mismos. (A) Se muestra la distribucion global de los valores de expresion (CPM)

determinados para cada enzima mediante boxplots. (B) Se muestran los niveles de expresion

de los genes seleccionados por cada criterio de filtrado (Quartile, Expression y Ranking; se
(la leyenda continta en la siguiente hoja)
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indica el nUmero de genes en cada caso). En rojo se representan los genes asociados a la
Benzonasa y en azul a la RNAsa I. (C) Mediante diagramas de Venn se muestran las
coincidencias entre cada una de las tres listas de genes producidas por cada criterio de
filtrado. A la izquierda, en rojo, para los asociados a la Benzonasa y a la derecha, en azul,
para la RNAsa |. (D) Se muestran los resultados del andlisis de ontologia génica realizados
con la herramienta g:GOSt del g:Profiler. A la izquierda para los genes asociados a la
Benzonasa y a la derecha para los asociados a la RNAsa I. En los dos casos se muestran las
categorias de funcién molecular (GO:MF), procesos biolégicos (GO:BP), compartimento
celular (GO:CC) y vias KEGG (KEGG). Las vias KEGG sefialadas numéricamente son
indicadas a la derecha. (E) A la izquierda se muestra el nimero de genes codificantes y no
codificantes asociados a cada enzima. A la derecha se muestran en detalle los genes no
codificantes agrupados segun distintas categorias, para las dos enzimas. En ambos casos,
en rojo se muestran los genes asociados a la Benzonasa y en azul a la RNAsa I.

se observa el aumento de expresion de los genes diferenciales en cada condicién (ver Figura
V.10 B y C). Si comparamos las listas de genes asociados a cada enzima discutidas
anteriormente observamos que una gran proporcion de los genes se encuentran expresados
diferencialmente: 74% de los asociados a la Benzonasa y 83% de los asociados a la RNAsa
| (ver Figura V.10 D). El andlisis de ontologia de la lista de genes diferenciales arroj6 varias
funciones enriquecidas de manera significativa, como era de esperar considerando la gran
cantidad de genes analizados (ver Figura V.10 E y F). Principalmente, en los genes
sobrerrepresentados con la enzima Benzonasa se reconocen procesos metabdlicos
generales y funciones asociadas a la transcripcién, mientras que en los genes
sobrerrepresentados con la enzima RNAsa | se destacan el ribosoma y la cadena de

transporte de electrones de la mitocondria.

De esta manera, con base en los resultados anteriores (ver Figuras V.8, V.9 y V.10) podemos
afirmar que a pesar de existir grupos de genes cuya deteccidn parece verse asociada al uso
de una u otra enzima en particular, y encontrar eventos de expresion génica diferencial, los
compartimentos traduccionales definidos por ambas enzimas presentan estimaciones de

expresion génica comparables.

A continuacién, y al igual que para el andlisis de las huellas ribosomales producidas a partir
de los cultivos in vitro de neuronas corticales primarias, en este caso también analizamos
caracteristicas globales de las huellas ribosomales producidas con cada enzima, por ejemplo
su distribucion entre las regiones codificantes y no codificantes de los ARNm, su periodicidad
y preferencia de corte, asi como también los perfiles de mapeo producidos en cada caso. En
primer lugar, la distribucion de mapeo sobre las regiones del ARNm mostr6 los resultados
esperados (ver Figura V.11 A). Para ambas enzimas, las huellas mapean de manera
preferencial sobre las regiones correspondientes a los CDS respecto de las regiones no

traducidas. La distribucion para las huellas generadas con Benzonasa muestra un perfil similar
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Figura V.10. Analisis de expresiéon génica diferencial entre los traductomas producidos
con Benzonasa y RNAsa |. (A) Scatter plot comparando los niveles de expresion
determinados para cada enzima. En colores se indican los genes expresados
diferencialmente: en rojo los sobrerrepresentados con la Benzonasa y en azul con la RNAsa
I. Se muestra el corte en el valor de expresion de 10 CPM por debajo del cual se descartan
es0s genes por ser de baja expresion. (B) La distribucion de los valores de expresion de todos
los genes, los sobrerrepresentados con la Benzonasa y los sobrerrepresentados con la
RNAsa | se muestran mediante boxplots. En rojo los valores de expresion para la condicion
(la leyenda continda en la siguiente hoja)
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Benzonasa y en azul para la RNAsa |. (C) Se muestran los cambios en los niveles de
expresion para los genes diferenciales asociados a cada enzima. En rojo para la Benzonasa
y en azul para la RNAsa |. (D) Los genes comunes entre los asociadas a cada enzima
definidos por los tres criterios definidos anteriormente y los genes expresados
diferencialmente se muestran mediante diagramas de Venn para cada enzima. (E) Se
muestran los resultados del andlisis de ontologia génica realizados con la herramienta g:GOSt
del g:Profiler para los genes sobrerrepresentados con la Benzonasa. Se muestran las
categorias de funcién molecular (GO:MF), procesos biolégicos (GO:BP) y compartimento
celular (GO:CC). En cada caso, las tres categorias mas significativas son indicadas
numéricamente e indicadas a la derecha. (F) Idem a (E) para los genes sobrerrepresentados
con la enzima RNAsa I.

al obtenido para las neuronas in vitro (ver Figura V.4 C). De todas maneras se aprecian claras
diferencias al comparar las distribuciones entre las dos enzimas. Las huellas producidas con
RNAsa | muestran mapeos con un claro sesgo al CDS (93-94%) y casi no vemos
representadas a las regiones no traducidas, aunque el 5-UTR se ve un poco mas
representado que el 3-UTR (3,2% y 0,6%, respectivamente; ver Figura V.11 A). Por su parte,
las huellas producidas con Benzonasa mapean con un patrén global distinto. Se distribuyen
de manera mayoritaria sobre la regién codificante (70%), aunque la region correspondiente al
3-UTR se ve mas representada (20%) que en las huellas derivadas de la RNAsa |, mientras
que el 5-UTR parece verse igual de representado (4%). Al igual que mencionamos
anteriormente, estas asimetrias en las distribuciones entre regiones codificantes y no
codificantes no se deben a diferencias en el tamafio de las regiones analizadas (ver Figura
V.11 B).

Inspirados en el trabajo de TP. Miettinen & M. Bjorklund (NAR, 2015) y en los resultados e
hipétesis que los autores elaboran, nos propusimos analizar un poco mas en detalle posibles
razones que fundamenten la presencia de huellas ribosomales en el 3'-UTR, como se
describen en el caso de la Benzonasa. Pudimos observar que, tal como muestran los
anteriores autores, las huellas ribosomales presentes en el 3’-UTR tienen un tamario distinto
al observado para las huellas que mapean en el 5-UTR o CDS. La diferencia se observa tanto
en el caso de la Benzonasa, pero también para la RNAsa | aunque el porcentaje de lecturas
mapeadas en esta region sea muy bajo (ver Figura V.12). De hecho, a pesar de presentar
claras diferencias de tamafio en las huellas que mapean sobre el 5-UTR y CDS (ver también
mas adelante), las huellas que mapean sobre el 3-UTR parecen tener una distribucion de
tamanos similar con las dos enzimas, centradas en 35 nt de largo. En el trabajo anterior, una
de las posibles razones que los autores elaboran para fundamentar la observacion de huellas

ribosomales en el 3’-UTR que encuentran con otra ARNasa (nucleasa micrococal), pero no
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Figura V.11. Analisis de la distribucion de las regiones de mapeo de las huellas
ribosomales obtenidas con las dos enzimas. (A) Se muestra la distribucién de las regiones
donde mapean las lecturas en el ARNm (5’-UTR, CDS y 3’-UTR) para las dos réplicas de cada
enzima (arriba y en rojo, Benzonasa; abajo y en azul, RNAsa I). (B) Como control de las
distribuciones que se muestran en (A), se grafica la distribucion de los tamafios de las regiones
utilizadas. Puede observarse que el hecho de que se favorezcan los mapeos de las huellas
ribosomales sobre la regién traducida (CDS) no se debe a que éstas tengan un largo mayor y
preponderante sobre las regiones no traducidas (5’ y 3-UTRS).

con RNAsa I, es la diferencia en la agresividad de la digestion por cada enzima. Entre otros,
un argumento para fundamentar esto es que la RNAsa | produce fragmentos de ARNr
derivados del 18S y 28S, presentes en las subunidades menor y mayor del ribosoma,

respectivamente. En nuestro caso, efectivamente observamos fragmentos derivados de
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Figura V.12. Analisis de la distribucién de los largos de las huellas ribosomales
producidas con ambas enzimas en funcidén de su regién de mapeo. (A) Se muestra la
distribucion de largos para las huellas mapeadas sobre el 5’-UTR, CDS y 3’-UTR, indicando
el porcentaje de huellas analizadas en cada region, para la Benzonasa. (B) idem (A), pero
para las huellas ribosomales producidas con RNAsa I.

ambas especies de ARNr para la RNAsa |, mientras que en el caso de la Benzonasa solo
observamos fragmentos del ARNr 28S (subunidad mayor; ver Figura V.13). Estas diferencias

podrian indicar que la digestion con RNAsa | es mas agresiva que la digestion con Benzonasa.

Considerando que los ribosomas en el 3-UTR ya no son traduccionales y, en base a las
diferencias de tamafios de las huellas, podrian adquirir otra conformacion distinta a la de los
ribosomas traduccionalmente activos que encontramos en el CDS, una hipétesis valida a
plantear es que la digestion con la RNAsa | es mas agresiva y logra romper por completo
dichos ribosomas en el 3'-UTR, mientras que la Benzonasa no, y por eso la diferencia entre

presencia y ausencia de huellas ribosomales en dicha region.

Retomando los andlisis clasicos que mencionabamos para las huellas ribosomales, en
segundo lugar, el estudio de la periodicidad de las huellas ribosomales también reveld
diferencias entre las huellas producidas con una u otra enzima (ver Figura V.14). Por un lado,
para las huellas ribosomales producidas con la enzima Benzonasa se obtuvo un patron de
tamarios y de periodicidad similar al obtenido para las neuronas in vitro y al observado en
trabajos previos (ver [78,80] y capitulo 3), con niveles de periodicidad en el entorno de 40%
para huellas de tamafios de 39 nt + 3 nt (ver Figura V.14 Ay B). Por el otro lado, las huellas
ribosomales producidas con RNAsa | mostraron una distribucion de tamafios distinta, centrada
en 31-32 nt, y con mayores niveles de periodicidad (~60%) para las huellas de 31 nt, casi que

sin verse representado el segundo nucle6tido del codon (ver Figura V.14 Cy D). Estos perfiles
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de tamarios y periodicidad se asemejan a lo que se describe en la literatura en los trabajos

gue utilizaron RNAsa | para producir huellas ribosomales (ejemplo en [29]).

b B 2ss
0e [] 18s

I:' Others rRNAs

0.6

0.4 4

Fraction of reads over rRNAs

0.2 4

#1 #2 #1 #2
Benzonase RNAse |

Figura V.13. Distribucion de fragmentos de ARNr producidos por ambas enzimas entre
las distintas especies de ARNr. Se muestra la fraccion de huellas ribosomales derivadas de
ARNr entre las distintas especies de ARNr, principalmente ARNr 18S (presente en la
subunidad menor del ribosoma) y 28S (presente en la subunidad mayor), para las dos réplicas
de cada enzima.

En tercer lugar analizamos si se observaba una preferencia en el sitio de corte de las dos
enzimas evaluando la composicion nucleotidica de los extremos de las lecturas. Pudimos
observar que, como se esperaba, tanto para la Benzonasa como para la RNAsa | no se
aprecian grandes sesgos o preferencias de corte (ver Figura V.15). Tanto en los primeros tres
nucleétidos de las huellas ribosomales, como en los dltimos tres, la distribucién de nucleétidos

es bastante uniforme.

En cuarto lugar, nos propusimos comparar perfiles de mapeos sobre algunos genes, en busca
de coincidencias o diferencias. Para esto, seleccionamos genes de alta expresion comunes
en todos los set de datos (ver Tabla Suplementaria XI1.2), como ha sido realizado
anteriormente para este tipo de analisis [89]. Asi, elegimos 5 genes, todos codificantes para
proteinas y con ARNm de un largo considerable (1285 a 3512 nt), y presentes en el top30 de
genes mas expresados en cada set de datos (al menos >20.000 lecturas mapeadas en cada
muestra). A grandes rasgos, no se puede observar un patron de mapeo conservado entre las
dos enzimas (ver Figura V.16). La Benzonasa parece favorecer picos sobre el coddn de inicio,
gue no se observan en los perfiles obtenidos con RNAsa |, y se observa mayor presencia de

lecturas en las regiones 3’-UTR en los mapeos producidos con Benzonasa (ver Figura V.16),
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Figura V.14. Estudio de la periodicidad de huellas ribosomales obtenidas con ambas
enzimas. (A) y (B) Se muestra, mediante histogramas, la distribucién de tamafio de las huellas
ribosomales obtenidas con Benzonasa para ambas réplicas. En rojo se muestra la distribucion
de tamafios del subset de huellas utilizado para el calculo de periodicidad. Los tamafios
indicados con asteriscos (*) son los que muestran el mayor grado de periodicidad, cuyo
resultado se muestra a la derecha, donde se indica el porcentaje de lecturas que caen en
cada uno de los tres nucleétidos del codén. (C) y (D) Idem a (A) y (B) pero para las dos réplicas
obtenidas utilizando la enzima RNAsa |.

En dltimo lugar, nos propusimos evaluar y comparar la poblacion de fragmentos derivados de
ARNr producidos por las dos enzimas. Como se mencion anteriormente (ver Tabla V.1), en
este experimento obtuvimos un promedio de 83% y 88% de contaminacién por ARNr en las
lecturas derivadas de las huellas ribosomales producidas con Benzonasa y RNAsa |,
respectivamente. Esto representa 90 y 122 millones de lecturas, en promedio,
respectivamente. Aqui observamos que tanto la distribucién de estas lecturas entre las
distintas especies de ARNr, como la abundancia de las mismas varia sustancialmente en
funcion de la enzima utilizada en la digestion. Por ejemplo, 6 fragmentos derivados del ARNr
28S abarcan de manera casi equitativa el 93% del total de secuencias contaminantes cuando

utilizamos Benzonasa. En cambio, cuando utilizamos RNAsa | son 7 los fragmentos y derivan,
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5 del ARNr 28S y 2 del ARNr 18S (ver Figura V.17 y Tabla V.2), como anticipamos

anteriormente (ver Figura V.13).
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Figura V.15. Analisis de la preferencia de corte de Benzonasay RNAsa |. Se muestra la
distribucion de los nucle6tidos en las tres primeras y las tres Ultimas posiciones de las huellas
ribosomales producidas con Benzonasa (A) y RNAsa | (B).
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Figura V.16. Comparacion de los patrones de mapeo sobre distintos ARNm de alta
expresion entre ambas enzimas. Se muestran los perfiles de mapeo de huellas ribosomales
producidas con Benzonasa (arriba, rojo) y RNAsa | (abajo, azul) para 5 distintos ARNm de
alta expresion: ACTB, EEF1A1, ENO1, GAPDH y TUBAI1B. En todos los casos se representa
el ARNm maduro y se indica la region codificante (CDS).
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En la Figura V.17 se puede observar el perfil de mapeo sobre los ARNr mencionados donde
solo se observan picos puntuales que corresponden a los fragmentos derivados de la digestién
del ribosoma y que concentran la gran mayoria de las secuencias. También podemos observar
gue los perfiles de mapeos obtenidos sobre las mismas especies de ARNr con Benzonasa y
RNAsa | muestran distintos patrones de picos (ver Figura V.17 A). Tanto las secuencias como
el tamafio de estos picos pueden encontrarse en la Tabla V.2. Puede apreciarse aqui también
gue no se comparte ninguno de los picos entre las dos enzimas. Del total de las 7 secuencias
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contaminantes que aqui describimos en el ensayo con RNAsa |, encontramos 5 de ellas
descritas como parte de oligos biotinilados para la sustraccién de contaminacion de ARNr

segun el protocolo original donde se utiliza esta misma enzima [84].

