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Abstract

DYRK1A (dual-specificity tyrosine-regulated kinase 1A) belongs to a
conserved family of protein kinases present in all eukaryotes. DYRK1A is
known to participate in cell proliferation and differentiation decisions and
to fulfill key roles in brain development. Data from our laboratory indicate
that DYRK1A acts as a transcriptional activator directly at proximal
promoter regions of genes containing a conserved palindromic motif. In
this Thesis work, the mechanism of DYRK1A recruitment to chromatin has
been explored, as well as the DYRK1A transcriptional effect on a subset
of gene targets, namely ribosomal protein genes (RPGs). By using
electrophoretic mobility assays, DYRK1A has been found to interact
directly with single-stranded DNA probes containing the consensus motif
in vitro. Analysis of ChIP-Seq (chromatin immunoprecipitation coupled
with high-throughput sequencing) data from ENCODE revealed that
several transcription/chromatin-related factors are recruited to the
DYRK1A-consensus motif. The list includes the co-repressor
ZBTB33/KAISO and the tumor suppressor BRCA1. By means of genome-
wide ChIP-Seq approaches, the presence of the two proteins has been
established in DYRK1A-bound promoter regions enriched in the
conserved motif; in fact, DYRK1A seems to be involved in BRCA1
recruitment to its genomic loci, probably in a catalytic-dependent manner
since BRCA1 has shown to be a DYRK1A substrate. In addition, the
analysis shows that the presence of DYRK1A at RPG promoters
negatively correlated with that of the transcription factor GABP,
suggesting the existence of two clusters of RPGs from the viewpoint of
their transcriptional regulation. Indeed, the mRNA levels of chromatin-
bound DYRK1A RPGs were significantly reduced in DYRK1A-silenced
cells, which also showed an impairment in protein synthesis. Based on
these results, DYRK1A might be a novel modulator of cell growth by
regulating the expression of RPGs.
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Resumen

DYRK1A (dual-specificity tyrosine-regulated kinase 1A) pertenece a una
familia de proteina quinasas presente en todos los organismos
eucariotas. DYRK1A participa en procesos de proliferacion vy
diferenciacion celular, y desempefia funciones clave durante el desarrollo
del cerebro. Datos obtenidos en nuestro laboratorio indican que DYRK1A
actua como un activador transcripcional directamente a nivel de regiones
promotoras de genes que mayoritariamente contienen una secuencia
palindrémica conservada. En esta Tesis se han estudiado posibles
mecanismos de reclutamiento de DYRK1A a cromatina, asi como el
efecto transcripcional de DYRK1A sobre un grupo de sus genes diana, en
particular aquellos que codifican para proteinas ribosomales (GPRs).
Mediante ensayos de cambio de movilidad electroforética, se ha
demostrado que DYRK1A puede interaccionar in vitro directamente con
sondas de ADN de hebra simple que contienen el motivo consenso. El
andlisis de datos de ChIP-Seq (inmunoprecipitacion de cromatina
asociada a secuenciacion masiva) procedentes de ENCODE reveld que
algunos factores relacionados con procesos de transcripcion y regulacién
de la cromatina podrian ser reclutados al motivo asociado a DYRK1A. La
lista incluye al co-represor ZBTB33/KAISO y al supresor de tumores
BRCA1. Mediante estudios globales de ChlP-Seq se ha establecido el
patron de reclutamiento de las tres proteinas en la linea celular T98G,
demostrando su presencia comun en regiones promotoras enriquecidas
en el motivo palindrémico. DYRK1A esta involucrado en el reclutamiento
de BRCA1 a sus correspondientes regiones gendmicas, probablemente
dependiendo de la actividad catalitica de la quinasa ya que los resultados
indican que BRCA1 es un sustrato de DYRK1A. Adicionalmente, el
anadlisis muestra que la presencia de DYRK1A en GPRs correlaciona
negativamente con la del factor de transcripcion GABP, sugiriendo la
existencia de dos grupos de GPRs desde el punto de vista de regulaciéon
transcriptional. De hecho, los niveles de RNA mensajero de GPRs dianas
de DYRK1A estan significativamente reducidos en células donde la
expresion de DYRK1A esta silenciada; estas células también presentan
una reduccién de la sintesis proteica. Todos estos datos permiten
proponer a DYRK1A como un nuevo regulador de la transcripciéon de
GPRs, contribuyendo asi al control del crecimiento celular.
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Introduction

1. Dual-specificity tyrosine (Y)-regulated kinase 1A
(DYRK1A)

1.1. DYRK subfamily of protein kinases

Protein kinases comprise a huge superfamily of proteins, which are
classified according to the homology in their catalytic domain (Hanks and
Hunter, 1995). Dual-specificity tyrosine (Y)-regulated kinases (DYRKS)
belong to the CMGC group, also composed by Cyclin-dependent kinases
(CDKs), Mitogen-activated protein kinases (MAPKSs), Glycogen synthase
kinases (GSKs), CDK-like kinases (CDKLs), Serine-arginine-rich protein
kinases (SRPKs), Cdc2-like kinases (CLKs) and RCK family (Fig. [1A).
DYRK family is, in turn, subdivided in DYRKs, Homeodomain-interacting
kinases (HIPKs) and Pre-messenger RNA processing protein 4 kinases
(PRP4Ks) subfamilies (Aranda et al., 2011) (Fig. [1B). Within the DYRK
subfamily, three classes are found based on phylogenetic analysis: one
class does not contain members in the animal kingdom and it is mainly
represented by Yak1p from Saccharomyces cerevisiae, whereas class |
and class Il DYRKs comprise members from yeast to humans (Aranda et
al., 2011) (examples found in Fig. 11B). From herein, DYRK will refer to
the DYRK subfamily of kinases.

A CMGC group B DYRK family
DmPrp4
CDK ot CoPRPAK
MAPK
CeHPIL o
IPK1
CDKL ikt
HsHIPKA
GSK
SRPK DDyekt
.CeMBK1
DmMinibrain
CLK HsDYRK1BRishYRK1A
RCK .m

Figure I11: Phylogenetic classification of DYRK family of proteins. (A) Evolutionary
relatedness among the families belonging to the CMGC group (see text for the complete
name of the families). (B) Unrooted evolutionary tree depicting the DYRK subfamily
members, PRP4K (in orange), HIPK (in violet) and DYRK (in green). At: Arabidopsis
thaliana; Ce: Caenorhabditis elegans; Dd: Dictyostelium discoideum; Dm: Drosophila
melanogaster; Hs: Homo  sapiens; Sc: Saccharomyces  cerevisiae;  Sp:
Schizosaccharomyces pombe. Adapted from Aranda et al., 2011.

In mammals, the phylogenetic and functional classifications are closely
related (Han et al., 2012). Although the catalytic domain and the DYRK
homology (DH)-box are highly conserved, class | and class Il kinases
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have different domains shown in Fig. 12 (Becker and Joost, 1999). Class I
DYRKs are characterized by the presence of a N-terminal conserved
domain known as N-terminal autophosphorylation accessory region
(NAPA), which is essential for catalytic activation (Kinstrie et al., 2010)
(Fig. 12).

NLS1 DH KINASE ~ NLS2 PEST  His S/T
DYRK1A sl 1T sl e s
—E Class |
DYRK1B mssssiil) (- |
NAPA
—— Class Il

DYRK4

Figure 12: Classification and protein structure of the mammalian DYRK subfamily.
Schematic representation of mammalian DYRK subfamily members indicating the protein
domains: a common central kinase domain (KINASE) and the DYRK-homology box (DH).
Class | presents two nuclear localization signals (NLS1 and NLS2) and a PEST region
(PEST); DYRK1A has a stretch of 13 histidine residues (His) and a region enriched in serine
and threonine residues (S/T). The non-catalytic NAPA domain, distinctive of class Il DYRKs,
is shown. The two classes in which DYRK members are divided are indicated on the right.
Adapted from Aranda et al., 2011.

1.2. The protein kinase DYRK1A

DYRK1A was first discovered by inferring its sequence homology with the
mnb gene in D. melanogaster. DYRK1A is located in the chromosome 21
in humans, within the Down syndrome (DS) critical region (DSCR)
(Guimera et al., 1996). Actually, its huge impact in development and
disease has prompted many scientists to carry out molecular studies,
briefly summarized in this section.

1.2.1. Mechanism of activation

DYRK1A, like the other members of the DYRK family, is defined as a
“dual-specificity” kinase because it is able to phosphorylate both tyrosine
(Tyr) and serine/threonine (Ser/Thr) residues. Nevertheless, its capability
of targeting Tyr is restricted only to autophosphorylation, being the
phosphorylation of residue Tyr321, located within the activation loop, the
essential event for the activation of the kinase (Himpel et al., 2001;
Kentrup et al., 1996). Interestingly, neither upstream kinases targeting
DYRK1A nor non-catalytic regions within the protein appear to mediate
the activation process. Lochhead and colleagues proposed a mechanism
by which an intermediate form of DYRK1A during translation would have
different substrate specificity than the mature one thereby allowing Tyr
autophosphorylation one time only (Lochhead et al., 2005).
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Despite of being essential for activation, Tyr321 phosphorylation might not
be required for the maintenance of activity, since dephosphorylation of
this residue does not completely inactivate the kinase in vitro (Adayev et
al., 2007; Becker and Sippl, 2011). Contrary to the generally accepted
mechanism, some authors have claimed that DYRK1A is able to target
Tyr in substrates and they argued that Tyr321 autophosphorylation still
takes place in the mature form of DYRK1A (Walte et al., 2013).

Regarding phosphorylation site specificity, a consensus sequence has
been proposed RPX(S/T)P (Himpel et al., 2000). The presence of a
proline in the +1 position makes DYRK1A to be designated as a proline-
directed kinase, although other small hydrophobic residues are allowed in
this position (serine, alanine and valine) (Soundararajan et al., 2013).

Since DYRK1A is considered a constitutively active kinase, its function
would be regulated at other levels, including protein expression,
subcellular localization, protein stability and/or by undergoing interactor-
directed conformational changes (detailed in sections 11.2.2-11.2.5).

1.2.2. Gene and protein expression

DYRK1A is a ubiquitously expressed gene with a complex pattern of
expression during development and in different tissues (Fig. I3A).
Changes in RNA expression from embryos to adult are also observed in
other tissues (mouse transcriptome data, Encyclopedia of DNA Elements
[ENCODE])).

DYRK1A is expressed as two isoforms, different in 9 amino acids (aa),
which are consequence of an alternative splicing event at the acceptor
site of exon 4 (Guimera et al., 1999) (Fig. I13C). They are conserved in
mammals and their expression levels are similar in cells and tissues (data
not shown). In addition, the usage of alternative promoters (pM, pA and
pB) might influence further 5’-untranslated region (UTR) splicing events
resulting in a 29 aa shorter isoform when pB is used and skipping of exon
2 occurs (Maenz et al., 2008) (Fig. 13B). Several other alternative splicing
isoforms affecting the C-terminus have been described (Guimera et al.,
1996; Wang et al., 2017), although their expression is very low and their
biological significance is unknown.

The promoters present a differential combination of transcription factor
(TF) binding sites, pointing to differential regulation. A cAMP responsive
element (CRE) is present within pA (Impey et al.,, 2004), whereas pB
transcription activation seems to depend on E2F1 (Maenz et al., 2008).
Moreover, an Activator protein 4 (AP4)-geminin repressor complex has
been observed to bind pM and pB, allowing the recruitment of Silencing
mediator of retinoic acid and thyroid hormone receptor (SMRT) and
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Histone deacetylase 3 (HDCA3), to attenuate DYRK1A expression during
neuronal development (Kim et al., 2006b). Promoter pA also responds to
RE1 silencing transcription factor (REST) via a neuron-restrictive silencer
element (Lu et al.,, 2011), which might contribute to the transcriptional
regulation of DYRK1A expression during neurodevelopment. In addition,
the Nuclear factor of activated T-cells (NFAT) proteins or T-box
transcription factor 5 have been described to induce DYRK1A during
osteoclast differentiation and breast carcinogenesis, respectively (Kim et
al., 2016; Lee et al., 2009).
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Figure 13: DYRK1A expression data across different human tissues. (A) Box plots
showing the RNA expression levels of DYRK1A in TPM (transcripts per million) across
different tissues. Data obtained from the Genotype-tissue expression (GTEx) portal. (B, C)
Promoter usage and alternative spliced events in DYRK1A. See text for information on
promoters pA, pB and pM. The existence of an upstream promoter (pX) is inferred from the
presence of chromatin marks based on ENCODE data. Image adapted from Aranda et al.,
2011.

On top of that, expression of DYRK1A is controlled post-transcriptionally.
On one hand, micro-RNAs (miRNAs) such as miR-199b or miR-1246 have
been proven to target DYRK1A (da Costa Martins et al., 2010; Zhang et
al., 2011). On the other hand, regulatory mechanisms at the level of
messenger RNA (mRNA) translation have been reported recently. Thus,
during synaptogenesis, DYRK1A mRNA is directed for local translation at
the axonal growth cones by a ribonucleoprotein complex containing the
actin regulator Enabled homolog/Mammalian enabled (Vidaki et al., 2017).

1.2.3. Protein stability

DYRK1A is considered a short half-life protein due to the presence of a
PEST domain, a region traditionally linked to rapid degradation (Rogers et
al., 1986), in the non-catalytic C-terminus (Fig. 12). However, a clear
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regulatory mechanism for how DYRK1A is targeted for degradation has
not been elucidated yet. The protein is sensitive to proteasome inhibitors
(Alvarez, 2004), indicating that its main route of degradation is the
proteasome. However, no regulators of the process have been described
yet, with a few exceptions like the E3 ligase SCF*"" or the chaperon
Heat shock protein 90 (HSP90) (Liu et al., 2016; Sonamoto et al., 2015).
In fact, DYRK1A has been shown to interact with HSP90 and the co-
chaperone Cell division cycle 37 during its maturation process (Sonamoto
et al,, 2015). In addition, the catalytic activity could be an important
requirement for stability since active DYRK1A has a longer half-life than
the inactive form (Alvarez, 2004). In fact, some autophosphorylation sites
such as Ser97 has been proven essential to increase stability (Kii et al.,
2016). In this context, the Nemo-like kinase was shown to phosphorylate
DYRK1A in several residues, and proposed to mediate its degradation via
the proteasome pathway (Arato, 2010).

Furthermore, DYRK1A expression has been observed to be cell cycle-
dependent in HelLa cells (Di Vona C, de la Luna S, unpublished results).
Thus, in Hela cells protein levels increase in the S phase, in parallel with
an increase in mRNA levels, and reach its maximum levels during G2/M,
without changes in mRNA levels. The transcription-independent changes
in protein amount could be due to protein stabilization/degradation (Di
Vona C, de la Luna S, unpublished results).

1.2.4. Subcellular localization

DYRK1A presents a variable subcellular distribution depending on the
cellular context. Thus, it has been found enriched both in the cytoplasm
(i.e. glial cells in chick embryos; Hammerle et al., 2003) and in the nuclei
of several cell types within the central nervous system (i.e. granular cell
layer of the cerebellum [Marti et al., 2003], hippocampal neurons [Sitz et
al., 2004], or embryonic neocortex neurons [Yabut et al., 2010]). These
observations are in concordance with the identification of substrates in
both compartments (Fig. 14). Particularly, the kinase has been found at
specific cytosolic structures such as synaptic membranes, cytoskeleton
and vesicle-containing fractions (Aranda et al., 2008; Kaczmarski et al.,
2014; Murakami et al., 2009; Wegiel et al., 2004), as well as in nuclear
speckles and at genomic regions (Alvarez et al., 2003; Di Vona et al.,,
2015; Jang et al., 2014; Salichs et al., 2009).

However, very little is known about the regulation of DYRK1A
nucleocytoplasmic transport. Interestingly, exogenously expressed
DYRK1A accumulates exclusively in the nucleus of several established
cell lines (Alvarez et al.,, 2003; Becker et al., 1998; Sitz et al., 2004),
leading to the belief that this may be the default localization when the
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nucleus to cytoplasm traffic is saturated. Moreover, forced cytoplasmic
accumulation is observed when the scaffold protein DNA damage-binding
protein 1 and cullin 4-associated factor 7 and the adenovirus oncoprotein
E1A are overexpressed (Glenewinkel et al., 2016), suggesting that some
interactors might be needed to trigger the subcellular relocation.

Mechanistically, two NLSs have been characterized within the protein, a
bipartite NLS in the non-catalytic N-terminus and a complex NLS in the
CMGC insert within the catalytic domain (Fig. 12), and both have been
proven necessary to direct DYRK1A to the nucleus (Alvarez et al., 2003).
Moreover, the His tract localized in the C-terminal part of DYRK1A (Fig.
I2) directs the protein to speckles, subnuclear organelles functioning as
stores of factors implicated in transcription and pre-mRNA processing
(Alvarez et al.,, 2003; Salichs et al., 2009). On top of that, different
phosphorylated forms of DYRK1A have been identified differentially
distributed across the subcellular compartments in human and mouse
brain samples, pointing to post-translational modifications as an additional
mechanism to regulate the subcellular distribution (Kaczmarski et al.,
2014; Kida et al., 2011).

1.2.5. Modulators of the catalytic activity

Based on the activation mechanism (11.2.1), it is reasonable to think that
dephosphorylation of the activation loop would lead to the inactivation of
the kinase, at least partially. However, no DYRK1A phosphatases have
been identified so far. Nevertheless, some proteins have been identified
as modulators of the kinase activity.

The scaffold proteins 14-3-3 enhance DYRKA1A intrinsic catalytic activity
by binding two DYRK1A sites: one located at the N-terminal domain, and
other within the PEST domain, containing a Ser520 residue that needs to
be autophosphorylated to be recognized by 14-3-3p (Alvarez et al., 2007;
Kim et al., 2004). Another putative activator is Large tumor suppressor
kinase 2, which phosphorylates DYRK1A and promotes DYRK1A-
dependent phosphorylation of Lin52, a component of the Dimerization
partner, retinoblastoma [Rb]-like, E2F and multi-vulval class B (DREAM)
complex (Tschop et al., 2011). In addition, Sprouty-related-EVH1 domain-
containing protein 1/2 (SPRED 1/2) have been shown to hinder
accessibility to DYRK1A substrates (Li et al., 2010).

1.3. DYRK1A and disease

As previously mentioned, DYRK1A is located within the DSCR, and it is
upregulated 1.5-fold in DS individuals (Dowijat et al., 2007; Guimera et al.,
1996). Mouse models overexpressing DYRK1A reproduce a wide range of

10
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the features associated to DS: intellectual disability (Altafaj et al., 2001;
Dowijat et al., 2007), motor alterations (Altafaj et al., 2001; Martinez de
Lagran et al., 2004), retinal abnormalities (Laguna et al., 2008), skeletal
alterations (Blazek et al., 2015; Lee et al., 2009) or higher risk to suffer
childhood leukemia (Malinge et al.,, 2012). In fact, it has been
demonstrated that the cognitive and motor defects, the retinal
abnormalities, the Alzheimer-like and the skeletal phenotypes are
attenuated when DYRK1A levels are normalized, either by genetic or
pharmacological means (Blazek et al., 2015; Garcia-Cerro et al., 2014;
Garcia-Cerro et al., 2017; Laguna et al., 2013; Ortiz-Abalia et al., 2008).

DYRK1A is highly sensitive to gene dosage imbalance: not only when in
trisomy but when in haploinsufficiency it is linked to clinical phenotypes.
The list of mutations of diverse nature (translocations, insertions/deletions,
single nucleotide variations, etc.) affecting one DYRK71A allele has
increased over the last years. Clinical traits include developmental delay,
microcephaly, seizures, feeding problems, a characteristic facial gestalt
and speech impairment (Luco et al., 2016 and references therein).
Currently, DYRK1A haploinsufficiency is considered a rare clinical
syndrome, within the autism spectrum disorders (ASD), in the Online
Mendelian Inheritance in man database (OMIM: 614104) and in Orphanet
(ORPHA: 464306) (see www.ncbi.nim.nih.gov/books/NBK333438 for
clinical description and management). In agreement, a mouse model
heterozygous for Dyrk1a present low neonatal viability, developmental
delay, small body size, microcephaly, seizures and behavioral traits of
ASD (Arranz, 2016; Fotaki et al., 2002), and a mouse model recreating
one of the DYRK1A frameshift mutations suffers cognitive impairments
(Raveau et al., 2018).