A 1[]|00 2UIUU 3q00 40|00 SUIUU
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RNAsa |
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Figura V.17. Perfiles de mapeo sobre ARNr 28S y 18S con Benzonasay RNAsa l. (A) Se
muestran los perfiles de mapeo para un transcrito de ARNr 28S a modo de ejemplo
(NR_145822), obtenidos a partir de la digestion con Benzonasa (arriba, rojo) y RNAsa | (abajo,
azul). (B) Similar a (A) solo que se muestra el mapeo sobre un ARNr 18S (NR_145820)
obtenido con RNAsa |. En cada caso se muestra, en la parte superior, una escala de tamafio
del transcrito.
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Tabla V.2. Secuencias y tamafios de los fragmentos de ARNr responsables de la

contaminacion producida con cada enzima.

RNAsa |

Picos en ARNr 28S Tamanfo
5’ -TCGTGGGGGGCCCAAGTCCTTCTGATCGAGGCC-3" 33
5’ -CAGTGCGCCCCGGGCGGGTCGCGCCGTCGGGCCCGGGGG-3 39
5’ -AGCGCCGCGGAGCCTCGGTTGGCCTCGGATAGCCGGTCCCCCG-3" 43
5’ -CTGGGTCGGGGTTTCGTACGTAGCAGAGCAGCTCC-3" 35
5’ -TCGCTGCGATCTATTGAAAGTCAGCCCTCGACACAA-3 36

Picos en ARNr 18S
5’ -CTTTGGTGACTCTAGATAACCTCGGGCCGATCGCAC-3" 36
5’ -GCCGCCTGGATACCGCAGCTAGGAATAATGGAATAG-3" 36

Benzonasa

Picos en ARNr 28S
5’ -CCGCGGCGGGGCGCGGGACATGTGGCGTACGGAAGACC-3" 38
5’ -GGATTCAACCCGGCGGCGGGTCCGGCCGTGTCGGCGGCCCGGCGGATCTTT 54
ccc-37
5’ -CGGCGTCTCCTCGTGGGGGGGCCGGGCCACCCCTCCCACGGCGCGAC-3 47
5’ -CGCGCTCGCCGGCCGAGGTGGGATCCCGAGGCCTCTCCAG-3" 40
5’ -CGCGCGCCGGGACCGGGGTCCGGTGCGGAGTGCCCTTCGTCCTG-3" 44
5’ -CCCTCGCCCGTCACGCACCGCACGTTCGTGGGGAACCTGG-3" 40
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Discusion

En el presente capitulo nos propusimos como principales objetivos poner a punto el uso de la
técnica de Ribo-Seq en distintos modelos neuronales, asi como comparar de manera global
los traductomas definidos por huellas ribosomales producidas con Benzonasa o con RNAsa
l.

En primer lugar, respondiendo al desafio de aplicar la técnica utilizando una baja cantidad de
células como es el caso de las cantidades que se obtienen de cultivos neuronales primarios,
trabajamos en la optimizacion de la obtencion de huellas ribosomales realizando el ensayo de
digestién directamente sobre el sobrenadante postmitocondrial, suprimiendo la previa
purificacién de pellet polisomal, como fuera realizado por Zappulo et. al [83]. De esta manera,
utilizando cantidades decrecientes de células hasta niveles comparables a los que obtenemos
en cultivos in vitro de neuronas corticales embrionarias, realizamos ensayos de digestion
sobre el sobrenadante postmitocondrial (ver Figura V.1). En todos los casos logramos obtener
huellas ribosomales en cantidades suficientes para producir librerias de secuenciacion: al
menos >50 ng de ARN. También evaluamos distintas cantidades de enzima al momento de
realizar las digestiones debido a que se trata de una muestra distinta a la utilizada en el
protocolo habitual. Asi, definimos el rango 6ptimo de uso de la enzima Benzonasa de manera
tal que produzca huellas ribosomales de los tamafios adecuados (28 a 31 nt; ver Figura V.2).
En este contexto, producimos y secuenciamos huellas ribosomales a partir de cultivos in vitro
de neuronas corticales primarias derivadas de embriones de ratones wt y tauKO, como una
primera aproximacion (ver Figura V.3). Vale mencionar, como aclaramos anteriormente, que
en este caso los cultivos contienen otros tipos celulares accesorios, como células gliales, entre
otros, por lo que las huellas ribosomales no derivan exclusivamente de células neuronales.
Los andlisis primarios y globales realizados sobre los traductomas secuenciados revelaron
resultados alentadores (ver Figura V.4). Se pudo obtener una gran cantidad de lecturas
mapeando sobre ARNm de manera tal que se pudieron estimar niveles de expresion génica
traduccional para mas de 10.000 genes por encima del ruido (ver Figura V.4 Ay B). Las
huellas ribosomales obtenidas mapean de manera preferencial sobre las regiones
codificantes de los ARNm y muestran ademas el patrén esperado de periodicidad (ver Figura
V.4 C-F). Un resultado que llamé nuestra atencion fue el tamafio observado de las lecturas
correspondientes a las huellas ribosomales, que se ubicé entre 30 y 40 nt (ver FiguraV.4 Ey
F). A pesar de que el tamafio indicado por el Bioanalyzer era el adecuado (entre 25y 34 nt;
ver Figura V.3 C) atribuimos esta diferencia a que posiblemente las bandas recortadas hayan
correspondido a tamafios levemente mayores y que la estimacion por Bioanalyzer no haya
sido 100% precisa, como hemos observado en casos previos similares. De todas maneras,

vale destacar que las lecturas producidas muestran todas las caracteristicas esperadas para
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las huellas ribosomales, como mencionamos anteriormente, asimetria de mapeo en regiones

codificantes y no codificantes y periodicidad de mapeo (ver Figura V.4 C-F).

En segundo lugar y utilizando otro modelo neuronal, como es el tejido nervioso derivado de
animales, nos propusimos optimizar el protocolo de Ribo-Seq para su realizacién a partir de
la corteza cerebral de ratones. De esta manera trabajamos principalmente en los pasos de
obtencion del tejido, lisado celular y obtencion del sobrenadante postmitocondrial, vy
purificacién del pellet polisomal. Una vez ajustados estos pasos previos logramos obtener y
purificar huellas ribosomales del tamafo y calidad esperada y en cantidad suficiente para su
secuenciacién masiva (28 a 31 nt y 300 ng de ARN, respectivamente; ver Figura V.5). En el
siguiente capitulo se describe cdmo utilizamos este protocolo para su aplicacion en modelos

murinos transgeénicos de la enfermedad de Alzheimer.

Por dltimo nos propusimos estudiar y comparar los protocolos de produccién de huellas
ribosomales con Benzonasa, la enzima que utilizamos habitualmente en los protocolos del
laboratorio, y RNAsa |, la enzima utilizada en el protocolo descrito originalmente por Ingolia y
colaboradores [84]. Para esto utilizamos células HEK293 a partir de las cuales obtuvimos
pellet polisomales y ante muestras equivalentes realizamos, en duplicados, digestiones con
cada una de las enzimas. Las huellas producidas con la RNAsa | fueron fosforiladas en el
extremo 5’ y desfosforiladas en el 3', como mencionabamos anteriormente, previo al envio a
los servicios de secuenciacion masiva (ver Figura V.6). Los perfiles de bandas de las
digestiones obtenidas con cada enzima, asi como las bandas especificas correspondientes a
las huellas ribosomales recuperadas ya mostraban algunas diferencias entre las dos enzimas
(ver Figura V.7). Los fragmentos de ARN correspondientes a las huellas ribosomales fueron
secuenciados de manera masiva y se obtuvieron en promedio mas de 120 millones de lecturas
por muestra. Los porcentajes de contaminacién por fragmentos derivados de ARNr fueron los
esperados, aunque levemente mas altos en las muestras correspondientes a la RNAsa | (88%
vs 83%). Los niveles de mapeo sobre el transcriptoma de referencia fueron muy buenos, con

un alto porcentaje de las lecturas asignadas a ARNm (ver Tabla V.1).

El andlisis de los datos producidos reveld que las muestras se separan de manera esperada
en un analisis de componentes principales y que las réplicas realizadas de cada enzima
correlacionan muy bien (ver Figura V.8 A y B). Utilizando distintos umbrales de filtrado de
genes de baja expresién observamos un gran porcentaje de genes compartidos entre ambas
enzimas (ver Figura V.8 C). También, a nivel global se observan buenos niveles de correlacion
entre las estimaciones de expresion génica traduccional derivadas a partir de las dos enzimas

(ver Figura V.8 D), como ha sido documentado para otras enzimas [89].
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En primer lugar nos interesamos en explorar diferencias y similitudes respecto del traductoma
definido por cada enzima, tanto en la identidad de los genes detectados como en sus niveles
de expresion. Para esto, buscamos genes particulares asociados a cada enzima, es decir,
genes cuya deteccidn sea exclusiva mediante el uso de una enzima en particular, o cuyos
niveles de expresidn sean claramente superiores en una condicion respecto de la otra. De
esta manera disefiamos una estrategia en base a tres criterios de seleccién que
denominamos: filtrado por cuartiles, por expresion y por ranking. Cada criterio, como
mencionamos anteriormente, intenta seleccionar genes cuya deteccion esté asociada a una
enzima en particular o cuyos niveles de expresion varien sustancialmente entre las dos
enzimas. Asi, mas alla de cierto grado de coincidencia entre los tres criterios, pudimos
seleccionar un total de 188 y 170 genes asociados a la Benzonasa y RNAsa |,
respectivamente (ver Figura V.9 A-C). El analisis funcional de estas listas de genes reveld
resultados interesantes. Por un lado, la lista asociada a la Benzonasa no muestra funciones
ontolégicas sobrerrepresentadas, solamente vias KEGG asociadas al espliceosoma y al
transporte de ARN. Por el otro lado, la lista asociada a la RNAsa | muestra un claro
enriguecimiento de funciones ontoldgicas y vias KEGG asociadas al ribosoma, procesamiento
de proteinas en el reticulo endoplasmico y espliceosoma (ver Figura V.9 D, Figuras
Suplementarias XI.1y XI.2 y Tabla Suplementaria XI.1). A su vez, observamos una importante
componente de genes no codificantes presentes en las listas: 111 de 188 para la Benzonasa
y 70 de 170 para la RNAsa | son genes no codificantes. Por esto también analizamos las
distintas clases de genes no codificantes presentes en cada lista de genes (ver Figura V.9 E),

donde parecen predominar ARN del tipo small nuclear y small nucleolar.

Como una aproximacién similar pero diferente también realizamos andlisis de expresion
génica diferencial entre los traductomas obtenidos con las dos enzimas (ver Figura V.10). De
todas maneras, consideramos que la busqueda de genes diferenciales representa una
estrategia diferente que no necesariamente se complementa o sustituye a la estrategia
discutida anteriormente. Entendemos que la comparacion entre las huellas ribosomales
producidas por las dos enzimas no debe reducirse a célculos de expresion génica diferencial,
sino que debe contemplar otro tipo de enfoque. Los andlisis de expresion diferencial no
necesariamente solo abarcan los escenarios de cambios en la expresion génica que quisimos
representar mediante los criterios de filtrado anteriores, sino que también muchos otros casos
donde los genes son detectados en ambas condiciones pero a niveles de expresion distintos.
De hecho, las listas de genes expresados diferencialmente son mucho mas extensas que la
cantidad de genes definidos como asociados a cada enzima y también abarcan a una gran
cantidad de éstos (ver Figura V.10 D). En este caso, el andlisis ontologico de los genes

diferenciales mostrd altos niveles de enriquecimiento en diversas funciones biolégicas (ver
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Figura V.10 Ey F), donde se destacan proteinas de union a ADN y ARN, asi como el ribosoma

y la mitocondria.

A modo de resumen, mas all4 de poder definir un grupo de genes particularmente sesgados
al uso de una u otra enzima y observar eventos de expresion génica diferencial entre los
niveles estimados por las dos enzimas, los resultados funcionales muestran que no hay

grandes diferencias entre los traductomas definidos tanto por Benzonasa como por RNAsa I.

A continuacién comparamos caracteristicas propias de las huellas ribosomales definidas por
cada enzima, como ya realizamos anteriormente para otro set de datos, evaluando el mapeo
preferencial en las regiones codificantes de los ARNm, la periodicidad de las huellas y la
preferencia de corte. En primer lugar, mas all4 de que observamos claramente la preferencia
en el mapeo de las huellas ribosomales por las regiones codificantes para ambas enzimas
(ver Figura V.11), se pueden apreciar diferencias entre las distribuciones de mapeo de cada
enzima. Por un lado, las huellas ribosomales producidas con RNAsa | muestran una clara
preferencia por el CDS respecto de los 5- y 3-UTR (94% versus 3,2% y 0,6%;
respectivamente). Por el otro lado, las huellas derivadas de la digestibn con Benzonasa se
distribuyen de la siguiente manera: 70% en el CDS, 20% en el 3-UTR y 4% en el 5-UTR. La
presencia de huellas ribosomales en el 3'-UTR ya ha sido descrita y evidenciada por otros
autores (ver ejemplos en: JG. Dunn et al. Elife 2013; MA. Skabkin et al. Molecular Cell 2013;
TP. Miettinen & M. Bjorklund NAR 2015; S. Archer et al. Nature 2016; DJ. Young et al.
Molecular Cell 2018), en particular al utilizar enzimas alternativas a la RNAsa |. En nuestro
caso, pudimos observar que las huellas ribosomales presentes en el 3’-UTR presentaban un
tamano distinto al de las huellas derivadas del 5’-UTR o CDS (ver Figura V.12), lo cual sugiere
una conformacion y/o composicion del ribosoma distinta una vez finaliza la traduccion.
Ademas, considerando que la digestion con RNAsa | es méas agresiva, pues produce
fragmentos de ARNr derivados de las dos subunidades del ribosoma (ver Figura V.13), se
plantea la hipotesis de que la RNAsa | logra romper los ribosomas en el 3-UTR y por eso no
se evidencian huellas ribosomales en esta regidn. Por su parte, la Benzonasa cuya digestion
es menos agresiva (solo produce fragmentos de ARNr derivados de la subunidad mayor),
conserva la integridad de los ribosomas en el 3-UTR y por lo tanto se recuperan huellas
ribosomales en esta regién, como se ha visto para otras enzimas como la nucleasa

micrococal.

En segundo lugar, al evaluar la periodicidad de las huellas ribosomales detectamos en primer
instancia claras diferencias en el tamafio de las huellas ribosomales mapeadas en cada caso
(ver Figura V.14). Las huellas producidas con Benzonasa resultaron en promedio mas

grandes y de mayor rango que las producidas con RNAsa | (33 a 40 nt versus 31-32 nt,
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respectivamente). Los porcentajes de periodicidad también mostraron diferencias. Mientras
gue en el caso de la Benzonasa observamos porcentajes similares a los encontrados
previamente con esta enzima, cercanos al 40% [78,80] (ver también capitulo 3), para la
RNAsa | la distribucion entre los tres nucleoétidos del codon fue distinta, viéndose mas
favorecido el primer nucleétido (<60%) y casi que sin verse representada la posicidon #2. Estos
patrones se parecen a los reportados previamente en estudios donde utilizaron la misma
enzima [29,106]. En tercer lugar, verificamos como se mencionaba anteriormente, que ambas
enzimas son inespecificas y que ninguna presenta un sesgo en el sitio de corte, ya que ningan
nucleétido en particular se ve favorecido en los extremos de las huellas ribosomales
generadas con cada enzima (ver Figura V.15). De hecho, para la RNAsa | se observa una
mayor presencia de nucleotidos de guanina en la dltima posicion de las huellas ribosomales,

como ha sido documentado previamente [89].

Con el objetivo de buscar diferencias entre las dos enzimas, también exploramos los perfiles
de mapeo generados con ambas enzimas en distintos genes de alta expresion (ver Figura
V.16 y Tabla Suplementaria XI.2). De la misma manera como ha sido descrito, aqui decidimos
utilizar genes con un tamafio adecuado y con un minimo de cobertura y mapeos para
minimizar sesgos [89,107]. En primera instancia vale mencionar que los perfiles de cobertura
de las distintas réplicas biolégicas son sumamente parecidos, casi idénticos. De todas
maneras, se observan grandes diferencias en los perfiles generados por las dos enzimas, con
apenas unos pocos picos de mapeos compartidos. Este resultado es similar a lo que ha sido
observado cuando se compararon otras ARNasas con la RNAsa | [89]. En nuestro caso, los
perfiles derivados de la Benzonasa presentan picos mayores en la zona del codén de inicio
asi como se observan mapeos en la region 3’-UTR, como comentabamos antes. Diferencias
en los perfiles de mapeo sobre un mismo gen no solo han sido descritas para enzimas
distintas, sino que se ha observado diferencias utilizando la misma enzima, en el mismo

organismo, pero en distintos trabajos con protocolos ligeramente distintos [89].