In addition, and given that DYRK1A phosphorylates key factors in the
development of neurodegenerative diseases such as Amyloid precursor
protein (APP), Tau, a-Synuclein and Huntingtin interacting protein 1
(HIP1) (Kang et al., 2005; Kim et al., 2006a; Ryoo et al., 2008; Ryoo et al.,
2007), dysregulation of DYRK1A has been linked to the development of
Alzheimer's, Parkinson's and Huntington's disease (Barallobre et al.,
2014; Branca et al., 2017; Cen et al., 2016; Kimura et al., 2007).

Furthermore, DYRK1A dysregulation might lead to heart defects due to
alterations in the Rb-E2F and NFAT pathways (da Costa Martins et al.,
2010; Hille et al., 2016; Kuhn et al., 2009; Raaf et al., 2010), and it has
been also related to osteoporotic phenotypes (Lee et al., 2009). Apart
from that, DYRK1A inhibition has been considered a potential therapeutic
target to stimulate pancreatic p-cells proliferation via NFAT signaling,
thereby ameliorating diabetes (Belgardt and Lammert, 2016). Finally, a
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potential link of DYRK1A with cancer is suspected, and a few reports on
this line have appeared in recent years (Liu et al., 2014; Pozo et al., 2013;
Radhakrishnan et al., 2016), with DYRK1A playing positive and negative
roles depending on different tumor types. Indeed, links with cell
proliferation and differentiation have been established in different cellular
contexts. On one hand, DYRK1A is a negative regulator of cell cycle since
it targets Cyclin D1 for degradation, it is able to increase the levels of the
CDK inhibitor p27, and favor DREAM complex assembly allowing cells to
enter in a quiescent state (Chen et al., 2013; Litovchick et al., 2011;
Soppa et al., 2014). On the other hand, it could promote proliferation by
facilitating nuclear translocation of Glioma-associated oncogene homolog
1 (GLI1) (Mao et al., 2002) or by stimulating the Epidermal growth factor
receptor pathway (Pozo et al., 2013) in some tumor contexts. Finally,
DYRK1A potentiates cell survival by targeting Caspase 9 (Laguna et al.,
2008) or Sirtuin 1, which lately deacetylates p53, thus skipping apoptosis
(Guo et al., 2010).

1.4. DYRK1A inhibitors

The impact of DYRK1A overexpression in health aimed to investigate
compounds that could inhibit the activity of the kinase. The most used one
in research is the adenosine triphosphate (ATP) competitor harmine, a B-
carboline alkaloid able to target Tyr321 autophosphorylation during the
maturation process (Bain et al., 2007; Gockler et al., 2009). Despite
attenuating some features attributed to DYRK1A overexpression in mouse
models (Kuhn et al., 2009; Laguna et al., 2008; Pozo et al.,, 2013), its
capability to inhibit the Monoamine oxidase enzyme difficulties its entry
into clinical studies. A polyphenol derivative found in the green tea leaves,
Epigallocatechin gallate (EGCG), with anti-tumor activities (Yang et al.,
2009), has proven effective as a DYRK1A inhibitor both in vitro and in vivo
(De la Torre et al., 2014; Gued; et al., 2009; McElyea et al., 2016). In fact,
EGCG is under clinical trial to treat DS individuals (de la Torre et al.,
2016). Nevertheless, both compounds target other members of the DYRK
subfamily, which makes the search for alternative drugs necessary.

In the last years, derivatives of indirubin (Myrianthopoulos et al., 2013),
roscovitine (Demange et al., 2013), leucettine (Tahtouh et al., 2012) and
benzothiazole have been developed. Belonging to the last category, INDY
and FINDY appear to be promising since they attenuate head
malformations induced by overexpressed DYRK1A in Xenopus laevis (Kii
et al., 2016; Ogawa et al., 2010). Other type of drugs, like Silmitasertib, a
Casein kinase 2 (CK2) inhibitor, rescue neurological and phenotypic
defects in an mnb-overexpressing Drosophila model (Kim et al., 2016).
However, the lack of a DYRK1A-specific inhibitor persists. Recently, drugs
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deriving from carbonitrile appeared to be highly selective for DYRK1A in
vitro, although its poor aqueous solubility needs to be improved for a
better bioavailability in vivo (Meine et al., 2018).

1.5. DYRK1A as a pleiotropic regulator of cellular processes

DYRK1A has been associated to a wide range of substrates both in the
cytoplasm and in the nucleus (Fig. 14), which would be in agreement with
its ability to be present in both compartments.
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Since the mechanism of nucleocytoplasmic trafficking is not fully
understood yet, and most of its substrates are shuttling proteins, it is
difficult to establish where the phosphorylation events take place.
Nevertheless, the diverse nature of its substrates indicates that DYRK1A
is a pleotropic protein involved in different processes like cell proliferation,
cytoskeletal dynamics or vesicle trafficking, among others (Fig. 14). Of
note, most of the phosphorylation events described to date have been
shown only in vitro, thus the link of DYRK1A to some of the cellular
processes associated to the substrates needs to be further explored. In
addition, with the available data it is difficult to establish whether DYRK1A
is the main effector or if it is playing a modulatory role in some processes.
In fact, DYRK1A is a priming kinase for GSK3, facilitating GSKS3
phosphorylation of Tau, Microtubule-associated protein 1B (MAP1B) or
Cryptochrome circadian clock 2 (CRY2) (Kurabayashi et al., 2010; Scales
et al., 2009; Woods et al., 2001), indicating that some of DYRK1A cellular
activities could require actions in concert with GSK3.
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As shown in Fig. 14, one of the functional categories is transcription,
including well-known transcription factors such as GLI1 (Mao et al., 2002)
or NFAT (Arron et al., 2006; Gwack et al., 2006). In addition, work from
our laboratory demonstrated that DYRK1A affects transcription by being
recruited directly on a subset of promoters (Di Vona et al., 2015). This role
of DYRK1A will be detailed in the next section.

2. DYRK1A and transcription

2.1. Principles of eukaryotic RNA polymerase Il-mediated
transcription

Transcription is an essential step in gene expression regulation. In higher
eukaryotes, there are three RNA polymerases that, despite sharing some
subunits, interact with different combinations of TFs to precisely transcribe
specific sets of nuclear genes (Zawel and Reinberg, 1995). RNA
polymerase | (RNAPI) is dedicated to the transcription of the RNA
precursor deriving in 18S, 5.8S and 28S ribosomal RNAs (rRNAs)
(Grummt and Langst, 2013); RNA polymerase Il (RNAPII) transcribes
mRNAs that would be further translated into proteins and a wide variety of
non-coding RNAs such as long non-coding RNAs and miRNAs; finally,
RNA polymerase 1l (RNAPIII) is responsible for the transcription of small
non-coding RNAs such as 5S rRNA or transfer RNAs (tRNAs) (Turowski
and Tollervey, 2016). For the purpose of the thesis work, this section is
mainly focused on basic concepts regarding RNAPII-mediated
transcription, highlighting the initiation phase.

The first step is the assembly of the pre-initiation complex (PIC), which
requires the 12 core subunits forming RNAPII and general TFs (GTFs),
including TFIIA, TFIIB, TFIID, TFIIE, TFIIF and TFIIH. TFIID is composed
by the TATA-box-binding protein (TBP) plus around 13-15 TBP-
associated factors (TAFs), and it is responsible for the first contacts with
core promoter elements. Thus, TBP recognizes the TATA-box while TAF6
and TAF9 binds the Downstream promoter element (DPE); TAF1 and
TAF2 interact with the Initiator element (Inr) and TAF1 recognizes the
Downstream core element (DCE). Later on, during PIC assembly, TFIIB
will detect the TFIIB recognition element (BRE) (Maston et al., 2006; Vo
Ngoc et al.,, 2017). Finally, the PIC is stabilized and directed to the
transcriptional start site (TSS) with the participation of additional activators
and co-activators, which interact with either their corresponding motifs
along the proximal promoter region or via other previously recruited
proteins, such as Mediator (Maston et al., 2006; Soutourina, 2017) (Fig.
I5A).
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One key player in the regulation of RNAPII transcription is the carboxy-
terminal domain (CTD) of the subunit 1 of the holoenzyme. The CTD
consists of multiples repeats (52 in mammals) of the heptapeptide Tyr-
Ser-Pro-Thr-Ser-Pro-Ser, which are modified post-translationally by a
plethora of proteins to achieve a tight regulation, not only of the
transcription itself, but also to correctly orchestrate transcription with co-
transcriptional processes such as mRNA capping or splicing (Harlen and
Churchman, 2017). After some abortive rounds, RNAPII is able to escape
the promoter thanks to stabilizing signals such as the phosphorylation of
the CTD on Ser5 and Ser7 by the TFIIH complex formed by the CDK7 and
cyclin H (Harlen and Churchman, 2017) (Fig. I15A).
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Figure 15: RNAPII-mediated transcription. Cartoon depicting the different phases of
RNAPII transcription: initiation, elongation and termination and the main components
involved. (A) PIC assembly and promoter escape, (B) pausing release, and (C) pausing at
termination sites. See the text for details. Adapted from Skalska et al., 2017 and Soutourina,

2017.