Considerando este resultado, junto con los anteriores, es claro que existen diferencias entre
el uso de una enzima o lo otra. Ademas del tamafio de las lecturas, su patron de periodicidad
y distribucién de mapeos en las distintas regiones del ARNm, parecen existir pequefias
diferencias en la identidad de los genes que cada enzima detecta. Estas diferencias podrian
atribuirse a pequefios sesgos en los sitios de corte de cada enzimas, a diferencias en el
tamafio molecular, o a diferencias en la afinidad por el ARN simple cadena, que como se
menciond al principio, son propiedades que difieren entre ambas enzimas. De todas maneras,
no parecen existir grandes grupos o funciones biol6gicas particularmente
sobrerrepresentadas o subrepresentadas en el uso de cada enzima. Aun asi se observan

afectados muchos genes no codificantes, como ARN pequefios, que pueden estar presentes
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en la fraccién polisomal, y que por lo general no son el centro de los andlisis del tipo
traductémicos. Un ejemplo que puede ilustrar que las diferencias encontradas no son
necesariamente importantes desde el punto de vista biolégico es la presencia de distintas
variantes del gen de la actina en los genes asociados a cada enzima. La beta actina aparece
enriguecida en los genes asociados a la Benzonasa, seleccionada por el filtro de cambio en
el nivel de expresion. Por el otro lado, la alfa 1 y gamma 1 actinas aparecen en las listas de
genes asociados a la RNAsa |, seleccionadas por el filtro de cambio en el ranking de expresion
y cambio en el nivel de expresion, respectivamente. De todas maneras, si sumamos los
niveles de expresion de las 3 variantes obtenemos niveles comparables: 5.550 CPM con
Benzonasa y 5.880 CPM con RNAsa |. Esto podria indicar que pueden existir sesgos en la
produccion de huellas ribosomales en este gen en particular, donde se favorece una variante
génica por encima de las otras con un enzima en particular. También, podria ocurrir que una
gran proporcion de las huellas ribosomales producidas deriven de regiones conservadas de
este grupo de genes y al momento de mapear se distribuyan en las distintas variantes de

manera diferencial aunque efectivamente tengan el mismo origen.

Por dltimo, uno de los aspectos claves a considerar en el disefio y puesta a punto de la
metodologia de Ribo-Seq es la presencia no deseada de fragmentos derivados de ARNTr.
Estos fragmentos, que se producen en la digestion de los polisomas con la enzima, suelen
representar un alto porcentaje de la poblacion de ARN, alrededor del 80% y hasta el 95%, y
por lo tanto consumen un grado equivalente de los recursos de secuenciacion masiva. Por
esto, como ultimo punto nos propusimos evaluar los fragmentos correspondientes a ARNr
producidos en este experimento asi como comparar los resultados obtenidos por las dos
enzimas. Como mencionamos antes, los porcentajes de contaminacién por ARNr son
similares para los enzimas, aunque levemente superiores con la RNAsa | (88% vs 83%; ver
Tabla V.1). Para esta enzima se definieron 7 fragmentos contaminantes procedentes de ARNr
28S y 18S, mientras que para la Benzonasa se identificaron 6 fragmentos, todos derivados
de ARNr 28S (ver Tabla V.2 y Figura V.17). Los perfiles de mapeo sobre estos genes
ribosomales son distintos para cada enzima y en cada caso se reconocen picos particulares
donde se ven representadas las secuencias mas abundantes generadas (ver Figura V.17).
Las secuencias representadas en cada pico, las cuales como deciamos no se comparten
entre las enzimas, representan informacién valiosa para la construccién de oligos biotinilados
u otra alternativa experimental, que nos permita sustraer estas especies claramente
abundantes (ver Tabla V.2). De hecho en la descripcion del protocolo original que utiliza
RNAsa | estan disponibles las secuencias de un total de 14 oligos biotinilados para la
sustraccion de ARNr [84], de los cuales 5 estan presentes entre las 7 secuencias que aqui

observamos. Sin dudas que conocer esta informacion es de gran utilidad ya que permite
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disefiar estrategias de sustraccion de ARNr especificas para el uso de la Benzonasa, que
como observamos en este caso, genera fragmentos completamente distintos a los producidos

y descritos para la RNAsa |.

En suma, se pueden identificar diferencias tanto a nivel de las huellas ribosomales producidas
por cada enzima como de los traductomas cuantificados a partir del mapeo de dichas huellas.
En cierto nivel, estas diferencias son esperadas respecto a lo que se ha visto en trabajos
previos, donde se compararon otras ARNasas con la RNAsa | [89]. De todas maneras, esta
es la primera vez que se realiza una comparacion del estilo con la enzima Benzonasa. Es
interesante discutir acerca de las posibles razones biolégicas que explican las diferencias
tanto en las caracteristicas de las huellas ribosomales producidas como en los niveles de
expresion traduccional estimados a partir de ellas. Respecto a lo primero, parece ser claro
gue las diferencias en tamafios se explican por diferencias en la actividad de las enzimas, sus
mecanismos de accion y tamafio. Mencionamos anteriormente que los sustratos de la
Benzonasa son mas variados que los de la RNAsa |. Ademas, la Benzonasa es una enzima
de mayor tamafio lo cual seguramente dificulte su acceso a las regiones mas cercanas al
ribosoma. En cambio, la RNAsa | de menor tamafio podria digerir mas facilmente las regiones
del mensajero cercanas al ribosoma, produciendo huellas ribosomales mas pequefias como
las que aqui, y en otros estudios, se observan [29,106]. Quizas diferencias en los mecanismos
de accion, procesividad y tamafios de las enzimas determinen que sean mas 0 menos
agresivas con el ribosoma. Comprometer la integridad del ribosoma puede afectar no solo el
tamafio de la huella sino también su presencia o ausencia, justificando por ejemplo por que
se observan mas huellas ribosomales producidas con Benzonasa mapeando en las regiones
3-UTRs. Sin dudas que son hipoétesis que resultan interesantes de explorar en un futuro.
Respecto a las diferencias en las estimaciones de expresion de los compartimentos
traduccionales, nuevamente las razones anteriores parecen estar involucradas. La capacidad
de cada enzima de digerir polisomas con gran o poca cantidad de ribosomas, con complejas
o simples estructuras secundarias de ARN, con varios o0 pocos factores proteicos unidos al
mismo, son sin duda factores que pueden explicar porque varian los niveles estimados de
expresion entre las dos enzimas. Nuevamente, estas diferencias, junto con las diferencias en
los patrones de mapeo sobre ARNm individuales han sido previamente documentadas en la
literatura comparando otras ARNasas como S7, T1y A [89]. En nuestro caso, la comparativa
global de niveles de expresion fue lo suficientemente buena, con un valor de correlacién de
Pearson de 0,91. De todas maneras, se pudieron identificar varios genes como expresados
diferencialmente. Ademas, un analisis detallado nos permitié, mediante tres criterios de
seleccion, identificar genes que estuvieran particularmente asociados a una enzima. Asi,

identificamos menos de 200 genes que tienden a verse favorecidos con una enzima respecto
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a la otra. Sin embargo, muchos de estos genes correspondian a genes no codificantes,
posiblemente presentes por arrastre en el pellet polisomal, asociados a ribonucleoparticulas
o al propio ribosoma. Un ejemplo claro parecen ser los ARN del tipo small nucleolar, muy
abundantes dentro de los genes no codificantes asociados a cada enzima, en especial la
Benzonasa. Dado que las dos enzimas presentan actividades cataliticas distintas, se espera
gue digieran el ribosoma de manera distinta. Este tipo en particular de ARN, se ha visto que
regulan modificaciones en el ARNr asi como la propia biogénesis del ribosoma [108]. Para
finalizar, vale destacar que las diferencias que aqui observamos entre Benzonasa y RNAsa |
pueden darnos la seguridad de que el utilizar Benzonasa para la digestién polisomal no
introduce mayores sesgos de relevancia biol6gica, siempre y cuando utilicemos la misma

enzima para las distintas condiciones bioldgicas a estudiar.
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VI. CAPITULO 3

TRADUCTOMICA DE MODELOS MURINOS TRANSGENICOS DEL MAL DE ALZHEIMER

En la literatura los estudios de expresion génica mediante aproximaciones émicas, 0 mas
recientemente tecnologias de célula Unica (single cell RNA-Seq), son muy abundantes para
modelos animales o celulares del mal de Alzheimer e incluso para muestras humanas de
pacientes enfermos. De todas maneras, el centro de la atencion ha sido principalmente el
control a nivel transcripcional, evaluando la expresién génica midiendo la abundancia de
ARNmM mediante RNA-Seq. Sin embargo, algunas evidencias recientes indican la existencia
de eventos de regulacion traduccional importantes en modelos de la enfermedad [23,72]. En
dichos eventos, la participacion de las dos moléculas centrales en el desarrollo de la patologia,
AB y TAU, ha sido documentada [70-74]. Por esta razon, en el presente capitulo nos
planteamos evaluar la siguiente hipGtesis de trabajo: existen eventos de regulacién
traduccional en modelos animales transgénicos de la enfermedad de Alzheimer que son
fundamentales para el desarrollo de esta patologia neurodegenerativa. En este contexto,
definimos como principal objetivo estudiar los eventos de regulacién traduccional, mediante
aproximaciones Omicas, en la corteza cerebral de modelos animales de la enfermedad, y

conocer los principales genes y funciones biolégicas reguladas.

De esta manera, utilizando modelos murinos transgénicos que simulan el desarrollo de la
enfermedad, aplicamos la metodologia de Ribo-Seq en la corteza cerebral de ratones machos
adultos de edad joven, preferentemente asintomaticos. Hasta donde conocemos, este es el
primer estudio de este tipo que se realiza en modelos animales o celulares de Alzheimer, ya
gue aproximaciones similares (Ribo-Tag y polysome-seq) han sido aplicadas especificamente
a la microglia (ver SS. Kang et al. J Exp Med 2018 y Z. Haimon et al. Nat Immunol 2018).
Recientemente han sido publicados trabajos similares, dos en donde se aplicd Ribo-Seq en
distintas regiones del cerebro de ratones modelo del sindrome de X fragil [61,109], y el otro

en donde también se aplicé la técnica de Ribo-Seq en un modelo celular de Parkinson [62].

Los dos modelos animales utilizados, del tipo amiloides (CVN: App SwDI; Nos2” y Tg2576:
App Sw; ver Manuscrito 1), mostraron eventos de regulacion tanto a nivel transcriptomico,
como traductémico. En particular, los ratones CVN mostraron una mayor cantidad de genes
regulados a nivel de la traduccién que el modelo Tg2576. Especificamente en ratones CVN,
los genes diferenciales en ambos niveles revelan la regulacion positiva de una firma génica
microglial particular que responde a la acumulacion de AB en las primeras etapas. El analisis

ontologico de las listas de genes regulados muestra una regulacion negativa de varios
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procesos de neurodegeneracion, mientras que se favorecen procesos de tipo
neuroprotectores como el aumento de células neuronales y gliales y transmisiones sinapticas,
entre otros. En general, la identidad de los genes regulados en ambos niveles revelan una
compleja firma molecular que implica “los dos lados de la moneda”: por un lado encontramos
genes asociados a funciones neuroprotectoras o beneficiosas, como reducir los altos niveles
de AB, pero en el otro lado tenemos genes con funciones neurotéxicas relacionados a la

produccion de AB o a la pérdida de funciones neuronales.

Este trabajo podria, probablemente, dilucidar nuevas vias comunes como posibles
marcadores tempranos de la enfermedad de Alzheimer y asi permitirnos comprender mejor
los procesos moleculares aberrantes que podrian impulsar la neurodegeneracion. A su vez,
el andlisis de los datos revela eventos de regulacion de la expresion génica que ocurren a
nivel traduccional, lo cual no ha sido considerado hasta el momento y permite entonces

explorar nuevos mecanismos de control y vias de sefializacién desreguladas.

Los resultados obtenidos, junto con una introduccion al trabajo, materiales y métodos y la

discusion de los mismos, se presentan a continuacion en formato de manuscrito.

Manuscrito I: Tandem transcriptional and translational analysis of gene expression in

mouse models of Alzheimer's disease

Se adjunta a continuacion.
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ABSTRACT (250 words)

Alzheimer's disease (AD) is the most common cause of dementia worldwide, but efforts to
prevent or delay symptom onset, or reduce the rate at which symptoms progress have so
far been unsuccessful. This devastating disorder has a well characterized neuropathology
that consists of extracellular plaques made predominantly from amyloid-beta (AB) peptides
and intraneuronal neurofibrillary tangles formed mainly by the neuron-specific microtubule-
associated protein, tau. Not surprisingly, most efforts to develop therapeutics for AD have
focused on reducing the burden of toxic forms of AR or tau in brain, but without much regard
for the normal cellular signaling networks they may compromise or the pathogenic signaling
they may provoke. With this background in mind, we compared gene expression profiles in
cerebral cortex of two AD model mouse strains and wild type (WT) mice of the same strain
background at 6 months of age by tandem transcriptome and translatome analysis. The
transgenic strains were CVN (APPsuoi;NOS27) and Tg2576 (APPsy), and RNA-Seq and
Ribo-Seq were performed from identical starting pools of isolated bulk RNA for
transcriptomic and translatomic analysis, respectively. Compared to the WT strains, the AD
model mice had similar levels of transcription regulation, but differences at the level of
translation regulation. Besides cognitive performance are almost unaffected in the two
transgenic mice, both show decreased neurodegenerative-related processes and an
increased neuroprotective response, particularly the CVN model. A specific microglial
signature associated with early stages of A accumulation is displayed up-regulated at both
transcriptome and translatome level in the CVN mice. Although the two mice do not share
large lists of regulated genes, they show common regulated pathways related to APP
metabolism associated with neurotoxicity and neuroprotective functions. This work
represents the first genome-wide study of translation regulation using the brain cortex of
transgenic mice models of AD and provides evidence of a tight and early translational
regulation of gene expression controlling the balance of neuroprotection and

neurodegeneration processes in the brain.

Keywords (4-10): Ribo-Seq; RNA-Seq; Tg2576 mice; CVN mice; Neurodegeneration; APP
metabolism.



INTRODUCTION

Alzheimer’'s disease (AD) is a progressive brain neurodegenerative disorder
considered the main cause of dementia worldwide. For example, in the USA it's considered
to be the most expensive disease, responding only marginally and briefly to currently
available drugs. At the histopathological level, AD has a well characterized hallmark that
consists of extracellular accumulation of amyloid-beta (AB) plaques, intracellular
accumulation of hyperphosphorylated tau protein and neuron loss [1].

The complete understanding of the molecular mechanisms underlying AD is
paramount for the development of novel therapies able to modify the biology of the disease
and efficiently fight the increase of AD with age in our ever-increasing life expectancy. In
particular, regulation of mRNA translation has been described and previously associated
with other neurological diseases, mainly in cellular models [2-5]. In the case of AD, revealing
results have been recently published linking AB and tau with translation [6—-11]. For example,
it has been shown that local protein synthesis is deregulated in brain synaptosomes in a
transgenic mice model of AD APP-related [6]. Also, it has been demonstrated that AB
oligomers induce de novo protein synthesis of tau [8] and ATF4 [11], that tau is able to
interact with the ribosome in vitro [9] and decrease the synthesis of ribosomal proteins in
tau-related transgenic mice models [7]. At the same time, an interesting relation between A3
and mTOR complex has been described [12,13]. Considering the fully described role of
mTOR in controlling translation [14] and the previously described evidence, result of interest
to explore translation regulation events at a genome-wide level in AD models.

While powerful genomics tools to study transcriptional regulation are becoming more
frequently applied to AD research (see examples in [15-18]), focus on translation has been
almost unexplored. Here we use ribosome profiling (Ribo-Seq; [19-21]) as a genomic
screening technique to recognize mRNA translation regulation events in the brain cortex of
transgenic mice models of AD (CVN and Tg2576) at young ages, when learning and memory
in the mice is almost unaffected. In particular in the CVN model, neither cognitive nor
histopathological changes are noticed by the age used. Briefly, we produced and sequenced
ribosome footprints that reveal the exact position of an active ribosome at the mRNA.
Quantification analysis allows us to have an estimation of translational levels at a genome-
wide level and to compare translational efficiency [20] between transgenic mice and wild

type (WT) genotypes. Uncovered translational regulated genes at these asymptomatic
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stages reveals a complex signature that implicates genes associated to protective/beneficial
functions for example involved in the reduction of high levels of AB, but on the other side we
have genes related to AR biosynthesis or neurotoxicity. In addition, the data obtained can
be of use to the community as a source for further data mining in the search for early AD

markers.

MATERIALS AND METHODS

Mice

Three 6 month old mice from each of the following genotypes were used: CVN
(APPswoi/NOS27) [22], Tg2576 (APPsy) [23]) and their respective WT controls (C57/BL6 and
B6;SJL, respectively; see Table 1). Animals were maintained, bred and euthanized in
compliance with all policies of the Animal Care and Use Committee of the University of
Virginia.

Transcriptomic and Ribosome Profiling of brain cortex

Cortices (~250 mg each) were dissected from freshly removed brains in cold PBS
containing of 100 pg/ml cycloheximide (CHX; Sigma-Aldrich, catalog # 01810). The tissue
was then cut into smaller pieces with a sterile scalpel and Dounce homogenized on ice in
lysis buffer (5 mM Tris pH 7.5, 2.5 mM MgCl;, 1.5 mM KCI, 0.5% Triton X-100, 0.5% sodium
deoxycholate, 2 mM DTT (1,4-dithiothreitol) and 100 pg/ml CHX), using 1 mL of lysis buffer
per 100 mg of tissue. At this point, a transcriptome sample was separated and total RNA
was isolated using a mirVana Total RNA Isolation Kit according to the product's
recommended protocol (Invitrogen, catalog # AM1560). Ribo-Seq was performed as
previously described [24,25]. Briefly, the sample was centrifuged twice at 4°C and full speed
(~17,0009), for 1 and 10 minutes consecutively, to remove large cellular debris, nuclei, and
mitochondria. The post-mitochondrial supernatant (~1.6 mL; OD.so= 5-10 AU) was carefully
loaded onto a 12-33.5% (w/v) sucrose cushion prepared in polysome buffer (20 mM HEPES
pH 7.5, 5 mM MgCl,, 100 mM KCI, 100 pg/ml CHX) and centrifuged for 2 hours, at 36,000
rpm in a Beckman SW41Ti rotor at 4°C. The polysome-enriched pellet was resuspended in
polysome buffer and digested with 180-200 units of Benzonase nuclease (Millipore, catalog

# E1014) for 10 minutes at room temperature to produce the ribosome footprints and remove
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the RNA that was not protected by ribosomes. Digestion was stopped by addition of 3
volumes of mirVana Lysis Buffer and the RNA was isolated and then concentrated by
overnight precipitation with 80% ethanol to maximize small RNA recovery. The
concentrated, ribosome-protected mRNA, ribosome footprints (10-15 pg per sample) was
then size fractionated by electrophoresis using 15% polyacrylamide-urea gels
(ThermoFisher Scientific, catalog # EC68852BOX), run at 200 volts in TBE (89 mM Tris-
borate, pH 8.3, 2 mM EDTA) for 65 minutes. Gels were stained using GelRed (Biotium,
catalog # 41003) and circular agitation for 10 minutes in the dark. The ribosome footprint
bands were identified using 26-mer and 34-mer RNA oligonucleotides [24] and excised in a
dark room under UV light exposure. RNA recovery from gel slices was done overnight at
room temperature by gentle mixing, e.g. on a Nutator [24]. Size, quality and quantity of both
transcriptome and translatome samples were evaluated in a Agilent 2100 Bioanalyzer using
Nano and Small RNA kits (Agilent Technologies, catalog #s 5067-1511 and 5067-1548,
respectively).

Sequencing

All transcriptome and translatome samples were sequenced at BGI Tech Solutions
(Hong Kong). Transcriptome samples were sequenced using an RNA-Seq quantification
library protocol with ribosomal RNA (rRNA) removal library preparation, yielding at least 20
million paired-end (2x100 bp) reads. Translatome samples (ribosome footprints) were
processed by small RNA library protocol, yielding at least 80 million single-end (50 bp) reads.
Raw sequence data are available at the NCBI Sequence Read Archive (SRA;
https://trace.ncbi.nim.nih.gov/Traces/sra/) under BioProject ID PRINA677972.

Data Analysis

Quiality control of sequence files was performed using FastQC [26] and then mapped
against the Mus musculus genome (mm10/GRCm38 version) using bowtie2 [27]. Read
counts over mRNAs or genes were estimated by featureCounts [28], and differential gene
expression analysis of transcriptomes or translatomes was done separately using edgeR
[29] comparing each strain with their respective wild type. Normalized counts were exported,
and translational efficiency was calculated and contrasted between mice strain and WT
using the Xtail R package [30]. For both transcriptomes and translatomes, differentially

expressed genes (DEGs) were defined by a p-adjusted value (FDR) <0.05 and a fold change
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of >1 or >1.5, as indicated accordingly in each case. Functional interpretation and ontology
enrichment analysis of DEGs lists were performed using IPA (QIAGEN Inc.) [31], online tools
as STRING [32] and g:Profiler [33], and in-house software (manuscript in preparation;

https://github.com/sradiouy/IdMiner). AmiGO2 database [34] was used to retrieve genes

related to APP, A and tau metabolism. Plots were generated using R, by general or specific

packages as pheatmap (https://CRAN.R-project.org/package=pheatmap) and GOplot [35].

RESULTS

General features of the CVN and Tg2576 transcriptome and translatome data

Two transgenic mice models of AD at six months of age and their respective WT
controls (Table 1, Figure 1A) were used to explore transcriptional and translational gene
expression regulation in the brain cortex using RNA-Seq and Ribo-Seq, respectively (Figure
1B). More than 20 million of paired-end reads were obtained for transcriptomes and an
average of 120 million reads for translatomes (Table S1), derived from total RNA and
isolated ribosome footprints (Figure S1), respectively. For transcriptome samples 88% of
the reads aligned over the reference genome, of those, 90% mapped in gene regions and
77% in mMRNA regions (Table S1A). On the other hand, for translatome samples we were
able to map more than 10 million reads over mRNAs regions (Table S1B). In this case,
ribosomal RNA depletion was avoided to minimize protocol biases.

Expression levels (CPM, counts per million) were estimated for more than 14
thousand different mMRNAs in each sample above low/noise signal (Figure S2). Inter-
replicates correlation indicates high similarity between either transcriptome or translatome
samples, but lower correlations were obtained between RNA-Seq and Ribo-Seq data as
expected, hereafter named transcriptional and translational compartments (Figure S3). In
the same line, quality control comparisons between transcriptome and translatome samples
reveals the expected difference at the level of triplet periodicity and read distribution among
MRNA features (Figures S4 and S5). In addition, principal component analysis (PCA) shows

a clear separation between genotypes for both compartments (Figure S6).
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Differential gene expression regulation

We used edgeR R package [29] to detect differential gene expression regulation
comparing each transgenic mice with their respective WT controls. For the CVN transgenic
model we found 469 differentially expressed genes (DEGs; p-adjusted value <0.05) at the
transcriptome level and 1165 at the translatome level. Of those, 240 and 377 were changing
at >1.5 fold in each level (Table 2 and Figure 2). For the Tg2576 model, we found 343 DEGs
at the transcriptome level and 135 at the translatome level. In this case, 140 and 94
respectively, change at >1.5 fold in each level (Table 2 and Figure 3).

In order to specifically identify translational regulation events and disentangle
transcriptome from translatome regulation we estimated and compared translational
efficiency as the ratio between translatome and transcriptome levels. For this we used the
Xtail R package [30] and found 797 genes regulated in the CVN model, of which 144 were
changing at >1.5 fold (Table 2 and Figure 2). On the other hand, 87 genes were statistically
regulated at translational efficiency levels and 50 of them were changing at >1.5 fold in the
Tg2576 model (Table 2 and Figure 3).

Global distribution of DEGs expression values, the relationship between fold change
and p-adjusted values and association between transcriptome and translatome fold changes
are shown for both models in Figures 2, 3, S7 and S8. As expected, DEGs are distributed
along all expression levels (Figure 2A and D, 3A and D) and the relationship between fold
change and p-adjusted values shows the classic Volcano plots for both transcriptome and
translational efficiency levels (Figure 2B and E, 3B and E). When fold change at the
translatome level is plotted against transcriptome fold change, a clear correlation is
evidenced (Figure 2C and 3C). For example, in the CVN model, 106 out of the 160 DEGs at
fold change >1.5 at the transcriptome level are also DEGs at the same cutoff at the
translatome level (Figure S9A). The same correlation is evidenced for the transcriptional
down-regulated genes: 32 out of 80 are also down-regulated at the translational level (Figure
S9B). This correlation, also observed in the Tg2576 model (Figure S9C and D), indicates
the expected association between transcriptome and translatome samples. Regulated
genes at the level of translational efficiency, although less in number than those regulated
at the transcriptome level, show a different pattern of regulation (Figure 2F and 3F). In
general, regulation at translational efficiency implies genes with minimal changes at

transcriptome levels (fold changes values close to one), while increasing or decreasing


https://paperpile.com/c/QXzXKj/6EFhP
https://paperpile.com/c/QXzXKj/nmz4G

translatome levels. This pattern is also observed in Figure 4 where an expression heatmap
of DEGs is shown (see below).

Expression levels of DEGs at the transcriptome level show classical patterns of
regulation (Figure 4A and C) but at the translational efficiency level, different scenarios could
explain the observed regulation. For example, similar expression levels at the transcriptome
but an increase/decrease at the translatome implies translational efficiency regulation. In the
same way, increasing transcriptome levels while reducing translatomes also leads to
changes in translational efficiency. All these scenarios can be observed in Figures 4B and
D. Heatmaps of regulated genes exclusively at the translational level are described in
Figures S7D and S8D for each transgenic model.

Functional analysis of regulated genes

In order to explore enriched biological functions up- or down-regulated we used IPA
(QIAGEN Inc.) [31]. As a group of genes we used DEGs changing at >1-fold to analyze a
larger gene list and obtain more robust biological signatures. As illustrated in Figure 5, the
CVN model shows a clear functional response at the transcriptome, translatome and
translational efficiency levels (Figure 5A, S10 and Table S2). For this model, down-regulated
biological functions are clearly related to neurodegeneration process (neurodegeneration,
degeneration of neurons, nerves and neuro system, release of L-glutamic acid, among
others). Regarding up-regulated functions, we observed a neuroprotective response of the
microglia cells probably to the early accumulation of AR and also other neuron-related
processes with protective functions, such as quantity of neurons, growth of neurites, synaptic
transmission, etc. However, we found evidence that activation of neurodegenerative-related
processes are occurring, especially at the transcriptome level, as the categories of axonal
growth were decreased and neuronal cell death processes were increased (Table S2). Also,
at the translational efficiency level, we found a marginal (low z-score) decreased category
corresponding to long-term potentiation (LTP) (Figure 5A). For the Tg2576 mice model, the
functional response was barely informative since only few categories were found as enriched
(Figure 5B and Table S2). At the transcriptome level only three categories were found as
increased, all of them related to neuroprotective functions. Also, at the translatome level only
one category was found decreased, but with a low z-score, and no results were found when

analyzing translational efficiency DEGs.
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We then performed an upstream analysis to infer modulated genes by the observed
regulation of their targets. Here, we were able to reveal genes as inhibited or activated at
the three levels studied, that are not discovered among the DEGs. For the CVN model, most
of the upstream genes found are closely related to AD pathology and could be interpreted
as regulated in a protective direction, to avoid AP accumulation and response against
neurodegeneration (Figure 6). For example, inhibited upstream inferred genes include:
Psenl, Psen2, Apoe, B4galntl, St8sial and Ctcf from the transcriptome level; Ssb from the
translatome level and Adora2a from the translational efficiency level (Figure 6A, C and E).
In all these genes, an inhibited activity could be interpreted as neuroprotective as is clear for
Psenl, Psenl and Apoe, but also for B4galntl and St8sial, two ganglioside synthase which
increase APP cleavage and affect memory [36,37]. CTCF, a transcription factor that could
act as activator or repressor, and is also an insulator protein that defines chromatin domains,
is able to up-regulate APP expression [38]. Also Ctcf knockout in mice hippocampus
increase cytokines expression and activates microglia [39]. In the case of ADORA2A, an
adenosine receptor, it has been observed that pharmacological inhibition or downregulation
of these receptors can restore LTP and revert memory deficits [40,41]. On the other hand,
upstream genes indicated as activated seems to represent both protective and degenerative
fashions (Figure 6B, D and F). Genes as Tcf712 and Csfl, inferred as activated from the
transcriptome level, have probably a protective function: TCF7L2 may be involved in
improving neurogenesis and compensate neuron loss [42] and CSF1 has been associated
to microglia activation, prevention of cognitive loss and reduction of AR accumulation [43,44].
Ptfla and Ifng genes, defined as upstream activated gene from the translational level study,
may also act as protective. PTF1A can induce neuronal stem cell generation that can
improve cognitive dysfunction [45]. Interferon gamma can activate microglia to suppress AR
deposition and can induce neurogenesis improving cognition [46—48]. In addition, other
genes as Tnf may be activated in a degenerative fashion: TNF is a proinflammatory cytokine
that exacerbates both AB and tau pathologies in vivo and TNF inhibitors might slow down
cognitive decline [49]. However, the roles of cytokines as IFN-y and TNF-a could be
controversial in AD [50]. The upstream activated genes identified from the translational
efficiency DEGs were Ptfla (see above) and Prkcg, both probably protective. The protein
kinase C gamma, PRKCG, is able to stimulate the APP processing by a-secretase to

produce soluble fragments of APP and reduce A accumulation [51]. On the other hand, as
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anticipated by the uninformative functional enrichment analysis for the Tg2576 mice, we did

not observe any upstream regulated gene for this model.

Regulated genes in the CVN model reveals an specific microglia signature responding to AB
To complement the functional analysis we used an in-house developed tool named

IdMiner (manuscript in preparation; https://github.com/sradiouy/IdMiner) to fully interpret

represented functions in DEGs lists. This software is a text-mining tool that captures
previously reported associations between gene lists and user-defined terms using the
PubMed database. We found that among up-regulated genes in the CVN model at both
transcriptome and translatome levels there was a clear signature of disease-associated
microglia (DAM). This signature includes genes as Trem2, Tyrobp, TIr2, Cd68, Gpr84,
Gpnmb, Itgax, ltgb2, Lpl, Clec7a, Cst7 and Ccl6 [17,18,52-55]. All these genes encode for
transmembrane proteins that were described to be highly expressed in a microglia
subpopulation that specifically respond against neurodegeneration. The overexpression of
these markers orchestrate DAM to localize AB deposition and favors its clearance [17,52].
This signature is part of the immune system process, a statistically overrepresented function
among up-regulated genes networks at the transcriptome and translatome level (Figures
S11 and S12).

Other up-regulated genes at both levels include genes expressed either in non-
neuronal or neuronal cells, as previously reported. For example Gfap and Serpin3 genes
were found to be overexpressed in astrocytes in AD conditions [56-59]. Solute carrier family
members and hippocalcin-like proteins are also up-regulated in accordance with their
possible neuroprotective described functions in AD context [60,61]. We also found up-
regulation of Mid1 gene expression, a member of the Midl complex which binds to and
accelerates App mRNA translation through mTOR pathway [62]. The tyrosine kinase Fgr
was also up-regulated at both levels. This kinase is able to bind tau but its interaction is not
well described [63]. However, the Fgr paralog Fyn is able to phosphorylate tau causing
neurotoxicity [64], so we hypothesize that Fgr could also be involved in post-translational
modifications of tau.

The analysis of the list of up-regulated genes specifically at the translatome level
reveals more interesting cases. For example, we found the histocompatibility 2 class Il
antigen A gene, H2-Abl, that is also described as a marker for DAM [52,53]. Also,

complement components 4a and 4b were up-regulated as previously described in response
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to AB plaques increase [59]. The Csf3r gene was also up-regulated at the translatome level
as expected since it was found highly expressed in early stages of AD [65]. Deficiency in its
ligand, G-CSF, has a deep impact in hippocampal structure and function leading to
disruption in memory formation and impaired behavioral performance [66]. Concordantly, G-
CSF administration functions as a neurotrophic factor and induces astrocytes and microglia
activation [67,68], so probably, increasing G-CSF receptor CSF3R is a response mechanism
to mitigate neurodegeneration.