Right after elongations starts, RNAPII enters in a pausing status mediated
by Negative elongation factor (NELF) and DRB sensitivity-inducing factor
(DSIF) interaction. As a regulatory mechanism, RNAPII pause release
only occurs when the positive transcription elongation factor (pTEFb)
complex (formed by CDK9 and alternative Cyclins T1/T2a/T2b/K)
phosphorylates both factors and the CTD at Ser2, thereby allowing
productive elongation to take place (Saunders et al., 2006) (Fig. I5B).
Finally, RNAPII slows down once it reaches the termination sequence
known as polyA-site (PAS) likely due to: i) the recruitment to the CTD of
an essential complex for final mMRNA processing, 3’-end cleavage and
polyadenylation complex (CPA), and ii) the formation of R-loops, namely,
hybrids between the nascent RNA and the DNA template. CPA releases
the transcript whereas RNAPIl continues transcribing until the
exoribonuclease XRN2, while degrading this spurious product, induces a
conformational change in RNAPII that releases it from the DNA template
(Proudfoot, 2016) (Fig. 15C).
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2.2. DYRK1A as a direct regulator of transcription

For decades, kinases were thought to play an indirect role on transcription
by targeting TFs or chromatin modifiers. However, it has become more
and more evident that kinases phosphorylate proteins involved in
chromatin functions (histones, chromatin remodelers, RNA polymerase
components, etc.) in situ. Well-known examples belong to the MAPK
family. Thus, c-Jun N-terminal kinase is recruited to active promoters
during neurodifferentiation to phosphorylate histone 3 (H3) in residue
Ser10 (Tiwari et al., 2011), Extracellular signal-regulated kinase 2 (ERK2)
was shown to directly bind a specific DNA sequence contained in some
interferon-induced gene promoters to exert a repressive function on their
transcription (Hu et al., 2009), and p38a targets genes during skeletal
muscle cell differentiation (Segales et al., 2016).

In addition, it has been shown that cells use kinases to phosphorylate the
CTD other than CDK7 or CDK9. Thus, ERK2 targets Ser5 in the presence
of Polycomb repressive complex 2 in developmental genes (Tee et al.,
2014), whereas Ser2 phosphorylation can be carried out by CDK12,
CDK13 or Bromodomain containing protein 4 (Jeronimo et al., 2016). In
fact, CDK12 is thought to be the main kinase phosphorylating this residue
in Drosophila (Bartkowiak et al., 2010).

The first indication of DYRK1A as a putative direct regulator of
transcription appeared in (Himpel et al., 2000), where H3 was found to be
phosphorylated by DYRK1A at Thr45 in vitro. Later on, DYRK1A was
observed to transactivate steroid receptor responsive genes by acting
synergistically with Androgen receptor interacting protein 4 in a kinase-
independent manner (Sitz et al., 2004). Finally, DYRK1A was shown to
phosphorylate in vivo H3 at Thr4d5 and Ser57 affecting the repressor
function of Heterochromatin protein 1 on cytokine-respondent genes
(Jang et al., 2014).

The work of our group showed that DYRK1A is seated on a subset of
RNAPII proximal promoter regions based on  chromatin
immunoprecipitation coupled with high-throughput sequencing (ChIP-Seq)
studies. The study also showed that DYRK1A phosphorylates the CTD on
Ser2 and Ser5 in vitro and in vivo, leading to the proposal that this is the
mechanism to regulate the transcriptional activation of its targets (Fig. 16)
(Di Vona et al.,, 2015). Moreover, DYRK1A was linked to RNAPIII
transcription since the second most represented category of DYRK1A-
associated genomic /loci correspond to intergenic regions (Fig. 16B),
mostly tRNA genes, and some of them showed reduced transcription
when DYRK1A expression was reduced (Di Vona, 2013).
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Figure 16: DYRK1A is recruited to proximal promoter regions. (A) Cartoon showing the
working model proposed for DYRK1A-dependent transcription activation of gene targets.
See text for details. GTFs are depicted as well as unknown putative DYRK1A binding
partners in this context (B) Pie chart representing the distribution of DYRK1A genomic loci
over the distinct genomic features in T98G cells as appeared in Di Vona et al., 2015.

DYRK1A-associated RNAPII promoters are enriched in a palindromic
sequence (TCTCGCGAGA, herein named as “DYRK1A-motif") (Fig. 16A),
which was proven to be important for the DYRK1A-dependent
transcriptional activation function (Di Vona et al., 2015). Electrophoretic
mobility shift assays (EMSAs) showed that this particular motif could serve
as a platform for the recruitment of protein complexes where DYRK1A
was found (Di Vona et al., 2015). Results from de novo discovery of motifs
within the ENCODE Consortium project identified some factors whose
associated-genomic loci were enriched in this particular motif: the
transcriptional co-repressor Zinc finger and BTB domain containing 33
(ZBTB33/KAISO; from herein KAISO), the E3 ubiquitin ligase Breast
cancer type 1 susceptibility protein (BRCA1) and the chromatin remodeler
Chromodomain helicase DNA binding protein 2 (CHD2) (Wang et al.,
2014). Moreover, further analysis of data from the ENCODE project
uncovered additional factors associated to TCTCGCGAGA-enriched DNA
sequences: the E26-transformation specific (ETS) family and Nuclear
receptor subfamily 3 group C member 1 protein (NR3C1) (Kheradpour
and Kellis, 2014). However, over-representation of the motif only
appeared in one NR3C1 dataset, which was considered unreliable by the
authors. For the ETS family, it was not known which member or members
of this huge family of TFs were included in the study. For these reasons,
the interest of this Thesis work on the question of whether there is a
cross-talk between DYRK1A and other motif-binders was limited to CHD2,
KAISO and BRCA1. A brief introduction of these three proteins is provided
below.
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Figure 17: Schematic representation of the protein structure of CHD2, KAISO and
BRCA1 proteins. See text for details. Drawings are not to scale.

2.3. Putative DYRK1A binding partners at the chromatin level
2.3.1. Chromodomain helicase DNA binding protein 2 (CHD2)

CHD2 is a chromatin modifier belonging to the evolutionarily conserved
superfamily of Sucrose non-fermentable 2 (SNF2)-related ATPases, which
change histones-DNA contacts in an ATP-dependent manner, and alter
the structure of nucleosomes affecting chromatin accessibility (Nagarajan
et al., 2009). In addition to the SNF2-like helicase domain, CHD subfamily
members are characterized by the presence of N-terminally extra tandems
of chromatin organization modifier (chromo) domains, which are in charge
of interacting with heterochromatin. As a member of class | CHDs, CHD2
contains a DNA binding domain (DBD) in the C-terminus recognizing AT-
rich DNA motifs (Fig. I7A).

CHD2 depletion causes reduced histone variant H3.3 occupancy on
developmental regulated genes (Semba et al., 2017; Siggens et al,,
2015). Mutations in CHD2 have been linked to defects in brain
development, leading to epilepsy and intellectual disability (Chenier et al.,
2014). Moreover, CHDZ2 is one of the most frequently mutated genes in
chronic lymphocytic leukemia patients. In fact, Chd2 heterozygous mice
present increased hematopoiesis and susceptibility to Ilymphomas
(Nagarajan et al., 2009; Rodriguez et al., 2015). In this context, CHD2 has
been proposed to act as a modulator of DNA damage responses (DDR)
(Nagarajan et al., 2009).

2.3.2. Zinc finger and BTB domain containing 33 (ZBTB33/KAISO)

KAISO was classified as a methyl DNA-binding protein, generally known
as a transcriptional repressor. KAISO primary structure includes three zinc
finger (ZF) domains located in the C-terminus and acting as DBDs (Fig.
I7B), which recognize, on one hand, symmetrically methylated-
cytosine/guanine dinucleotides (mCpGs) and, on the other hand, an
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unmethylated CTGCNA motif called KAISO binding site (KBS) (Daniel,
2007; Filion et al., 2006) (Fig. 18). KAISO interacts with many diverse
proteins through an N-terminal Broad complex, tramtrack, bric a brac/Pox
virus and zinc finger (BTB/POZ) domain (Fig. 17B and 18). Thus, it forms
homodimers and interacts with Nuclear receptor co-repressor 1 (NCoR1)
to recruit histone deacetylases to mCpG promoter regions of the
Metastasis associated protein 2 (MTA2) locus (Yoon et al., 2003) (Fig.
IBA). KAISO also binds the enhancer blocker CCCTC-binding factor
(CTCF), and negatively regulates its activity possibly by recognizing a
KBS close to CTCF binding sites in the case of the human 5 B-globin
insulator (Defossez et al., 2005). Cooperation between KAISO and CTCF
has also been shown for the RB gene promoter and for Imprinting control
region | (ICRI) (Bohne et al., 2016; De La Rosa-Velazquez et al., 2007)
(Fig. 18B).
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Figure 18: KAISO recruitment to DNA. (A) KAISO binds methylated CpGs and
transcriptional repression of MTA locus is achieved via recruitment of co-repressors
(COR/NCOR) and HDACSs. (B) CTCF activity is blocked by KAISO recruitment to a KBS
close to CTCF binding sites (BS). (C) KAISO binds DNA directly through KBSs and this
process is counteracted when KAISO homodimers are sequestered by p120-catenin, which
is promoted by DYRK1A phosphorylation. (D) KAISO interferes with canonical Wnt gene
activation by interacting with TCF3. (E) KAISO is recruited to unmethylated CpGs enriched in
RNAPII likely to activate transcription. (F) KAISO interacts with the TCTCGCGAGA-motif
when methylated to inhibit the transcription of genes involved in adipogenesis in
collaboration with SMRT. (G) KAISO interacts with the DYRK1A-motif to regulate genes
involved in oligodendrocyte maturation together with TCF4. Adapted from van Roy and
McCrea, 2005.

KAISO targets are closely connected to the Wnt signaling pathway, mainly
involved in development and tumor progression processes. Upon Wnt
signals, p120-catenin binds the ZF domains of KAISO, forcing its release
from Wnt targets containing KBSs, and thereby inducing the expression of
Whnt targets (Daniel and Reynolds, 1999; Kim et al., 2002). Interestingly,
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DYRK1A favors this interaction by phosphorylating p120-catenin in the
context of X. laevis embryo gastrulation (Hong et al., 2012). In addition,
KAISO has been observed to play a role in the canonical Wnt pathway by
cooperating with T-cell factor 3 (TCF3) to silence Wnt/B-catenin target
genes (Park et al., 2005) (Fig 18C-D).

KAISO has not only been linked to transcriptional repression but also to
activation. A genome-wide study revealed that KAISO binds mostly
unmethylated RNAPII-occupied promoter regions decorated with histone
marks associated to transcription activation (Blattler et al., 2013) (Fig.
I8E). In agreement, KAISO has been shown to activate the transcription of
Cyclins D1 and E1, leading to proliferation in HeLa cells (Pozner et al.,
2016).

As mentioned before, KAISO has been associated with the DYRK1A-motif
sequence in the context of the ENCODE project (Wang et al., 2014).
KAISO's association with this motif is linked to a cooperative role with
SMRT in adipogenesis and with TCF4 in oligodendrocyte differentiation
(Raghav et al., 2012; Zhao et al., 2016) (Fig. 18F-G).

2.3.3. Breast cancer type 1 susceptibility protein (BRCA1)

BRCA1 was first discovered by looking for genes whose mutation led to
hereditary early-onset breast cancer (Hall et al., 1990). BRCA1 mutations
display pleotropic effects, leading mainly to genetic instability so that
BRCA1 is considered a tumor suppressor. Functionally, BRCA1 acts as
an E3 ubiquitin ligase, in collaboration with BRCA1-associated Really
interesting new gene [RING] domain protein 1 (BARD1), which depends
on an N-terminal RING finger domain conferring the activity while a
BRCA1 C-terminal (BRCT) domain is responsible for the majority of the
protein-protein interactions (Roy et al., 2011) (Fig. I7C).

BRCA1 is mostly known by its role in DNA repair of double-strand breaks
(DSBs), since it triggers recombinase RAD51 location to the damaged
DNA so that homologous recombination repair can take place (Roy et al.,
2011; Wu et al, 2010) (Fig. I9A and B). In addition, BRCA1 also
participates in the checkpoints controlling the DNA status in the different
phases of the cell cycle. BRCA1 is phosphorylated by Ataxia-
telangiectasia mutated (ATM) and Ataxia-telangiectasia Rad3-related
(ATR) during the DDR (Cortez et al., 1999; Tibbetts et al., 2000), and it is
also phosphorylated by other kinases (Fig. I19A). The kinases include
CDK1 or CDK2 during the DNA synthesis checkpoint (Johnson et al.,
2009; Ruffner et al., 1999), Check point kinase 2 (CHK2) or Aurora-A
during the G2/M phase (Deng, 2006; Zhang et al., 2004) and Polo-like
kinase 1 (PLK1) in the DDR (Chabalier-Taste et al., 2016). In addition,
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Fyn-related kinase (FRK/RAK), and Protein kinase B (PKB/AKT) also
target BRCA1 to regulate its protein stability and nuclear localization,
respectively (Hinton et al., 2007; Kim et al., 2017). The fact that several
kinases target multiple residues of BRCA1 points to a highly complex
regulatory network to accomplish BRCA1 coordinated activity.
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Figure 19: BRCA1 is a pleiotropic protein. Cartoon depicting the main pathways in which
BRCA1 is involved. (A) DNA damage is a key trigger of BRCA1 activation. Damage sensors
kinases (CDK1/2, ATM, ATR, CHK2, PLK1 and Aurora A) phosphorylate BRCA1 leading to
BRCA1-dependent activation of DDR, which includes DNA damage repair via homologous
recombination or coupled to transcription as well as cell cycle checkpoint activation in G1/S
and G2/M. (B) Additional BRCA1 functions: see text for description. Upstream kinases
triggering some of these responses are CDK4, AKT or FRK/RAK. Adapted from Narod and

Foulkes, 2004.
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Several studies have shown the association between BRCA1 and the
RNAPII holoenzyme as well as its influence on the mRNA levels of some
DDR genes, pointing to a possible role of BRCA1 in transcription (Nadeau
et al.,, 2000). Interestingly, BRCA1 has been proposed as a CTD
modulator, since it abrogates Ser5 phosphorylation by inhibiting the
activity of CDK-activating kinase (CAK) when being part of a TFIIH sub-
complex, or Ser2 phosphorylation by affecting the function of pTEFb
(Moisan and Gaudreau, 2006; Moisan et al., 2004) (Fig. I9B). In addition,
BRCA1 has been suggested to participate in the transcription-coupled
repair process, a nucleotide excision repair pathway activated when DNA
damage occurs during transcription (Fig. 19A). Thus, BRCA1 has been
observed to accumulate in RNAPII pausing sites, usually characterized by
the formation of R-loops, to mediate in the recruitment of the repair
machinery (Hatchi et al., 2015; Zhang et al.,, 2017), and to target
elongating RNAPII for degradation (Kleiman et al., 2005) (Fig. 19B). Other
transcription-associated processes require the participation of BRCA1 in
chromatin remodeling via interacting with factors such as Switch/SNF
(SWI/SNF) complex (Bochar et al., 2000; Harte et al., 2010) or HDAC1
and HDAC2 (Yarden and Brody, 1999) (Fig. 19B). Finally, BRCA1
contributes to further gene regulation processes such as splicing, by
taking part of a complex together with B-cell lymphoma 2-associated
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factor 1 (BCLAF1) to mediate the splicing of pre-mRNAs whose proteins
are involved in the DDR (Savage et al., 2014).

24. DYRK1A genomic targets connects DYRK1A with
ribosome-related processes

Gene ontology analysis performed on DYRK1A-associated genomic loci
revealed that DYRK1A mostly occupies promoter genes related to
translation and ribosome biogenesis processes (Di Vona et al., 2015).
Among these DYRK1A targets, there is a clear enrichment of genes
encoding for canonical ribosomal proteins (RPs). In the next part of the
Introduction, | will give an overview of what is currently known about RP
gene (RPG) expression regulation, highlighting its main physiological
implications in translation, cell growth and disease.

3. Ribosomal proteins transcriptional regulation

3.1. Principles of ribosome biogenesis and translation
machinery

Ribosomes are huge cellular machineries in charge of the essential role of
translating mRNAs into proteins. In mammals, they are formed by two
subunits: the large 60S subunit is composed by the 5S, 5.8S and 28S
rRNAs plus 52 RPs (RPLs), while the small 40S subunit comprises the
18S rRNA plus 35 RPs (RPSs). Recently, a new system for naming RPs
has been proposed (Ban et al., 2014) (equivalences to the old
nomenclature are listed in Annex I), and both nomenclatures will be used
unless otherwise specified.

Ribosome biogenesis is complex and energy-consuming: it takes place in
three different subcellular compartments (nucleolus, nucleoplasm and
cytoplasm) and involves more than 200 factors of different nature (rRNAs,
small nucleolar RNAs [snoRNAs] and canonical and auxiliary proteins)
(Pena et al., 2017). The three RNA polymerases participate in the
transcription of the ribosomal components. The rRNAs 18S, 5.8S and 28S
are generated from the processing of a 47S pre-rRNA transcribed by
RNAPI in the nucleolus, whereas the 5S rRNA is produced by RNAPIII in
the nucleoplasm. In addition, all the coding genes involved in ribosome
biogenesis are transcribed by RNAPII; their mRNAs are exported to the
cytoplasm to be translated and once the proteins are produced, they must
be transported into the nucleolus, not only to be part of the ribosome
assembly, but also to help in the processing of rRNA (Pena et al., 2017;
Xue and Barna, 2012) (Fig. 110). Finally, the two ribosomal subunits are
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exported to the cytosol, where they assemble together and, after the
release of assembly and transport factors, they are competent for
translation.
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Translation is organized in three steps, initiation, elongation and
termination and requires, not only the ribosomal subunits, but also a set of
distinct factors involved in each of the steps (Andreev et al., 2017; Dever
and Green, 2012; Hinnebusch, 2014). All the three steps are subject of
regulatory mechanism, which are the end point of cellular and
environmental signals (Richter and Coller, 2015).

Translation initiation begins when, on one hand, the 43S PIC is
assembled, and on the other hand, a post-transcriptional element present
in the majority of mMRNAs, m’'G cap, is recognized by the trimeric initiation
complex elF4E/G/A resulting in the formation of the 48S complex. Once
the first AUG codon is recognized, the complex stops scanning the
mRNA, the large subunit is recruited and several of the initiation factors
are released (Andreev et al., 2017; Hinnebusch, 2014) (Fig. I11).

The new-formed 80S initiation complex (IC) continues translation
elongation where aa-tRNA anticodons base-pair with their corresponding
mRNA triplets. These events trigger a conformational shift of the ribosome
allowing the formation of the peptide bond between the two aa and the
displacement of the ribosome across the mRNA. Thereby, the former aa-
tRNA can leave whereas the latter tRNA carries the peptide chain in
formation (Dever and Green, 2012; Richter and Coller, 2015). Translation
termination occurs when the ribosome meets a stop codon (triplets UAA,
UAG or UGA). Then, eukaryotic release factors (eRFs) are recruited to
separate the polypeptide from the tRNA. Finally, recycling of the ribosome
starts with 60S eviction and deacetylated tRNA and mRNA dissociation
from the 40S subunit (Dever and Green, 2012) (Fig. 111).
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Figure 111: Overview of the translation process. Schematic representation of the three
phases of translation (initiation, elongation and termination) focused on PIC assembly during
initiation and ribosome disassembly during termination. 43S PIC is formed by the small
ribosomal subunit, eukaryotic initiation factors (elFs 3, 1, 1A and 5) and the ternary complex
(Met-tRNA, [aminoacylated tRNA loaded with methionine], elF2 and guanine triphosphate
(GTP). Interaction between elF4G and elF3 allows the interaction between the PIC and the
mRNA forming the 48S complex. Ribosome recycling starts with 60S eviction mediated by
the ABCE1 (ATP-binding cassette subfamily E member 1) while the deacetylated tRNA and
mRNA are dissociated from the 40S subunit by DENR (density-regulated protein) and further
elFs. Adapted from Bhat et al., 2015.

3.2. Transcriptional regulation of ribosomal protein genes

The coding sequences of the RP genes (RPGs) are highly conserved
along evolution; however, the promoter features and the machinery
involved in their transcriptional regulation is not conserved. In prokaryotes,
RPGs form operons, in which the expression of multiple genes is
controlled by a single promoter. Besides, some RPs can negatively
regulate their own translation (McGary and Nudler, 2013; Nomura et al.,
1984). In the case of eukaryotes, the situation is much more complex with
multiple genes widely scattered along the genome (Hu and Li, 2007;
Yoshihama et al., 2002).