When studying the list of up-regulated genes particularly at translational efficiency
level, although having a small number of genes we found several interesting cases from
which we highlight Serpina3g, Frmd4a, Rras2, Nav2, Adam12, Pparg, Mid1, Ldlrad3 and
Cd44. Here we found some genes associated with protective/beneficial functions, for
example trying to reduce the high levels of AR production: Frmd4a, Pparg and Rras2 [69—
72], but also other genes (Adaml12, Midl and Ldlrad3) related to AR production or
neurotoxicity [62,73,74].

Regarding down-regulated genes, we also found genes related to AB accumulation.
Complement defense 59a, Cd59a, was down-regulated at the transcriptome level as is
expected in response to AR and could explain neuronal vulnerability and loss [75,76].
Calbindin 2 or Calretinin (Calb2) positive interneurons are specifically decreased as early
targets of AR accumulation in the hippocampus [77] and here its expression was down-
regulated at the transcriptome and translatome levels. Pin4 was also down-regulated at both
levels in accordance with the decrease observed for Pinl, a paralog gene, which plays a
role in the accumulation of AR [78-80]. Other down-regulated genes, probably due to the
neuropathological context, were Rplp0 and Igf2 [7,81], while genes like Slcl17a8 and

Tenascin-C were probably down-regulated in order to ameliorate pathology [82].

Tg2576 model shows differentially expressed genes associated to APP metabolism

The same analysis performed above was applied for the study of DEGs list in the
Tg2576 mice model. Although the number of DEGs in this model is almost half compared to
the CVN mice model, interesting genes arise from the analysis. For example, the Toll like
receptor 6 gene (TIr6) was up-regulated at both the transcriptome and translatome levels.
This receptor is able to dimerize with TLR4 and interact with CD36 to bind A and activate
microglia promoting neurodegeneration [83]. Calpain 11 was also up-regulated at the

transcriptome level, as expected since calpains are hyperactivated in AD [84,85]. Cdk5rapl,
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an inhibitor of Cdk5, was also up-regulated and could have a protective effect since Cdk5
activation causes hyperphosphorylation of APP and tau leading to plaques and tangles [86—
88]. Also, CDK5 has been described as a mediator of AB-induced neuronal cell cycle reentry
that leads to neurodegeneration [89].

At the translatome level, other interesting up-regulated genes were found.
Apolipoprotein D, which has displayed a neuroprotective effect [90] and is induced in
hippocampal cells in response to AR [91], increases its translational levels. Another gene
with a neuroprotective function up-regulated at the translatome level was Metallothionein 3
which is expressed by the astrocytes to uptake AR [92]. However, its role is still controversial
with opposite findings in vitro and in vivo, and over the different models used. For example,
a study using the Tg2576 mice model shows that this gene could have opposite effects
depending on gender, brain region and age [93]. Genes up-regulated exclusively at the level
of translational efficiency were related to AB production and disease. For example Serf2, a
positive regulator of amyloid protein aggregation [94,95], and Hras2, described as an AD
biomarker, is stimulated by A and produces a reduction in LTP [70].

Regarding down-regulated genes at transcriptome level, several cases confirm what
was expected from previous reports. For example, KIk6, a peptidase that cleaves APP was
found to be down-regulated in the cortex of human postmortem samples of AD patients
compared to controls [96,97]. The somatostatin receptor 5 was also down-regulated at both
transcriptome and translatome levels, consistently with the decreased levels found for these
receptors in the cortex of AD patients [98,99]. The Fabp5 gene was found to be down-
regulated at the translational efficiency level as expected since a FABP5 deficiency was
associated with increased vulnerability to cognitive deficits in mice with APP pathology
[100,101].

Common regulated genes in both transgenic mice models

In order to explore commonalities shared by both models, we compared DEGs
obtained in each comparison using a fold change cutoff of 1 to handle larger numbers (Table
2). Although common genes represent less than 10% in all pairs of lists compared some
interesting cases were observed. For example, when comparing up-regulated genes at the
transcriptome level between the CVN (282 genes) and the Tg2576 mice models (195 genes)
we found 25 shared genes. Of those, 19 are classified as predicted genes. Exhaustive

analysis reveals that those genes are mainly protein coding genes encoding for Zinc finger
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proteins, Alpha-takusan like proteins, and also a long non-coding RNA (Gm26650). Alpha-
takusan proteins are a large family that regulates synaptic activity and have been reported
that can mitigate AB-induced synaptic loss [102,103]. Among common and annotated genes
we found Lrrc37a, a leucine-rich repeat containing gene that encodes a plasma membrane
protein involved in intracellular vesicle trafficking [104] and Osmr, the Oncostatin M
Receptor. Lrrc37a was previously associated with AD because it presents significant SNPs
genome-wide associations in APOE-affected individuals and it is located in a locus adjacent
to Mapt [105]. On the other hand, it has been reported that Oncostatin M has a
neuroprotective effect against Ap toxicity [106].

When exploring the list of up-regulated genes at the translational level shared in both
transgenic models several interesting cases were noticed. In this particular case, due to the
small number of translational up-regulated genes in the Tg2576 model (66 genes, Table 2),
we only found 6 genes in common. However, among them we found the Lrrc37a gene and
a predicted gene (Gm3173) annotated as an alpha-takusan-like protein (see above). Other
interesting genes found were Gfap and hemoglobins alpha 1 and 2. Glial fibrillary acidic
protein (GFAP) is an intermediate filament protein and a glial marker highly expressed in the
reactive astrocytes who surround AP plaques [56,107]. Regarding hemoglobin alpha 1 and
2 (Hba-al and Hba-a2) it has been observed that neurons can express these proteins [108]
and that hemoglobin can bind AB and co-localize with plaques [109,110].

Among common down-regulated genes we found a total of 13 genes, 8 down-
regulated at the transcriptome level and 5 at the translational level. Here we highlight
Tmem59| (Transmembrane Protein 59 Like), an important paralog of Tmem59, down-
regulated at the transcriptome level. TMEM59 has been identified as a novel modulator of
APP shedding, controlling APP post-translational modification, APP cellular traffic and
cleavage [111]. More recently, it has been reported that TMEMS59 interacts with TREM2 (see
above and discussion) and that TMEM59 homeostasis is regulated by TREM2 in order to
control microglia activity [112]. Common genes down-regulated at the translatome level
include ribosomal proteins and a ribosome biogenesis factor (Rpl5, Rpl32 and Wbscr22),
the fatty acid binding protein 5 (FABP5) discussed before and an adaptor related protein
complex 4 (AP4S1). It has been observed that the adaptor protein 4 interacts with APP and
that the disruption of this interaction stimulates APP cleavage and AB production [113].

Finally, we also observed biological functions shared between the two APP-related

mice models. For example, it is interesting to note that several genes affected in each model
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are associated with APP and AB metabolism, either with neuroprotective or neurotoxic

functions (Figure 7).

DISCUSSION

We used RNA-Seq and Ribo-Seq to explore transcriptional and translational gene
expression regulation, respectively, in the brain of two transgenic mice models of AD. The
study of translation regulation using Ribo-Seq in animal’s brain tissue is not so extended
(see examples in [114-117]), and as far as we know, this work represents the first approach
in AD models. The selected transgenic mice models used are both amyloid models since
the two of them have a transgenic insertion of the APP gene with specific mutations that
increase levels of AB and amyloid plaques (Table 1). Mice were sacrificed at 6 months old,
as a relative adult age and preferentially asymptomatic: the CVN mice are completely
asymptomatic at this age, showing no phenotypic alteration reported. On the other hand, the
Tg2576 mice exhibit cognitive deficits before 6 months of age, but interestingly develop AR
plagues later, around 12 months of age (Figure 1A).

The isolated total RNA and ribosome footprints obtained from the brain cortex (Figure
S1) yield more than 20 and 120 millions of paired-end and single-end reads, respectively
(Table S1). We decided to specifically use the brain cortex in order to be focused on a region
highly degenerated and pathologically compromised over disease progression in humans,
but also in animal models. As anticipated, around 80% of the ribosome footprints samples
were rRNA fragments derived from the RNAse digestion. Having this in mind, we decided to
proceed with a deep sequencing in order to obtain a considerable amount of non-rRNA
reads. By doing so, we were able to get more than 10 million of ribosome footprints mapping
over MRNAs in each sample (Table S1), avoiding adding extra steps handling the footprints
in an effort to reduce variability and biases. In this scenario, we defined expression levels
for more than 14 thousands genes in each transgenic mice. As expected, almost all detected
genes at both transcriptome and translatome levels were in common (Figure S2). By
studying mapping features and read periodicity we could properly separate transcriptome-
derived from translatome-derived reads (Figures S4 and S5). Translatome-derived reads
are more prone to map over coding regions than transcriptome-derived reads that also are

found in untranslated regions as 5’- and 3’-UTRs. Also, translatome-derived reads show the
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classical three nucleotide mapping pattern periodicity not detected in transcriptome-derived
reads, mounting evidence of a solid transcription and translation dataset.

Differential gene expression analysis was performed over transcriptome and
translatome samples separately, comparing transgenic mice versus WT, to explore
deregulated genes in each model. However, considering that differences at the translatome
level could be explained by regulation at the transcriptome level, we estimated translational
efficiency as the ratio between translatome and transcriptome levels to specifically identify
translational regulation events [19] (Figures 2 and 3). Despite the fact we have used different
animals as replicates, which compromise a considerable level of biological variation,
samples clustered as expected as evidenced by PCA (Figure S6). Also, we were able to
define lists of genes with a significant statistical difference between genotypes at the level
of p-adjusted value <0.05 (Table 2). Expression levels of DEGs also separates samples as
expected and shows the different levels of regulation observed, especially when analyzing
translational efficiency regulation (Figure 4). As a control comparison, we also explored
differential gene expression between WT animals. Although identifying DEGs, there is not a
considerable overlap with previously defined DEGs and enriched biological functions
observed were either not related to the results previously discussed or absent (Figures S13
and S14).

The functional analysis of regulated genes involves different approaches and
techniques. In the first place, we used standard gene ontology and functional enrichment
tools, as IPA and STRING. These approaches revealed interesting results indicating a clear
signature of decreased neurodegenerative-related process and increased neuroprotective-
related functions, particularly for the CVN strain (Figures 5 and 6). In second place, we
complement the analysis with an in-house developed tool
(https://github.com/sradiouy/IdMiner) to deeply explore DEGs lists in order to find relevant
associations between genes and biological functions related to pathology. By using this
approach we detected several genes associated either with the neurodegenerative and
neurotoxicity phenotype or with protective and beneficial functions (see below).

We identified a clear DAM gene signature in the CVN transgenic model mainly
composed of transmembrane proteins up-regulated at both transcriptome and translatome
levels, identified at a first place as members of an immune system process response (Figure
S11 and S12). The main functions of this DAM population, characterized by the presence of

these genes, is to localize AB plaques and proceed to its clearance and it has been
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described before in other transgenic mice models of AD at the same age or at older ages
[17,18,52,53]. It is interesting to point out that this is the first time this signature is described
in the CVN transgenic model and that also is the first time it is seen activated at translatome
levels since previous studies were focused only on transcriptome quantifications. Also it is
noteworthy that this DAM population is present in a complete asymptomatic and early stage
of the mice phenotype, since this model is supposed to describe AR deposits and cognitive
impairment at 12 months old. Among the genes present in this signature we found several
interesting cases, for example Trem2 and Tyrobp genes both were up-regulated
(transcriptome level: fold change = 2.12 and 1.66, p-adjusted = 1.18E-15 and 6.22E-4,
respectively; translatome level: fold change = 1.90 and 1.72, p-adjusted = 4.25E-8 and
1.39E-4, respectively). The TREM2/TYROBP complex expressed in microglial is necessary
to prevent AR accumulation and diffusion [17,118-120]. TREM2/TYROBP-dependent cell
activation seems to be beneficial [121], while Trem2 deficiency impairs cellular metabolism
and promotes increased autophagy in microglia in an AD mouse model [122]. Concordantly,
we found several members of the TYROBP AD-related pathway [54,123] either regulated at
the transcriptome, translatome or both levels in the CVN mice (Figure S15). Regarding
TREM2, transgenic overexpression of the human version of this gene modified the
morphological and functional responses of microglia, which resulted in amelioration of the
pathology and memory deficits in an AD mouse model [124]. Interestingly, it has been
reported that TREM2 interacts with TREM59 and modulates microglia activation [112]. Here
we found Trem59l as a down-regulated gene at the transcriptional level present in both
transgenic mice models (CVN: fold change = -1.89 and p-adjusted = 3.56E-28; Tg2576: fold
change = -1.29 and p-adjusted = 0.01). Considering the upregulated genes at the
translational level, two different sets of genes are observed. One set associated with
protective functions like reducing AB production, and others related to the high levels of A
and neurotoxicity. A similar interpretation is made from the lists of down-regulated genes.
Regarding the Tg2576 transgenic model, although it presents behavior alterations at
young ages, AB plaques are not described at 6 months old (Figure 1). However, we found a
group of genes regulated at transcriptome and/or translatome levels that have been reported
to be altered in response to the presence of AB. Also, as observed in the CVN model, we
found genes associated with neuroprotective functions and others with a neurodegenerative

phenotype related to APP metabolism.
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We also explored common DEGs at transcriptome or translatome levels in both
transgenic mice models. In spite of each transgenic mice has a different genetic background
(Table 1), they show a complete different pattern of phenotypic alterations (Figure 1A) and
each model shows different regulation levels (Table 2), it is interesting that they share
regulated genes at the transcriptome and translatome levels. These genes, evidenced at
early stages of the disease, have described functions that could be associated with AD
pathology, for instance: alpha-takusan proteins, Lrrc37a, Osmr, Gfap, hemoglobins alpha 1
and 2, Tmem59l and Fabp5. Despite no AB plaques are described in the mice's brains at
this age, most of the genes are implicated in APP metabolism in a neuroprotective fashion
that responds to AR accumulation. This set of common regulated genes, and the set of genes
described before, represents interesting and challenging cases to further explore in order to
better understand the transcriptional and translational control of gene expression that is
occurring in AD pathology.

Recent advances in genomic views of translation have been essential to widen our
current concepts about the dynamic properties of protein translation as a process, and
increase the relevance that regulation of translation has on particular sets of mRNAS,
thereby later impacting the overall view of proteostasis. Besides pointing to novel
transcriptional regulation events in AD disease models, here we uncover that translation is
important in regulating key AD related genes at early asymptomatic stages of the disease
models that may impact in the slow and accumulative process that initiates AD. Several of
the dysregulated pathways observed here will need further study to elucidate regulation
mechanisms but certainly put translation regulation in the road map to understand AD

dysregulated processes.
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TABLES

Table 1. Genotype description of the transgenic mice used.

_ o Genetic
Genotype Gene(s) Mutations Modification
Background
APP APP: APP: Transgenic
CVN NOS’2 K670N/M671L, NOS2: Knock- C57/BL6
E693Q, D694N Out
Tg2576 APP APP: KM670/671NL  APP: Transgenic B6;SJL
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Table 2. The number of differentially expressed genes for CVN (upper panel) and Tg2576
(lower panel) transgenic mice contrasted to WT animals is shown. Differentially expressed
genes, defined by p-adjusted value <0.05, are separated by fold change intervals. For each
genotype, comparison at the transcriptome level (RNA-Seq) and translatome level (Ribo-

Seq) by edgeR; and at the translational efficiency (TE) level by Xtail, are shown.

p-adjusted value < 0.05

CVNvs WT
FC>15 FC>1 FC<-15 FC«<-1
RNA-Seq 160 282 80 187
edgeR
Ribo-Seq 300 830 77 335
Xtail TE 88 491 56 306

p-adjusted value < 0.05
Tg2576 vs WT

FC>15 FC>1 FC<-15 FC«<-1

RNA-Seq 76 194 64 149
edgeR

Ribo-Seq 46 66 48 69
Xtail TE 25 50 25 37
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FIGURE LEGENDS

Figure 1. Phenotypical description of the transgenic mice used as AD amyloid-related
models and an illustrative representation of the protocol used. (A) Phenotype
characterization of each transgenic model, CVN and Tg2576, described by the Alzforum
organization website is shown. Three male, 6 months old mice were used per genotype. (B)
A brief illustrative description of the experimental approaches used here is presented. (i)
Brain cortex is dissected and (ii) homogenized using a glass Dounce homogenizer. At this
point, (iii. a) a transcriptome sample is separated to proceed with total RNA isolation and
RNA-Seq protocol. In parallel, (iii. b) post mitochondrial supernatant is obtained and (iv. b)
ultracentrifuged to isolate polysomes (v. b). An RNAse protection assay is performed over
polysomes (vi. b), where a controlled digestion generates small mMRNA fragments. These
ribosome footprints are isolated (vii. b) and submitted to high-throughput sequencing (Ribo-
Seq protocol).

Figure 2. Differential expression analysis performed by edgeR for transcriptomes (A-C), and
by Xtail for translational efficiency values (D-F), comparing CVN transgenic mice against
wild type. Scatter plots comparing normalized CPM expression between genotypes for
transcriptome and translational efficiency values, respectively, are shown in (A) and (D).
Volcano plots where the relationship between fold change and p-adjusted values is
evidenced for transcriptome and translational efficiency comparison, respectively, are
shown in (B) and (E). Scatter plots comparing translational vs transcriptional fold change
are shown in (C) and (F). In both cases, regulated genes identified in each level are colored.
In all plots, colored dots indicates differentially expressed genes (p-adjusted value <0.05)
by the following criteria: red up-regulated genes by >1.5 fold, orange up-regulated by >1
fold, blue down-regulated genes by <-1.5 fold and sky-blue down-regulated genes by <-1
fold.

Figure 3. Differential expression analysis performed by edgeR for transcriptomes (A-C), and
by Xtail for translational efficiency values (D-F), comparing Tg2576 transgenic mice against
wild type. Scatter plots comparing normalized CPM expression between genotypes for
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transcriptome and translational efficiency values, respectively, are shown in (A) and (D).
Volcano plots where the relationship between fold change and p-adjusted values is
evidenced for transcriptome and translational efficiency comparison, respectively, are
shown in (B) and (E). Scatter plots comparing translational vs transcriptional fold change
are shown in (C) and (F). In both cases, regulated genes identified in each level are colored.
In all plots, colored dots indicates differentially expressed genes (p-adjusted value <0.05)
by the following criteria: red up-regulated genes by >1.5 fold, orange up-regulated by >1
fold, blue down-regulated genes by <-1.5 fold and sky-blue down-regulated genes by <-1
fold.

Figure 4. Heatmap of DEGs (|fold change| >1.5 and p-adjusted value <0.05) at
transcriptome compartments (A and C) and at translational efficiency (B and D) for CVN (A-
B) and Tg2576 (C-D) transgenic mice models.

Figure 5. Functional enrichment analysis of DEGs. The top10 (z-score) most decreased and
increased functional categories are shown for each level (RNA-Seq or transcriptome, Ribo-
Seq or translatome, and translational efficiency) and for both transgenic mice, CVN (A) and
Tg2576 (B). Analysis was performed using IPA (QIAGEN Inc.) and graphical representation
was obtained from GOplot R package. See Table S2 to find the complete set of decreased

and increased pathway at each level and transgenic mice.

Figure 6. Upstream inferred regulation analysis performed by IPA. The inferred upstream
genes marked as inhibited (blue) or activated (red) based on their targets regulation
observed is shown for each level: RNA-Seq or transcriptome (A-B), Ribo-Seq or translatome
(C-D), and translational efficiency (E-F).

Figure 7. Expression regulation of genes related to A, APP or tau metabolism in the CVN
(A) or Tg2576 transgenic mice (B). Several gene ontology categories of genes, obtained

from AmiGO2, were merged to consider all genes related to AR, APP or tau metabolism.
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Genes were selected by p-adjusted value <0.05 and the expression level of those significant

genes is shown as a heatmap.

23



FIGURES

A .‘-\ Neuronal Loss
1 o ApB Plaques Cognitive Imp
. | T | I | CUN
2 o 3mo 16 mo, 9 mo 12 mo
| [ ] W] | Tg2576
i AB Plagues
Changes LTP Gliosis
g n=3
B i ik ji.a . Transcriptome Sample
(7 RNA-Seq
M-b <= post Mitochondrial
Brain cortex | —| Supernatant
"::-,Ei" Ribo-Seq
vi. b Vii. b A
1 o
sw41 Ti ’“’\M‘%\,\r . == ~
HW\’LL’W " s
; Ribosome
M"H My s Footprints
FIGURE 1

24



.

CVYN
TRANSLATIONAL
EFFICIENCY

NAD - Aousiayg |eucnejsuel] ghioq
(m]

CVN
TRANSCRIPTOME

r T 1
oL S 0

< NAD - swoiduosuel) dD pazijewuoy gbo

10

10

Log2 Mormalized CPM Transcriptome - Wild Type

Log2 Translational Efficiency - Wild Type

(4Q4) enjenpajsnipe d gjBo7-

14

02

1
Sl

{4Q4) enjen paysnlpe d gy bo7-

!
oL

Log2 Translational Efficiency FC {CVNANIID Type)

Log2 Transcriptional FC (CVMNAWVild Type)

o

(adA] plian/NAD) 24 leuoiejsuel] gBoT

Log2 Transcriptional FC (CWMNANI Type)

Log2 Transcriptional FC (CVMN/Wild Type)
25

FIGURE 2



Tg2576
TRANSLATIONAL
EFFICIENCY

oL 8 9 v 4 "] <
a/Ggb] - Asusioyg |euonejsuel) o
a
-
s
O
o =
N L
o
(]
o O
= 0
=
&
I~
I T 1
o ] 1]
< 9,576 — awopduasuel| 4o paziewsopn zho

10

10

Log2 Mormalized CPM Transcriptome - Wild Type

Log2 Translational Efficiency - Wild Type

I ! I T
] v € Z

(¥Q4) anjen peisnipe d g}6o7-

T T T T T
9 < ¥ £ 4

m (44} anjeapaisnipe d g}6o-

Log2 Translational Efficiency FC (Tg2576/\Wild Type)

Log2 Transcriptional FC (Tg2576/\Wild Type)

(add | piaygGzB 1) 04 [euonejsuel) z6o

T T T T
[ L ] L=

{add | piansa/5zB1) 04 [euonesuel] zboq

o

Log2 Transcriptional FC (Tg2576/\\ild Type)

Log2 Transcriptional FC (Tg2576/\Wild Type)

26

FIGURE 3



CVN

CVN

CVN-3

O<Z-L_

CVN-2

Wit-2

Wt-1

Wt-3

Translatome

Transcriptome

Tg2576

Wt

Tg2576

Wit

Wit-3
Wit-1
Wi-2
Tg2576-3
Tg2576-2

Tg2576-1

Translatome

Transcriptome

FIGURE 4

27



A CWN

35

-log10 p value

Decreased

RNA-Seq

Increased
Quantity of
microglia

20

-3 -2 -1 00 1 2 3
z-score
B Tg2576 RNA-Seq
Decreased Increased
40 .
o
Microtubule
3_ 20 dynamics
g
a
=)
@
o
20 9"“;
3 2 -1 00 1 2
z-score
FIGURE 5

Ribo-Seq

Decreased Increased
Cuantity
of cells

of nervous Synaplic

Degeneration  leukocytes Cuantity
of neurons of neurons
Release of Growth of
L-ghutamic au:id-. neurites.
-2 -1 00 1 2 3
Z-score
Ribo-Seq
Decreased
40
30
Cuantity of
neuroglia
: .
-3 -2 -1 o0
z-score

28

Translational Efficiency

Decreased Increased
30 transmission
) -
25
AT
patentiation
@
Development
20 ) § of neurons
Degeneration of peripheral
Iyelnation of Quantity of
Nenvous system Synapse
15 0y o
Neuritogenesis
-3 -2 -1 00 1 2 3
Z-score
Increased



FIGURE 6

Translational
Efficiency

29

GRIK2

Prediction Legend ————
more exveme in dataset fess

. Increased measurement O
. Decreased measurement o

'more confidence less
@ rPredicted activation ()
@ Predicted inhibition

Glow Indicates activity .
when opposite
of measurement .

Predicted Relationships
=== Leads to activation
=== Leads to inhibition
~=== Findings inconsistent
with state of downstream
molecule

= Effect not predicted




Csnkle
Chrna7
Aatf
C3
Trem2
Ldir
Fecgr2b
Cbhar1
ltgb2
Rock1
Cacnala
Rtn4
Spon1
Egr1

RNA-Seq Ribo-Seq &

Hsp90ab1
Tiré

Srf

Grm5

Wit Tg2576 Wit Tg2576

RNA-Seq Ribo-Seq Mean log2 CPM

FIGURE 7

30



SUPPLEMENTARY MATERIAL

Table S1. The number of sequenced and mapped reads is shown for each model for both

transcriptome (RNA-Seq; A) and translatome (Ribo-Seq; B) samples.

A
PE reads PE reads Broken counting over
Total % of
Genotype # mapped mapped PE reads
Reads . map. mMRNAs (21 989) genes (46 095)
concordantly discordantly mapped
1 23,135,637 18,253,665 862,612 2,892,742 88.9% 31,934,134 77.7% 36,855,454 89.6%
CVN 2 22,997,533 18,104,983 843,327 2,861,377 88.6% 31,583,039 77.5% 36,571,542 89.7%
3 23,036,754 17,654,723 874,552 3,003,636 87.0% 30,657,313 76.5% 36,006,497 89.9%
1 23,263,962 18,347,017 855,608 2,928,713 88.8% 31,856,021 77.1% 37,089,239 89.7%
Wt 2 23,492,421 18,619,340 873,227 2,872,726 89.1% 32,376,097 77.3% 37,628,971 89.9%
3 23,609,748 18,518,928 834,489 2,968,238 88.3% 32,253,440 77.4% 37,445,618 89.9%
1 23,950,074 18,677,371 900,467 3,185,344 88.4% 32,346,342 76.4% 37,931,132 89.6%
Tg2576 2 23,656,574 18,517,226 854,470 3,006,279 88.2% 32,233,304 77.2% 37,456,950 89.7%
3 23,431,043 18,285,070 935,969 3,067,945 88.6% 31,390,282 75.6% 37,346,615 90.0%
W 1 21,085,032 15,995,496 797,005 2,833,921 86.4% 27,935,114 76.7% 32,647,797 89.6%
t
42576 2 22,758,028 17,429,707 871,461 3,029,020 87.1% 31,077,379 78.4% 35,511,353 89.6%
g
3 23,032,760 18,036,162 829,500 2,945,435 88.3% 31,337,466 77.0% 36,505,692 89.7%
B
aligned . counting over
aligned >1
Genotype # Total Reads non rRNA exactly 1 _
) times MRNAs (21 989) genes (46 095)
time
1 125,158,118 18,467,165 14.8% 11,294,565 4,039,692 11,817,046 77.1% 12,885,534 84.0%
CVN 2 124,834,868 19,343,288 15.5% 11,757,820 4,071,266 12,333,505 77.9% 13,623,963 86.1%
3 124,796,265 21,304,049 17.1% 11,469,519 4,897,991 12,138,772 74.2% 13,253,986 81.0%
1 125,600,184 16,312,016 13.0% 9,756,019 3,647,431 10,303,253 76.9% 11,447,979 85.4%
Wt 2 147,633,148 19,439,215 13.2% 11,483,105 4,298,470 12,055,087 76.4% 13,555,389 85.9%
3 98,153,015 12,829,605 13.1% 7,729,089 2,643,123 8,050,517 77.6% 8,896,089 85.8%
Tg2576 1 124,934,216 16,796,957 13.4% 10,220,204 3,399,665 10,695,295 785% 11,866,137 87.1%
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2 125,030,269 18,376,892 14.7% 11,180,855 3,916,901 11,626,486 77.0% 12,872,033 85.3%
3 124,656,995 16,552,770 13.3% 9,729,332 3,516,747 10,093,511 76.2% 11,355,864 85.7%
1 125,767,260 14,955,168 11.9% 8,867,825 3,298,156 9,367,092 77.0% 10,254,327 84.3%
:22576 2 126,692,576 18,912,320 14.9% 11,609,538 4,463,051 11,938,808 74.3% 13,162,956 81.9%
3 125,199,385 15,079,762 12.0% 9,470,651 3,253,477 9,773,898  76.8% 10,773,420 84.7%
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Table S2. Complete set of decreased and increased pathway for both transgenic mice at
the transcriptome, translatome and translational efficiency level determined by IPA.

(Excel file attached)

33



SUPPLEMENTARY FIGURE LEGENDS

Figure S1. Ribosome footprints purification. (A) Polysome fraction digested with Benzonase
were separated in a 15% PAGE with 7M Urea. Wells description: 1, 3 and 11 — RNA oligos
of 26 and 34 nucleotide in length; 2 an 12 — Ultra Low DNA Ladder (Invitrogen, catalog #
10597012); 4 to 6 — Polysome digestion of WT brain cortex; 8 to 10 — Polysome digestion
of CVN brain cortex. Using RNA oligos as markers (indicated in full line boxes), ribosome
footprints bands were identified and excised in a dark room under UV light exposure
(indicated in slashed line boxes). (B) Ribosome footprints quality was evaluated in a 2100
Agilent Bioanalyzer instrument using a Small RNA kit. Electropherograms of unpurified
polysome digestion sample (red line) and of purified ribosome footprints sample (blue line)
are shown. Ribosome footprints sample consists of RNA fragments around 30 nucleotides

in length.

Figure S2. Transcriptome and Translatome detected genes. Venn diagram indicates the
number of detected and shared genes for each compartment for CVN (A) and Tg2576

transgenic mice (B).

Figure S3. Inter-replicate correlation among transcriptomes and translatomes samples for
CVN (A) and Tg2576 mice (B). Pearson correlation value is shown for each pairwise

correlation and indicated in a color scheme.

Figure S4. Observed-to-expected ratio of the Ribo-Seq and RNA-Seq derived reads
mapping to each of the three nucleotides in codons. Ribo-Seq derived reads 5 ends are
preferentially enriched at the first nucleotide of the codon (A), while RNA-Seq derived reads
5’ end are distributed more equally among the three nucleotides (B). The same periodicity
pattern is observed indistinctly in the CVN and Tg2576 transgenic mice models and their
wild type controls. The analysis was performed following the criteria described by Ingolia et
al. Science 2009 and Guo et al. Nature 2010.
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Figure S5. Distribution of mapped reads among coding sequences (CDS), 5 and 3
untranslated regions (5’-UTR and 3’-UTR). (A) Fraction of mapped reads among mRNA’s
features is shown for CVN and Tg2576 transgenic mice models and their wild type controls,
for the Ribo-Seq and RNA-Seq data sets. Ribo-Seq derived reads map preferentially over
CDS and RNA-Seq derived reads are distributed in a more uniform pattern. This difference

is not due to a bias in feature length as is shown in (B).

Figure S6. Principal Component Analysis for transcriptomes (A and C) and translatomes
samples (B and D) of CVN (A-B) and Tg2576 (C-D) mice model. In each case, a 2D plot of
principal component 1 and 2 for transcriptomes or translatomes is shown with the scree plots

associated indicating the percentage of explained variation by each dimension of the PCA.

Figure S7. Differential expression analysis performed by edgeR for the translatome
compartment comparing CVN transgenic mice against wild type. (A) Shows a scatter plot
comparing normalized CPM expressions at the translatome between genotypes. (B) Shows
a volcano plot where the relationship between fold change and p-adjusted values is
evidenced for translatome comparison. (C) Shows a scatter plot comparing translational vs
transcriptional fold change, highlighting regulated genes at the translational level. (D)
Heatmap of differentially expressed genes (|fold change| >1.5 and p-adjusted value <0.05)
at the translatome compartment. In (A-C), colored dots indicates differentially expressed
genes (p-adjusted value <0.05) by the following criteria: red up-regulated genes by >1.5 fold,
orange up-regulated by >1 fold, blue down-regulated genes by <-1.5 fold and sky-blue down-
regulated genes by <-1 fold.

Figure S8. Differential expression analysis performed by edgeR for the translatome
compartment comparing Tg2576 transgenic mice against wild type. (A) Shows a scatter plot
comparing normalized CPM expressions at the translatome between genotypes. (B) Shows
a volcano plot where the relationship between fold change and p-adjusted values is
evidenced for translatome comparison. (C) Shows a scatter plot comparing translational vs
transcriptional fold change, highlighting regulated genes at the translational level. (D)
Heatmap of differentially expressed genes (|fold change| >1.5 and p-adjusted value <0.05)
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at the translatome compartment. In (A-C), colored dots indicates differentially expressed
genes (p-adjusted value <0.05) by the following criteria: red up-regulated genes by >1.5 fold,
orange up-regulated by >1 fold, blue down-regulated genes by <-1.5 fold and sky-blue down-

regulated genes by <-1 fold.