In S. cerevisiae, the main elements involved in RPG transcriptional
regulation have been characterized (Bosio et al., 2017). In addition,
several regulatory mechanisms connecting RPG expression to signaling
cascades have been identified, mostly the Target of Rapamycin complex
1 (TORC1) pathway, which is in charge of sensing nutrients and mitotic
factors. RPG promoters are classified in two categories depending on the
presence of the High mobility group protein 1. In both cases, Repressor
activator protein 1 (Rap1) acts as a pioneer element required for the
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binding of other TFs. Rap1 and Forkhead-like 1 (Fhl1) are present
constitutively at the RPG promoter and the co-activator Interacts with
Forkhead 1 (Ithi1) is recruited to form a complex with Fhi1 only upon
activating signals (Knight et al., 2014) (Fig. 112). A small subset of RPGs
(6%) appear to be Rap1-independent and to require instead ARS-binding
factor 1, whose association with target promoters is dynamic and
responsive to environmental stimuli (Fermi et al., 2016).

la 7
Target gene OFF

Figure 112: Mechanism of transcriptional regulation of RPGs in S. cerevisiae. (A)
Transcription activation occurs when Ifh1 is recruited to the promoter. Ck2 favors
transcription by phosphorylating Ifh1 and the repressor Crf1. (B) CURI complex sequesters
Ifh1 leading to gene silencing. (C) Yak1 phosphorylates Crf1, allowing its nuclear
translocation and competition for Fhl1 binding sites. For more details, see full text.

Two main regulatory mechanisms have been described (Fig. 112). One of
them relies on the CURI complex, composed by Ck2 and the rRNA
processing proteins U3 snoRNA associated protein 22 and rRNA protein
7, and it has been suggested to be a mediator between rRNA synthesis
and RP production since the CURI complex sequesters Ifh1 to repress
RPGs when rRNA transcription is impaired (Albert et al., 2016). The other
one depends on TORC1 inactivation, and Co-repressor with Fhi1 (Crf1)
competes with Ifh1 for the binding to Fhi1 upon nuclear translocation
induced by Yak1 phosphorylation (DYRK homolog in S. cerevisiae)
(Martin et al., 2004). In addition, Ck2 phosphorylates both Ith1 (Thr681)
and Crf1 (Thr348) in their Fhi1 binding domains. Ifh1 phosphorylation
facilitates the Fhl1-Ifh1 interaction whereas phosphorylation of Crf1
inhibits the repressive role of this factor (Kim and Hahn, 2016).

Despite this information, a clear molecular mechanism for the regulation of
the RPGs remains unknown in mammals. Only some analogies at the
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functional level have been extracted: for instance, Split finger protein 1
has been suggested to be the functional analog of c-Myc in S. cerevisiae
since it is targeted by the TORC1 complex, and it links directly this
signaling pathway with the transcription of canonical and auxiliary RPGs
(Lempiainen and Shore, 2009).

Given the lack of evolutional conservation of the yeast factors, studies
have been focused on searching TF binding sites within the promoters of
the RPGs in higher eukaryotes. The studies have revealed that there is
not a unique motif common to all metazoans RPGs; by contrast, distinct
motifs are found differentially enriched within the RPG promoters,
suggesting that they are regulated by different combinations of TFs in
different organisms and physiological situations (Perina et al., 2011). The
DNA sequences considered as the ones most enriched in mammalian
RPG promoters are described below:

e Tract of polypyrimidine / TCT motif. the motif appears in RPG
promoters and other genes whose products are related to translation. It
is found close to the TSS and it is thought to play a dual role both in
transcription and translation initiation (Perina et al., 2011). The TCT-
motif is recognized preferentially by TBP-related factor 2 (TRF2) in
Drosophila (Baumann and Gilmour, 2017; Wang et al., 2014). TRF2
has been proposed to regulate RNAPII transcription by targeting TAF1
to subsets of TATA-less promoters in a TFIIB-independent manner
(Baumann and Gilmour, 2017; Zehavi et al., 2015). The human
homolog is named TBP-like 1, but whether there is functional
conservation has not been investigated yet.

o TATA-like sequences: the RPG promoters are generally classified as
“TATA-less”, but they do contain A/T-rich sequences and TBP may be
present at human RPG promoters (Perina et al., 2011; Perry, 2005).

o GABP motif: the motif is found upstream the TSS in 66% of human
and mouse RPG promoters (Perina et al., 2011; Perry, 2005). GA-
binding protein (GABP) belongs to the ETS family, and it forms a
heterotetramer to carry out its function as a transcriptional activator of
genes required for the regulation of cell cycle, differentiation, protein
synthesis and cellular metabolism (Rosmarin et al., 2004).

e YY1 motif: the motif is predominantly found downstream the TSS of
RPGs (Perina et al., 2011; Perry, 2005). Yin Yang 1 (YY1) is a ZF-
containing protein, which is involved in multiple mechanistic roles as an
activator, a repressor or a chromatin modifier (Khachigian, 2018).
Interestingly, a de novo motif named M1 has been found as the most
highly enriched binding site in mouse and human RPG promoters
(Roepcke et al., 2006). The motif partially overlaps with that of YY1 but
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the authors claim that it may have additional roles in transcription
initiation and, possibly splicing, based on its constant location in the
first exon of the RPGs.

e Sp1 motif: the motif is ubiquitously found in genes implicated in
processes such as cell growth, differentiation, apoptosis, development
and carcinogenesis (Beishline and Azizkhan-Clifford, 2015). The
associated protein Specificity protein 1 belongs to the family of
Sp/Kruppel-like TFs and is considered to be an activator of genes
containing putative CG-rich sites in their promoters (Safe et al., 2014).

¢ Myc motif: the motif is commonly found in genes involved in a wide
range of cellular processes (cell proliferation, cell growth, apoptosis,
self-renewal) and therefore c-Myc protein targets a huge plethora of
genes (Kress et al., 2015), including genes encoding direct
components of the ribosome as well as factors required for rRNA
processing (van Riggelen et al., 2010).

e M4-motif: the motif was detected as enriched in mouse and human
RPG promoters (Roepcke et al., 2006; Wyrwicz et al., 2007). The
sequence was recently acknowledged as a de novo KAISO motif
(Raghav et al., 2012), and it corresponds to the DYRK1A-motif (Di
Vona et al., 2015). Yamashita and colleagues considered the M4-motif
a DNA replication element (DRE)-like sequence in the human genome,
potentially able to be recognized by human DRE factor/zinc finger
BED-type containing 1 (hDREF/ZBED1, from herein hDREF)
(Yamashita et al., 2007). In fact, the DRE motif was found to be highly
enriched in RPG promoters in flies (Ma et al., 2009), and DREF has
been proposed to target TRF2 to a subset of them (Baumann and
Gilmour, 2017).

3.3. Biological impact of a differential regulation of ribosomal
proteins

3.3.1. Specialized ribosomes

Ribosome structure and function have been known for decades. Although
it is composed of many different factors, it has been considered as an
automatic machine, acting in a constitutive manner. In the last few years,
however, it has been observed that ribosomes present differential
composition of their elements. This fact it is thought to play a role in
specialized translation of mRNAs, thus adding another layer of regulation
to gene expression (Shi and Barna, 2015; Xue and Barna, 2012). There
are different sources of variability leading to distinct ribosomes: i) post-
transcriptional modifications of rRNA, ii) post-translational modification of
RPs, and iii) differential composition either in auxiliary or in core RPs (Shi
and Barna, 2015). Regarding the last point, there is evidence pointing to
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the existence of differential composition of RPs within the ribosomes,
which might be the result of the regulation of RPG transcription.

Firstly, in 80-90% of the RPs the molar ratio of their transcripts varies
around three-fold. This variation implies that there is unequal regulation of
the expression of RPGs. In fact, most RPGs show differential expression
in mouse embryonic tissues (Kondrashov et al., 2011). In addition, mass
spectrometry (MS) studies have shown that the stoichiometry of RPs
forming the ribosome changes depending on the number of ribosomes per
mRNA (Slavov et al., 2015). Distinct regulatory mechanisms have been
identified, such in the case of RPL41/eL41, which is much more
transcribed than other genes but very inefficiently translated, or
RPS24/eS24, which contains an intron alternatively spliced during the
differentiation of embryonic stem cells (ESCs) into myoblasts (Gupta and
Warner, 2014).

Secondly, in yeast, plants and flies, it is common to find RPs encoded by
more than one copy, so their resulting proteins might play subtly different
roles despite having high sequence homology (Xue and Barna, 2012).
Mammalian RPs are mostly encoded by single copy genes. However,
there are cases in which the paralogs of some RPGs are expressed
fulfilling important roles under specific physiological situations. For
instance, the mRNAs encoding for RPL10/uL16, RPL39/eL39 and
RPL3/uL3 and their corresponding paralogs (RPL10L, RPL39L and
RPL3L) are alternatively transcribed in a tissue specific manner (Wong et
al., 2014). An example of paralog-specific functions is the case of the pair
RPL22/eL22 and RPL22L1, which perform antagonistic roles in the
context of the Mothers against decapentaplegic homolog 1 pathway
during the hematopoietic development in Zebrafish (Zhang et al., 2013).

Based on experimental evidence, it has been suggested that the function
of specialized ribosomes is to translate specific pools of mRNAs. For
instance, RPL38/eL38 is specifically needed for the translation of
homeotic Hox genes in mice embryos (Kondrashov et al., 2011), by
allowing the recognition of an internal ribosome entry site (IRES) element
required for the expression of these genes (Xue et al.,, 2015). As a
consequence, the absence of RPL38/eL38 affects the translation of Hox
genes, leading to axial skeleton patterning alterations. Likewise,
RPL10A/uL1 and RPS25/eS25 direct different sets of ribosomes to the
translation of specific mRNAs (Shi et al., 2017).