Figure S9. Intersection between DEGs at transcriptome (RNA-Seq), translatome (Ribo-Seq)
and translational efficiency (TE) levels for CVN and Tg2576 transgenic models. The Venn
diagrams shows the intersection for DEGs up- and down-regulated genes for the CVN model

(A and B, respectively) and for the Tg2576 model (C and D, respectively).

Figure S10. Modulated pathways in the CVN transgenic model. Regulated pathways
showed in Figure 5 are reconstructed here showing affected genes and their relationship.
The three compartments are represented: transcriptome (A) and (B), translatome (C) and
(D), and translational efficiency (E) and (F), for decreased and increased pathways
respectively.

Figure S11. STRING network analysis for transcriptome up-regulated genes (160 genes at
fold change >1.5 and p-adjusted value <0.05) in CVN transgenic model. Network has
significantly more interactions than expected (296 vs 53; p-value <1.0E-16). Red nodes are
associated with the immune system process, an enriched biological process (FDR = 2.67E-

07). Disconnected nodes are hide and line thickness indicates the strength of data support.

Figure S12. STRING network analysis for translatome up-regulated genes (300 genes at
fold change >1.5 and p-adjusted value <0.05) in CVN transgenic model. Network has
significantly more interactions than expected (431 vs 164; p-value <1.0E-16). Red nodes
are associated with the immune system process, an enriched biological process (FDR =
3.44E-07). Disconnected nodes are hide and line thickness indicates the strength of data

support.
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Figure S13. Differential expression analysis performed by edgeR for the transcriptome
compartment comparing WT strains (C57/BL6 vs B6;SJL). (A) PCA of samples. (B) Scatter
plot comparing normalized CPM expressions at the transcriptome between genotypes. (C)
Volcano plot where the relationship between fold change and p-adjusted values is evidenced
for transcriptome comparison. (D) Functional enrichment analysis of DEGs performed by
9:GOSt from g:Profiler. In (B) and (C), colored dots indicates differentially expressed genes
(p-adjusted value <0.05) by the following criteria: red up-regulated genes by >1.5 fold,
orange up-regulated by >1 fold, blue down-regulated genes by <-1.5 fold and sky-blue down-
regulated genes by <-1 fold.

Figure S14. Same as Figure S13, but for the translatome compartment comparison between
WT strains (C57/BL6 vs B6;SJL). (A) PCA of samples. (B) Scatter plot comparing
normalized CPM expressions at the transcriptome between genotypes. (C) Volcano plot
where the relationship between fold change and p-adjusted values is evidenced for
transcriptome comparison. (D) Functional enrichment analysis of DEGs performed by
g:GOSt from g:Profiler. In (B) and (C), colored dots indicates differentially expressed genes
(p-adjusted value <0.05) by the following criteria: red up-regulated genes by >1.5 fold,
orange up-regulated by >1 fold, blue down-regulated genes by <-1.5 fold and sky-blue down-
regulated genes by <-1 fold.

Figure S15. Gene expression regulation of TYROBP-related immune response in microglial
cells in the CVN transgenic mice. Pathway with direct and indirect causal inputs upstream
and downstream of TYROBP was obtained from WikiPathways, reconstructed from Zhang
B. etal. Cell (2013) and Ryu JK. et al. Nat Immunol (2018). Up-regulated genes at p-adjusted
value <0.1 for transcriptome or translatome data sets are indicated with red-colored boxes.

No significant down-regulated genes were found.
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VIl. CONCLUSIONES

En la presente tesis nos planteamos como objetivo general contribuir a comprender tanto los
mecanismos, como los distintos eventos de regulacion de la expresion génica que ocurren a
nivel traduccional en modelos neuronales. Para esto, utilizamos principalmente enfoques
gendmicos y técnicas de secuenciacién masiva, como RNA-Seq y Ribo-Seq, sobre diversos
sustratos bioldgicos del tipo neuronal y en diversos contextos. Los resultados obtenidos en la

presente tesis nos permiten concluir lo siguiente:

1. Latécnica de Ribo-Seq es una valiosa herramienta para el estudio del compartimento
traduccional y de los eventos de regulacion que en este ocurren. Pudimos optimizar el
uso de la misma sobre diversos sustratos bioldgicos, del tipo neuronal, como: células
in vitro, cultivos in vitro de neuronas embrionarias primarias y tejido nervioso derivado

de animales.

2. Entodos los casos fuimos capaces de detectar niveles confiables de expresion génica
a nivel traduccional para cerca de 10.000 genes. Las huellas ribosomales producidas
cumplieron con los controles de calidad esperados: mapeo preferencial sobre regiones

codificantes versus regiones no codificantes y periodicidad de mapeo.

3. El factor proteico PDCD4 es capaz de regular la traduccion de un conjunto especifico
de mensajeros (blancos traduccionales) en modelos neuronales. El reporte del
conjunto de 267 ARNm blancos traduccionales de PDCD4 es el segundo a la fecha

obtenido mediante aproximaciones gendmicas y el primero en modelos neuronales.

4. Dentro de los blancos traduccionales reportados se reconoce una firma génica
asociada al crecimiento neuritico y/o axonal. Se destaca, por su funcién biolégica
sobre el crecimiento neuritico, la regulacion que ejerce PDCD4 sobre NFKB2. Dicha
regulacion fue comprobada mediante técnicas ortogonales como Western blot y

cuantificacion de ARNm en fracciones polisomales.

5. Laeleccion de la enzima a utilizar en el ensayo de digestion del protocolo de Ribo-Seq
es un aspecto relevante. La comparativa entre las enzimas Benzonasa y RNAsa |
arrojo algunas diferencias, como esperabamos. De todas maneras, la identidad de los
genes observados en el compartimiento traduccional definido por cada enzima es muy

similar. En el andlisis de expresion génica diferencial, pocos genes diferenciales
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parecen estar exclusivamente asociados a una enzima en particular. Los grupos de
genes definidos como exclusivamente detectados por una enzima, no superan los 200
miembros y no revelan funciones bioldgicas particularmente comprometidas, de hecho
abundan los genes no codificantes y en particular especies pequefias de ARN. Por lo
tanto, ambas enzimas son adecuadas para la produccién de huellas ribosomales y

definen traductomas cuyos niveles de expresion son comparables.

Las huellas ribosomales producidas con las distintas enzimas difieren en su tamafio,
patrones de periodicidad y mapeo, y distribucién sobre las distintas regiones
codificantes y no codificantes del ARNm. También se observaron diferencias en los
fragmentos de ARNr producidos como contaminacion y se pudo conocer la secuencia
de dichos fragmentos a los efectos de disefiar oligos especificos para su sustraccion

en futuros experimentos.

Existen importantes eventos de regulacion de la expresion génica, tanto a nivel
transcripcional como traduccional, en la corteza cerebral de modelos murinos
transgénicos del mal de Alzheimer, en etapas preferentemente asintomaticas. En
particular, el modelo CVN es el que mayor nivel de regulacion muestra a nivel

traduccional y es completamente asintomatico a la edad utilizada.

El andlisis de las funciones representadas por los genes regulados muestra que, en
particular para el modelo CVN, tanto a nivel transcripcional como traduccional, se
inhiben procesos asociados a la neurodegeneracion mientras que se favorecen
procesos de tipo neuroprotector como la cantidad de células neuronales y
neurogliales, la transmision sinaptica y la neuritogénesis, entre otros. A su vez, el
modelo CVN muestra una firma génica regulada positivamente a nivel transcripcional
y traduccional asociada a una subpoblacién microglial que responde a la acumulacién

temprana de AB.

El andlisis individual revela que ambos modelos regulan, tanto a nivel transcripcional
como traduccional, la expresion de genes asociados al metabolismo de APP y AR, ya
sea con funciones neurotoxicas o neuroprotectoras. La regulacion temprana de estos
procesos ocurre en modelos murinos donde la presencia de placas amiloides no ha
sido descrita a la edad aqui utilizada. Ademas, se describe la regulacion a nivel

traduccional de estos procesos por primera vez en este tipo de modelos.
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10. A pesar de que los dos modelos transgénicos utilizados derivan de distintas cepas de
ratén, desarrollan la patologia de maneras muy distintas y muestran distintos niveles
de regulacién en la expresion génica, se observan genes regulados en comun entre
ambos modelos. Aqui se destacan casos interesantes donde se observan genes
asociados a funciones neuroprotectoras que responden a la presencia y acumulacién
de AB.
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VIIl. PERSPECTIVAS

Con respecto a las perspectivas derivadas de los experimentos realizados y los resultados
obtenidos en la presente tesis, surgen principalmente perspectivas tanto a corto, como a
mediano y largo plazo. Se presentan a continuacion las perspectivas del presente trabajo

agrupadas segun la organizacion en capitulos que se utilizé antes.

Respecto de la busqueda de blancos traduccionales de PDCD4 en modelos neuronales nos
parece interesante continuar, a corto plazo, con la validacion de los ARNm blancos
traduccionales encontrados. Estas confirmaciones se realizarian de la misma manera que se
realizo la confirmacion particular de NFKB2, tanto mediante cuantificacion de la abundancia
en fracciones polisomales, como mediante cuantificacion de la abundancia proteica por
Western blot, en presencia y ausencia de PDCD4. Podriamos agregar también
confirmaciones por cuantificacibn de abundancia proteica mediante estimaciones de
intensidad en imagenes de microscopia confocal, una herramienta disponible en el Instituto
Clemente Estable con tecnologia de punta. También nos resulta interesante estudiar en
particular el tipo de regulacién que existe entre PDCD4 y sus ARNm blancos. Si dicha
regulacion es mediada por estructuras secundarias en los 5’-UTRs o0 si la inhibicion ocurre en
la etapa de elongacién [48]. Podriamos manipular distintas secuencias derivadas de los
blancos traduccionales encontrados, estructuradas o no, en el 5-UTR de un gen reportero
como la luciferasa y evaluar su actividad ante la presencia/ausencia de PDCD4. En el
escenario de regulacién a nivel de la elongacién, podriamos seleccionar candidatos a ser
regulados en esta etapa y modificar porciones de secuencias a lo largo del CDS hasta

evidenciar la regulacion.

Nos resulta también interesante disefiar experimentos en los cuales podamos evidenciar la
regulacion traduccional que ejerce PDCD4 de manera local. Una posibilidad es utilizar cultivos
de neuronas derivadas del ganglio de la raiz dorsal en camaras compartimentalizadas. De
esta manera, luego de alcanzar los dias de crecimiento in vitro necesarios para restablecer
altos niveles de expresion de PDCD4, podriamos silenciar dicho factor (como hemos ya
realizado en [78]), y asi producir huellas ribosomales para determinar eventos de regulacién

traduccional local especificos de axones.

Explorando posibilidades de mas largo aliento, podria ser interesante evaluar el papel de
PDCD4 y sus ARNm blancos en modelos in vivo. Conocer los blancos traduccionales de
PDCD4 en, por ejemplo, fibras de nervio ciatico y como éstos se modulan en respuesta a la

injuria se presenta como una hipotesis desafiante pero sumamente interesante. Hoy en dia
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se han desarrollado protocolos especificos para la produccién de librerias de secuenciacion
de small RNAs (las utilizadas en la secuenciacion de huellas ribosomales) a partir de
cantidades muy pequefias de material de partida, como podria ser el caso de la recuperacion
de polisomas a partir de axoplasma de nervio ciatico. Surgen, sin embargo, desafios
adicionales asociados a este tipo de experimento que sin dudas representan aspectos a
resolver y optimizar, como la Optima purificacion de axoplasma a partir de las fibras y el
silenciamiento de PDCDA4.

Respecto al uso de Ribo-Seq en otros modelos neuronales descrito en el Capitulo 2, y en
conjuncién con los objetivos estudiados en el Capitulo 3, surgen varias perspectivas a
explorar. En primer lugar, nos parece interesante estudiar el efecto de oligbmeros tanto de
AB, como de TAU, sobre el compartimento traduccional de cultivos in vitro de neuronas
corticales primarias. Este tipo de cultivos y tratamientos son técnicas utilizadas
cotidianamente en el laboratorio de mi co-tutor George Bloom, con lo cual los protocolos para
la produccion de ambos oligébmeros, que suelen ser técnicas desafiantes, se encuentran
optimizados. De esta manera podriamos conocer si las dos piezas fundamentales en la
patologia de Alzheimer tienen un rol sobre el compartimento traduccional en un modelo celular
neuronal. Vale recordar que, en particular la acumulacion de AB, ocurre a nivel extracelular,
pero se ha demostrado que es reconocido por diversos receptores disparando vias de
sefializacion diversas, algunas de las cuales convergen en mTOR [73,74], y que ademas
podria tener un rol en la sintesis local en axones in vitro [110]. En este sentido, disponemos
de algunos resultados preliminares respecto de cémo se ve afectada la traduccion in vitro de
GFP ante la exposicion a distintas concentraciones de oligémeros de AR y TAU. Aunque los
resultados son preliminares, parece existir cierto impacto negativo en los niveles

traduccionales ante la exposicidn, en particular, de oligbmeros de TAU.

Por otro lado, considerando el uso del protocolo de Ribo-Seq sobre la corteza cerebral de
modelos transgénicos del mal de Alzheimer se derivan también interesantes perspectivas a
estudiar. En primer lugar, consideramos que realizar una linea temporal y estudiar los
traductomas de las cortezas de los animales a distintas edades representa un trabajo atractivo
y desafiante. Lograr establecer dicha linea temporal nos permitiria realizar estudios de redes
de co-expresion génica en busqueda de grupos de genes cuya expresion se vea modificada
con el avance en la edad de los ratones, esto es, con el desarrollo de la patologia y de
alteraciones cognitivas. Es claro que, tanto en los modelos murinos transgénicos de la
enfermedad, como en la patologia en si observada en humanos, ocurren procesos dinamicos,
con diversos estadios y particularmente en humanos con un desarrollo lento, progresivo y
largo. Este tipo de experimento representa un desafio de gran utilidad no solo para poder

comprender los cambios iniciales como intentamos responder en el capitulo 3, sino también
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los eventos de regulacion que ocurren en distintos estadios mas avanzados. Podemos
considerar también, como aspecto adicional, la posibilidad de discernir entre regiones mas
acotadas del cerebro murino con importancia en la patologia, como el hipocampo o la corteza

entorrinal [111].

También resulta interesante realizar experimentos similares a los realizados en el Capitulo 3
pero utilizando modelos transgénicos murinos cuya afectacion esté asociada a la proteina
TAU, y extender el analisis a otros modelos no solo relacionados a APP o AB. Existen muchos
modelos transgénicos murinos donde el desarrollo de la patologia est4d asociado a
manipulaciones genéticas de la proteina TAU. Dos ejemplos, disponibles en el laboratorio del
Dr. Bloom, son los ratones hTAU y tau-knockout. Los primeros tienen deletado el gen murino
Mapt, codificante para TAU, pero tienen un transgen para sobreexpresar las 6 isoformas de
TAU humano [112]. En cambio, los ratones tau-knockout, como su nombre lo indica solamente
tienen deletado el gen Mapt [101]. En este sentido, contamos con algunos experimentos y
resultados preliminares tanto en el uso del protocolo de Ribo-Seq en corteza de ratones hTau,
como en su uso en cultivo de neuronas corticales primarias derivadas de ratones tau-

knockout.