3.3.2. p53 cell cycle arrest and extra-ribosomal functions

Another layer of complexity comes from the fact that some RPs have
extra-ribosomal functions. The most known one is related to p53-
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dependent cell cycle arrest. When RPs such as RPL5/uL18 or RPL11/uL5
are not incorporated correctly into ribosomes, they bind murine/human
double minute 2 (MDM2/HDM2) and inhibit p53 degradation (Bursac et
al., 2012). On the other hand, RPs may have important roles as RNA-
binding proteins in rRNA processing and in the translational control of
their transcripts. That would be the case of RPS13/uS15, which inhibits
the splicing of its own transcript (Malygin et al., 2007), or RPL13/uL13,
which regulates the translation of specific mMRNAs as part of a non-
ribosomal complex (Mazumder et al., 2003).

3.4. Ribosomes and disease

The imbalance in the production of RPs drives the development of
aberrant phenotypes. Since protein synthesis is directly linked to cell
growth, the most common phenotype due to loss of function mutations in
RPGs is a reduction in body size (Fig. 113A). This phenotype was first
described as minute in D. melanogaster and it comprises more than 50
mutations scattered throughout the genome, many of which are located in
RPGs (Shi and Barna, 2015). The fact that reduced RPS3/uS3 mRNA
levels correlates with the severity of the phenotype suggests that the
sensitivity for reduced levels of particular RPG products may be different
(Saeboe-Larssen et al., 1998). Another common outcome found in many
mutated RPs is bone marrow defects (Fig. I113A). The most studied one is
the Diamond-Blackfan anemia, commonly associated to RPS719/eS19
haploinsufficiency, although it has also been linked to mutations found in
at least ten more RPGs (Xue and Barna, 2012).
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Figure 113: Ribosomal protein loss-of-function mutations in human. Brief description of
the phenotypes and their corresponding RPG mutations are shown. (A) Most commonly
shared phenotypes conserved in zebrafish, mouse and human. (B) Highly specific diseases
indicating the organ that displays the phenotype. Adapted from Shi and Barna, 2015.
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Defects in ribosome functionality are also connected to cancer. Some
translation factors (elF4E/G, elF3 complex or eEF1a2) as well as TFs (i.e.
c-Myc) and RNAPIII components boosting ribosome biogenesis are
frequently overexpressed in tumors; unexpectedly, loss-of-function (LoF)
mutations in RPGs have been also found in a certain tumor types (Bustelo
and Dosil, 2018). These results suggest that increased translational rates
might favor tumorigenesis, but also that the alterations in ribosome
biogenesis might contribute to shape the tumor proteome.

Finally, it is worth noting that there are RPGs LoF mutations leading to
very specific phenotypes. For example, mutations in the RPSA/uS2 cause
lack of spleen or mutations in RPL21/eL.21 are responsible for hereditary
hypotrichosis simplex (Shi and Barna, 2015) (Fig. 113B). All these
observations reinforce the hypothesis of a high specialization of
ribosomes.
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The DYRK1A protein kinase has been shown to be recruited to specific
genomic regions. An interesting subset of DYRK1A genomic loci are
related to cell growth, including the promoters of RPGs. Notably, some
cell lines (including the cell model used in this thesis) present a reduction
in cell size upon DYRK1A silencing, possibly due to a loss in cell mass (Di
Vona, 2013). It is therefore possible that DYRK1A exerts a role in
translation by regulating the transcript levels of RPGs. Very little is known
on how RPG expression is regulated in mammals. Therefore, this
research will not only provide novel molecular explanations to the
DYRK1A-related phenotypes, but it can also contribute to increase our
understanding on the regulation of the expression of RPGs.

The objectives of this Thesis work are the following:

I.  To characterize the mechanism of DYRK1A recruitment to RNAPII-
associated genomic regions, and in particular, to RPG promoters.
Specific questions to be answered are: Are there any DYRK1A
binding partner at the chromatin level? If so, how does DYRK1A
cross-talk with its partners in this context?

II. To elucidate whether DYRK1A regulates the expression of RPGs
and consequently affects protein synthesis.
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1. Plasmids

All plasmids used in this work were generated by cloning, purchased to
companies or kindly provided by other laboratories. Their identities were
checked by DNA sequencing.

1.1.

Backbone vectors

pCDNA-3: mammalian expression vector (Invitrogen).
p3XFLAG-CMV-7: mammalian expression vector to express N-
terminally Flag-tagged fusion protein under the cytomegalovirus (CMV)
promoter (Sigma).

pGEX-4T3: expression vector for bacterial cells with an isopropyl § D-
1-thiogalactopyranoside (IPTG) inducible N-terminal glutathione S-
transferase (GST) tag (Amersham Biosciences).

pGEX-6P1: expression vector for bacterial cells with an IPTG inducible
N-terminal GST tag and a preScission protease cutting site
(Amersham Biosciences).

pGEX-6P3: expression vector for bacterial cells with an IPTG inducible
N-terminal GST tag and a preScission protease cutting site
(Amersham Biosciences).

pEGFP-C1: expression vector for green fluorescent protein (GFP;
Clontech).

1.2. Bacterial expression plasmids for tag-fusion proteins

pGST-DYRK1A: expression plasmid encoding human DYRK1A (754
aa isoform; NM_130436) with an N-terminal GST tag (Alvarez et al.,
2007).

pGST—DYRK1AKR: expression plasmid encoding for an N-terminally
GST-tagged catalytic inactive version of DYRK1A with a point mutation
in the lysine residue 179 within the ATP binding pocket (Alvarez et al.,
2007).

pGST-KAISO: expression plasmid encoding murine KAISO
(NM_020256) with an N-terminal GST tag. The plasmid was kindly
provided by Dr. Mireia Dufiach (Universidad Auténoma de Barcelona,
Spain) (del Valle-Perez et al., 2016).

pGST-E2F1: expression plasmid encoding human transcription factor
E2F-1 (NM_005225) with an N-terminal GST tag (Ormondroyd et al.,
1995).

The following plasmids were generated by Gibson cloning in collaboration
with Krisztina Aratd (de la Luna's group, CRG). The DNA fragments
corresponding to the aa indicated were polymerase chain reaction (PCR)-
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amplified from the pFlag-BRCA1 plasmid (MM1.3), and then ligated into
the BamHI sites of pGEX-6P1 vector to produce N-terminally tagged GST
fusion proteins (see section MM2.2, for specific information):

= pGST-BRCA1-N: N-terminal fragment of BRCA1 corresponding to aa
1-316.

= pGST-BRCA1-M1: BRCA1 fragment corresponding to aa 310-589.

= pGST-BRCA1-M2: BRCA1 fragment corresponding to aa 582-889.

= pGST-BRCA1-M3: BRCA1 fragment corresponding to aa 886-1205.

= pGST-BRCA1-M4: BRCA1 fragment corresponding to aa 1201-1498.

= pGST-BRCA1-C: C-terminal fragment of BRCA1 corresponding to aa
1490-1863.

1.3. Mammalian expression plasmids for tag-fusion proteins

= pFlag-BRCA1: expression plasmid encoding human BRCA1 (1863 aa
isoform; NP_009225) with an N-terminal Flag-tag. It was kindly
provided by Dr. Richard Baer (Columbia University Medical Center,
New York, US) (Choudhury et al., 2004).

1.4. Plasmids for lentivectors preparation

= pCMV-VSV-G: lentiviral packaging vector that expresses the vesicular
stomatitis virus G envelope protein (Stewart et al., 2003). Obtained
from Addgene (Plasmid #8454).

= pCMV-dR8.91: second generation packaging plasmids containing gag,
pol, and rev genes proceding from human immunodeficiency 1 virus
(Zufferey et al., 1997), kindly provided by Dr. Trono (Laboratory of
Virology and Genetics, Ecole Polytechnique Fédérale de Lausanne,
Switzerland).

= pshControl: MISSION® pLKO.1-puro Non-Target shRNA Control
plasmid (Sigma #SHCO016).

= pshDYRK1A-1: MISSION® pLKO.1-puro shRNA DYRK1A plasmid
(Sigma #TRCN0000022999).

= pshDYRK1A-2: MISSION® pLKO.1-puro shRNA DYRK1A plasmid
(Sigma #TRCNO0000199464).

= pshCHD2-1: MISSION® pLKO.1-puro shRNA CHD2 plasmid (Sigma
#TRCNO0000021335).

= pshCHD2-2: MISSION® pLKO.1-puro shRNA CHD2 plasmid (Sigma
#TRCNO0000021334).

= pshKAISO: MISSION® pLKO.1-puro shRNA KAISO plasmid (Sigma
#TRCNO0000017838).

= pshBRCA1: MISSION® plKO.1-puro shRNA BRCA1 plasmid (Sigma
#TRCN0000039833).
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2. Techniques for DNA manipulation

2.1. DNA purification and sequencing

For small-scale purification, DNA was extracted from bacterial
minicultures (3 ml) using the QIAGEN Plasmid Mini Kit (Qiagen) following
manufacturer’s instructions. Plasmid DNA purification for cell transfections
required higher volume bacterial cultures (200 ml) and the QIAGEN Maxi
Plasmid Kit (Qiagen) was used according to manufacturer’s instructions.

DNA sequencing followed the Sanger method (Sanger et al., 1977), and it
was carried out at the Genomic Sequencing Service (Universitat Pompeu
Fabra-PRBB, Barcelona). Briefly, around 150-300 ng of DNA was
incubated with 0.25 pl of Big-Dye reagent, 2 pl of 5x sequencing buffer
(Ready Reaction Cycle Sequencing Kit; Applied Biosystems), and 3.2
pmol of primer (final vol, 10 pl). The DNA amplification was performed
under the following conditions: denaturation was at 94°C for 3 min,
followed by 39 cycles of 10 s/95°C, 30 s/55°C, and 4 min/60°C. In the
Genomic Sequencing Service, the samples were purified using Sephadex
G-50 DNA Grade (GE Healthcare Life Sciences) and analyzed with the
96-capillary Applied Biosystems 3730xlI Genetic Analyzer. 4Peaks free
software (Nucleobytes) was used to view and analyze the sequences.