En altimo lugar, quisiéramos destacar dos posibles perspectivas mas, una principalmente de
corto plazo y otra de mas largo aliento. Respecto de la primera, en la presente tesis hemos
generado una gran cantidad de datos de secuenciacion masiva, tanto producidos por RNA-
Seq como por Ribo-Seq. Estas secuencias representan un valioso insumo para utilizar en
distintos tipos de andlisis complementarios a los aqui realizados. Por ejemplo, con los datos
derivados de RNA-Seq se podrian realizar ensamblados de los distintos transcriptomas en
busqueda de nuevas o raras isoformas. En el caso de los datos derivados de Ribo-Seq las
distintas posibilidades de analisis son ain mayores, por ejemplo: busqueda de sitios de pausa
definidos por grandes picos de mapeo [113,114], busqueda de marcos de lectura abiertos en
los 5’-UTRs (UORFs por sus siglas en inglés; [115,116]), analisis de la preferencia de codén
iniciacion utilizado [117], busqueda de eventos de cambio en el marco de lectura [118], entre
otros. Con respecto a una segunda perspectiva asociada al trabajo aqui presentado, nos
resulta interesante destacar las tecnologias de secuenciacion de célula Unica que se
encuentran en un momento de particular desarrollo y uso en la actualidad. Sin embargo, no
se conocen al momento protocolos especificos para la construccion de librerias del tipo Ribo-
Seq en célula Unica, aunque varios grupos de investigacion se encuentran trabajando en el
desarrollo de dichos protocolos. Creemos que, superadas las limitaciones tecnolégicas, podra
ser posible conocer el perfil traduccional masivo de una Unica célula y esto despertara nuevas
interrogantes a ser respondidas. En particular, en el contexto de Alzheimer, donde las

tecnologias de RNA-Seq de célula Unica han realizado importantes aportes a la biologia de la
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enfermedad (ver ejemplos en [119-122]), creemos que la posibilidad de explorar los eventos
de regulacion traduccional mediante esta técnica de Ultima generacién dara paso a nuevos

conocimientos que impulsaran el campo hacia nuevos horizontes.
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XI. ANEXOS

Notas

Nota 1: En todos los casos, los cultivos in vitro de neuronas corticales primarias fueron
generados por la técnica del laboratorio de George Bloom, Nutan Shivange. En mi caso, solo

me encargué del mantenimiento y uso de los mismos para los experimentos mencionados.

Nota 2: En todos los casos, el manejo de animales de laboratorio asi como su anestesia,
sacrificio y extraccion de cerebro, fue siempre realizado por las técnicas del laboratorio de
George Bloom, Nutan Shivange y Dora Bigler Wang. En mi caso, me encargué de la diseccion

de la corteza y los pasos posteriores mencionados en la seccion.

Apoyo Financiero

La presente tesis doctoral conté con el apoyo financiero de las siguientes agencias y
organizaciones:

- ANII, beca de posgrado (doctorado) llamado 2016: POS_NAC 2016 1 129959

- ANII, SNI llamado 2019: Ingreso categoria Iniciacién, Ciencias Naturales y Exactas
- PEDECIBA, apoyo a estudiantes mediante alicuotas

- PEDECIBA, apoyo a pasantias en el exterior llamado 2017

- DICYT, programa de movilidad 2017

- D2C2, convocatorio Toco Salir-1 2019

- ASBMB, becas PROLAB llamado 2017
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Figura Suplementaria XIl.1. Red de asociacion funcional de genes codificantes
asociados ala Benzonasa. No se observan vias KEGG sobrerrepresentadas. Red obtenida
con la herramienta STRING.
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Figura Suplementaria Xl.2. Red de asociacion funcional de genes codificantes
asociados ala RNAsa |. Las vias KEGG sobrerrepresentadas encontradas en el analisis se
muestran en el siguiente esquema de colores: en rojo, ribosoma; en azul, procesamiento de

proteinas del reticulo endoplasmico y en verde, espliceosoma. Red obtenida con la
herramienta STRING.
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Tablas Suplementarias

Tabla Suplementaria Xl.I. Resultado completo del analisis de ontologia génicarealizado
con los genes asociados a la RNAsa |. Se muestra la salida de la herramienta g:GOSt del
g:Profiler indicando los términos sobrerrepresentados clasificados por ontologia en funciones
moleculares, procesos bioldgicos, componentes celulares y vias KEGG. Tabla asociada a la
Figura V.9 D.

source term_name term_id adjusted_ | term | query | intersecti
p_value _size | _size | on_size
GO:MF  |RNA binding GO0:0003723 [2.09E-14 |1946 [100 43
GO:MF [structural constituent of ribosome GO0:0003735 (3.86E-09 (170 [100 13
GO:MF cyclosporin A binding GO0:0016018 |4.36E-09 |20 100 7
GO:MF  [peptidyl-prolyl cis-trans isomerase activity [GO:0003755 |4.49E-08 |44 100 8
GO:MF [cis-trans isomerase activity G0:0016859 |7.85E-08 |47 100 8
GO:MF  |drug binding G0:0008144 [1.07E-07 |73 100 9
GO:MF  [rRNA binding G0:0019843 |1.03E-06 |64 100 8
GO:MF  |unfolded protein binding G0:0051082 [4.71E-06 (111 100 9
GO:MF  [nucleic acid binding G0:0003676 [3.15E-05 (4353 |100 48
GO:MF  [structural molecule activity GO0:0005198 |9.49E-05 (698 100 17
GO:MF [|isomerase activity G0:0016853 |1.80E-04 (169 100 9
GO:MF peptide binding G0:0042277 |4.18E-04 |305 100 11
GO:MF  |amide binding G0:0033218 [5.04E-04 |379 |100 12
GO:MF enzyme binding GO0:0019899 [2.17E-03 [1866 |100 26
GO:MF  [heterocyclic compound binding G0:1901363 [2.22E-03 (6302 |100 56
GO:MF  [ubiquitin protein ligase binding G0:0031625 |2.78E-03 [300 (100 10
GO:MF  [|organic cyclic compound binding GO0:0097159 |3.52E-03 |6387 [100 56
GO:MF  [ubiquitin-like protein ligase binding GO0:0044389 |4.64E-03 (318 100 10
GO:MF  |mRNA binding G0:0003729 |4.68E-03 [554 (100 13
GO:MF 5S rRNA binding GO0:0008097 |1.40E-02 |11 100 3
GO:MF  |pre-mRNA binding GO0:0036002 |2.61E-02 |37 100 4
GO:MF  |[MHC class Il protein complex binding G0:0023026 |4.65E-02 |16 100 3
GO:BP protein folding GO0:0006457 [8.77E-11 (224 96 16
GO:BP SRP-dependent cotranslational protein GO0:0006614 |1.90E-10 |96 96 12
targeting to membrane
GO:BP [translation G0:0006412 |2.26E-10 |763 |96 25
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GO:BP cotranslational protein targeting to GO0:0006613 |3.54E-10 (101 96 12
membrane

GO:BP peptide biosynthetic process GO0:0043043 |4.64E-10 (788 96 25

GO:BP protein targeting to ER GO0:0045047 |1.55E-09 (114 |96 12

GO:BP protein localization to endoplasmic GO:0070972 |1.59E-09 147 |96 13
reticulum

GO:BP biological process involved in symbiotic G0:0044403 |1.75E-09 (996 96 27
interaction

GO:BP establishment of protein localization to GO:0072599 |2.36E-09 (118 96 12
endoplasmic reticulum

GO:BP mRNA catabolic process G0:0006402 |3.03E-09 |[386 |96 18

GO:BP peptide metabolic process G0:0006518 |3.31E-09 [941 |96 26

GO:BP nuclear-transcribed mRNA catabolic G0:0000184 |3.89E-09 [123 |96 12
process, nonsense-mediated decay

GO:BP |viral gene expression G0:0019080 |4.05E-09 197 |96 14

GO:BP mRNA metabolic process G0:0016071 |4.93E-09 |877 |96 25

GO:BP [translational initiation G0:0006413 [4.97E-09 (200 |96 14

GO:BP RNA catabolic process G0:0006401 |1.51E-08 [425 |96 18

GO:BP amide biosynthetic process GO0:0043604 |1.69E-08 (928 96 25

GO:BP viral transcription GO0:0019083 |2.13E-08 (180 96 13

GO:BP viral process G0:0016032 |2.23E-08 |940 96 25

GO:BP establishment of protein localization to GO:0072594 |4.99E-08 (589 96 20
organelle

GO:BP protein peptidyl-prolyl isomerization GO0:0000413 |1.26E-07 |44 96 8

GO:BP nuclear-transcribed mRNA catabolic GO:0000956 |1.98E-07 215 |96 13
process

GO:BP protein targeting GO:0006605 |2.65E-07 |441 96 17

GO:BP protein localization to organelle GO0O:0033365 |6.83E-07 (1014 |96 24

GO:BP cellular amide metabolic process GO:0043603 |1.08E-06 (1223 |96 26

GO:BP protein targeting to membrane GO0:0006612 |1.41E-06 (203 96 12

GO:BP nucleobase-containing compound catabolic [GO:0034655 |[1.60E-06 |566 96 18
process

GO:BP peptidyl-proline modification GO0:0018208 |2.23E-06 |62 96 8

GO:BP heterocycle catabolic process GO0:0046700 |4.12E-06 |601 96 18

GO:BP cellular nitrogen compound catabolic G0:0044270 |4.70E-06 |606 |96 18
process

GO:BP establishment of protein localization to GO0:0090150 |6.02E-06 (342 96 14
membrane

GO:BP aromatic compound catabolic process G0:0019439 |7.07E-06 (622 96 18

GO:BP organic cyclic compound catabolic process |G0:1901361 |[1.40E-05 ([650 |96 18
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GO:BP intracellular protein transport G0:0006886 |1.77E-05 (1195 |96 24
GO:BP organonitrogen compound biosynthetic GO0:1901566 |2.37E-05 |[1854 |96 30
process
GO:BP biological process involved in interspecies [G0:0044419 (1.81E-04 [2272 |96 32
interaction between organisms
GO:BP peptide transport GO0:0015833 |4.37E-04 [1989 |96 29
GO:BP amide transport GO0:0042886 |6.33E-04 [2024 |96 29
GO:BP cellular macromolecule catabolic process |G0:0044265 |6.93E-04 (1237 |96 22
GO:BP establishment of protein localization GO0:0045184 |7.80E-04 (2044 |96 29
GO:BP protein transport GO0:0015031 |9.96E-04 (1946 |96 28
GO:BP protein stabilization G0:0050821 |1.42E-03 191 |96 9
GO:BP posttranscriptional regulation of gene G0:0010608 |1.74E-03 897 |96 18
expression
GO:BP protein localization G0:0008104 |1.97E-03 2789 |96 34
GO:BP intracellular transport G0:0046907 |2.10E-03 1777 |96 26
GO:BP cellular protein localization GO0:0034613 |2.21E-03 |2024 |96 28
GO:BP cellular macromolecule localization GO0:0070727 |(2.46E-03 (2035 |96 28
GO:BP cellular protein metabolic process GO0:0044267 |2.57E-03 |[5225 |96 50
GO:BP establishment of localization in cell G0:0051649 |3.01E-03 2840 |96 34
GO:BP protein localization to membrane GO:0072657 |3.47E-03 [660 96 15
GO:BP macromolecule catabolic process GO:0009057 |3.61E-03 (1477 |96 23
GO:BP regulation of RNA splicing GO0:0043484 |4.03E-03 (161 96 8
GO:BP protein metabolic process GO0O:0019538 |4.16E-03 [5806 |96 53
GO:BP negative regulation of gene expression GO0:0010629 |5.85E-03 (2516 |96 31
GO:BP MRNA splicing, via spliceosome G0:0000398 [6.09E-03 (362 |96 11
GO:BP RNA splicing, via transesterification GO:0000377 |6.09E-03 (362 96 11
reactions with bulged adenosine as
nucleophile
GO:BP regulation of mMRNA splicing, via GO0:0048024 |6.19E-03 (120 96 7
spliceosome
GO:BP RNA splicing, via transesterification GO:0000375 |6.60E-03 [365 96 11
reactions
GO:BP ribonucleoprotein complex biogenesis G0:0022613 |7.28E-03 [445 96 12
GO:BP regulation of cellular amide metabolic G0:0034248 |8.06E-03 [531 |96 13
process
GO:BP regulation of protein stability GO0:0031647 |8.21E-03 (302 96 10
GO:BP protein refolding GO0:0042026 |1.09E-02 |23 96 4
GO:BP regulation of translation GO0:0006417 |1.09E-02 (463 96 12

190




GO:BP response to organic substance GO:0010033 [1.29E-02 [3459 |96 37
GO:BP nitrogen compound transport GO0:0071705 |1.31E-02 (2347 |96 29
GO:BP cellular response to organic substance GO0:0071310 |2.08E-02 (2812 |96 32
GO:BP macromolecule localization GO:0033036 |2.09E-02 3238 |96 35
GO:BP protein folding in endoplasmic reticulum GO0:0034975 |3.02E-02 |10 96 3
GO:BP cellular response to chemical stimulus GO0:0070887 |3.02E-02 (3438 |96 36
GO:BP regulation of mMRNA metabolic process GO0:1903311 |3.44E-02 356 96 10
GO:BP regulation of mMRNA processing GO0:0050684 |3.92E-02 (159 96 7
GO:BP ribosome assembly G0:0042255 |4.03E-02 |64 96 5
GO:BP organic substance transport GO:0071702 |4.91E-02 2790 |96 31
GO:CC [ribonucleoprotein complex G0:1990904 |3.25E-15 [693 |99 28
GO:CC  |[ribosome GO0:0005840 |4.99E-11 |245 |99 16
GO:CC |[cytosolic ribosome G0:0022626 |1.32E-10 (109 99 12
GO:CC [ribosomal subunit G0:0044391 |3.82E-10 |191 |99 14
GO:CC |extracellular vesicle GO0:1903561 [8.95E-10 (2266 |99 39
GO:CC |extracellular organelle G0:0043230 [9.20E-10 2268 |99 39
GO:CC |extracellular exosome GO:0070062 |6.41E-09 2180 |99 37
GO:CC |extracellular space GO:0005615 |1.32E-07 3598 |99 46
GO:CC |[protein-containing complex G0:0032991 |3.71E-07 |5556 |99 58
GO:CC polysome G0:0005844 |1.31E-06 |73 99 8
GO:CC focal adhesion GO0:0005925 |1.36E-06 |418 99 15
GO:CC [cell-substrate junction GO:0030055 |1.75E-06 (426 99 15
GO:CC |[large ribosomal subunit GO0:0015934 |3.72E-06 (119 99 9
GO:CC |[cytosolic large ribosomal subunit G0:0022625 |5.65E-06 |57 99 7
GO:CC |[extracellular region GO:0005576 |1.29E-04 [4602 |99 a7
GO:CC vesicle GO0:0031982 [6.62E-04 (4071 |99 42
GO:CC  |small ribosomal subunit G0:0015935 |8.78E-04 |76 99 6
GO:CC |[cytosolic small ribosomal subunit G0:0022627 |1.40E-03 |47 99 5
GO:CC |anchoring junction GO:0070161 |2.23E-03 (843 99 16
GO:CC [pigment granule GO0:0048770 |5.72E-03 [105 99 6
GO:CC  |melanosome G0:0042470 |5.72E-03 |105 99 6
GO:CC [lumenal side of membrane G0:0098576 |7.91E-03 |33 99 4
GO:CC nucleolus GO:0005730 |8.34E-03 |938 99 16
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GO:CC [spliceosomal complex GO0:0005681 |1.99E-02 (191 99 7
GO:CC |[cytoplasm GO0:0005737 |2.26E-02 11888 |99 80
GO:CC [inner mitochondrial membrane protein GO0:0098800 |3.63E-02 (146 99 6
complex
GO:CC |endocytic vesicle lumen GO0:0071682 |4.58E-02 |20 99 3
KEGG Ribosome KEGG:03010 |2.18E-09 [154 |56 13
KEGG Coronavirus disease - COVID-19 KEGG:05171 |3.59E-06 231 |56 12
KEGG Antigen processing and presentation KEGG:04612 |(6.45E-04 |70 56 6
KEGG Protein processing in endoplasmic KEGG:04141 ([1.30E-02 |170 56 7
reticulum
KEGG Spliceosome KEGG:03040 [4.57E-02 [150 |56 6
KEGG Legionellosis KEGG:05134 |5.00E-02 |57 56 4
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Tabla Suplementaria XI.2. Genes de alta expresién seleccionados para comparar los
perfiles de mapeos entre las enzimas. La tabla muestra el nombre del gen, su largo, su
posicién en el ranking de mayor expresion (#Rank) y la cantidad de lecturas mapeadas en
cada caso para las dos enzimas utilizadas y sus dos réplicas.

Benzonasa-1 Benzonasa-2 RNAsa I-1 RNAsa I-2

Gen Largo
#Rank | Lecturas | #Rank | Lecturas | #Rank | Lecturas | #Rank | Lecturas

EEF1A1 | 3.512 2 132.404 3 67.475 3 66.130 3 85.264

ACTB 1.812 5 55.393 7 33.817 25 20.351 29 24.730

GAPDH | 1.285 6 55.083 5 35.568 11 34.756 11 42.149

ENO1 1.781 9 50.415 10 28.507 6 43.389 6 51.240

TUBAI1B | 1.627 10 48.969 11 28.139 16 27.293 19 32.242
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