2.2. Gibson cloning

Gibson cloning procedure (Gibson et al., 2009) was performed in
collaboration with K. Araté to generate 6 fragments derived from human
BRCA1 coding sequence fused to a GST tag in their N-terminal end. DNA
fragments were PCR-amplified from pFlag-BRCA1 (MM1.3). The primers
contain BamHI cutting sites that were incorporated into the flanks of the
PCR products (Table MM1).

The PCR reaction was performed with 5 ng of template, 0.4 uM of forward
and reverse primers, 200 uM of deoxyribonucleotides (dNTPs), 2.5 ul of
10x reaction buffer and 1 pl of Taqg polymerase (5 U/ul, Expand High
Fidelity System, Roche) in a final volume of 25 pl. The conditions of the
PCR program were: initial denaturation at 94°C for 2 min, followed by 30
cycles of 15 s/94°C, 30 s/55°C and 2 min/72°C), with and additional final
extension step (10 min, 72°C).

The donor vector pGEX-6P1 was digested with the BamHI-HF restriction
enzyme (New England Biolabs) according to manufacturer’s conditions
and it was fractionated in a 1% (w/v) agarose gel (Ecogen) prepared in 1x
Tris/Borate/EDTA (TBE) buffer. The linear plasmid was purified from the
melted agarose with the QIAQuick Gel Extraction Kit (Qiagen) following
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manufacturer’s indications. The Gibson reaction was performed with 150
ng of the purified vector, 1 pul of the PCR product and 10 pl of 2x Gibson
reaction mixture (CRG Biomolecular Screening and Protein Technologies
Unit) in a final volume of 20 pl for 1 h at 50°C.

Table MM1: Sequences of oligonucleotides used for PCR amplification of Gibson cloning

products.

Fragment® Forward primer Reverse primer

N: 1-316 GGGGCCCCTGGGATCCATG GGAATTCCGGGGATCCTCAG
GATTTATCTGCTCTTCG CTCCTTGCTAAGCCAG

M1: 310-589 GGGGCCCCTGGGATCCCAG GGAATTCCGGGGATCCTCAG
CCTGGCTTAGCAAGGAG CTGCTTATAGGTTCAG

M2: 582-889 GGGGCCCCTGGGATCCACG GGAATTCCGGGGATCCTCAA
AAAGCTGAACCTATAAG GAGTGGGCAGAGAATG

M3: 886-1205 GGGGCCCCTGGGATCCTCT GGAATTCCGGGGATCCTCAC
GCCCACTCTGGGTCC CCTCTTCGGTAACCC

M4: 1201-1498 GGGGCCCCTGGGATCCGGT GGAATTCCGGGGATCCTCAA
TACCGAAGAGGGGCC GGGGATGACCTTTCC

C: 1490-1863 GGGGCCCCTGGGATCCGAA GGAATTCCGGGGATCCTCAG
CCAGGAGTGGAAAGGTC TAGTGGCTGTGGGGG

? The aa numbers correspond to human BRCA1 with Acc. No. NP_009225.

For bacterial transformation, 1 ul of the final product was added to 45 pl of
competent Escherichia coli XL-10 Gold bacteria (Stratagene) and the heat
shock method was used (0°C/15 min, 42°C/90 s, 0°C/5 min). Cells were
allowed to grow in 200 pul of SOC medium (20 g/l tryptone, 5 g/l yeast
extract, 10 mM NacCl, 10 mM MgCl,, 10 mM MgSO,4, 20 mM glucose) for
45 min at 37°C with 220 rpm agitation. The cultures were plated on
Lysogeny Broth (LB) plates (10 g/l tryptone, 5 g/l NaCl, 5 g/l yeast extract,
12 g/l agar) supplemented with ampicillin (100 pg/ml) at 37°C overnight.

Finally, some colonies were picked in 100 ul of LB media and plasmid
validation was checked by colony-PCR: 2 nl of inoculated LB, 0.2 uM of
forward and reverse primers, 200 uM of dNTPs, 2 ul of 10x reaction buffer
and 0.1 ul of Taq polymerase in a final volume of 20 ul. The conditions of
the PCR program were: initial denaturation step (1 min, 94°C); 30 cycles
of denaturation step (30 s, 94°C), primer annealing (30 s, 55°C) and
extension step (2 min, 72°C); and additional final extension step (7 min,
72°C). The PCR products were fractionated in a 1% agarose gel, and the
positive samples were confirmed by DNA sequencing. The plasmid DNA
was transformed into E. coli BL21 (DE3) pLysS B F’ bacteria (Stratagene)
for expression of the fusion proteins.
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3. Cell Culture
3.1. Cell lines

The following eukaryotic cell lines used in this work:

= HEK-293T: epithelial cell line derived from human embryonic kidney
transformed with the SV40 virus large T antigen.

= T98G: fibroblastic cell line derived from human glioblastoma.

= Hela: epithelial cell line derived from human cervical adenocarcinoma.

= Kc167: spontaneously immortalized cell line derived from
disaggregated D. melanogaster embryos.

The HEK-293T, T98G and HelLa cell lines were obtained from the
American Type Culture Collection (www.atcc.org); Kc167 cells were kindly
provided from Guillaume Fillion's laboratory (CRG). Human cells grew in
Dulbecco’s Modified Eagle’s Medium (DMEM, GIBCO, Thermo Fisher
Scientific) supplemented with 10% (v/v) fetal bovine serum (FBS, GIBCO,
Thermo Fisher Scientific) and antibiotics (100 U/ml penicillin and 100
pg/ml streptomycin, Invitrogen) at 37°C and in a 5% CO, atmosphere. Fly
cells were cultured in Schneider's Drosophila medium (Thermo Fisher
Scientific) supplemented with 5% FBS (Hyclone) at 25°C.

For depletion of protein expression, small interfering RNAs (siRNAs) or
short hairpin RNAs (shRNAs) were used. They were delivered by
lipofectamine transfection (MM3.2) and lentiviral infection (MM3.3),
respectively. Experiments only proceeded when the knock-down efficiency
was higher than 50%. The expression levels were assessed by Western
blot (MM4.2).

3.2. Cell transfection

Cells were transfected with or 8-16 pg of DNA (100-mm plates),
depending on the production/stability of the expressed protein, by the
calcium phosphate precipitation method (Graham and van der Eb, 1973).
The optimal pH of the HEPES buffer for each cell line was assessed by
transfection with a GFP-expressing construct and quantification of
fluorescent cells. The DNA-calcium phosphate precipitate was removed
after 16 h by washing the cells with Phosphate-buffered saline (PBS) and
adding fresh complete medium. Cells were processed at 48 h after
transfection according to the purpose of the experiment.

For siRNAs delivery, Lipofectamine® 3000 transfection kit (Thermo Fisher
Scientific) was used according to manufacturer’s instructions. Briefly, 30
nM siRNA was added to T98G cells incubated in DMEM without
antibiotics. The cells were washed with PBS after 16 h and fresh complete
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DMEM was added. After 24 h, the cells were processed according to the
purpose of the experiment. siRNAs were obtained from GE Healthcare
Dharmacon Inc.

= siControl: ON-TARGETplus Non-Targeting Pool (D-001810-10) with
the target sequences UGGUUUACAUGUCGACUAA, UGGUUUACA
UGUUGUGUGA, UGGUUUACAUGUUUUCUGA, and UGGUUUAC
AUGUUUUCCUA.

= siKAISO: ON-TARGETplus human ZBTB33 (10009) SMARTpool (L-
019982-00) with the target sequences GAUGGAAGGGUCUAUUA UA,
GUACAGCGCAGGAUGGUAA, UAAAGUCAGUUCA UAGUCA and
UAAAUCAGGGAGCUUAUUA.

3.3.  Preparation of lentiviral stocks and infection

The CRG has all the permits to work with lentivirus in a biological
contention level 2 (A/ES/05/I-13 and A/ES/05/14), and the activity of the
group has been positively evaluated by the CRG Biological Safety
Committee. To generate a viral stock, HEK-293T cells were seeded at a
density of 2.5x10° in 100-mm plates and transfected with 3.4 ug of pCMV-
VSV-G envelope plasmid, 6.3 ug of pCMV-dR8.91 packaging construct
and 9.8 pg of the pLKO-based plasmids by the calcium phosphate
precipitation method. Fresh DMEM medium was added 24 h after
transfection, and the lentivirus containing supernatant was harvested at 48
h and 72 h after transfection. The two supernatants were pooled together,
spun at 1,000xg for 10 min and filtered through a 0.45 um filter (Millipore).
Viral particles were either added directly to the cells in suspension or
concentrated by centrifugation (20,200 rpm for 2 h at 4°C using a SW32Ti
rotor in a Beckman Coulter centrifuge, followed by resuspension of the
viral pellet in PBS, aliquoted and stored at -80° C).

For infection, cells were seeded at a density of 8x10* in 35-mm, 4x10° in
100-mm or 1x10° in 150-mm plates. The virus was added to the medium
with the cells in suspension, and replaced with fresh complete DMEM 24 h
after infection. In some cases, a second round of infection was carried out.
The day after, positive selection was performed by adding 1.25 pg/ml of
puromycin and incubated for further 48 h (or as long as non-infected
control cells were dead). Before processing, cells were allowed to grow in
the absence of puromycin for additional 16-24 h.

3.4. FACs analysis of cell cycle parameters

Around 1x10° T98G cells were trypsinized, washed in PBS and pelleted
by centrifugation at 1,000xg for 5 min. Cell pellets were fixed by adding
dropwise 500 pl of cold 70% (v/v) ethanol while gently vortexing the
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sample. Fixed samples were stored at -20°C for, at least, 16 h. Cells were
centrifuged and washed with PBS to remove residual ethanol. DNA
staining was performed with 500 pl of 4’,6-diamino-2-phenylindole (DAPI)
solution (1 pg/ml DAPI [Roche], 0.1% [v/v] Triton X-100 in PBS). Cells
were analyzed with a LSF 1l flow cytometer (Becton Dickinson) using the
FACSDiva Software v6.1.2 (Becton Dickinson). The cell cycle profile was
determined with the program ModFit v3.2 (Verity Software).

4. Techniques for protein analysis

4.1. Preparation of cell lysates

For total cell lysates preparation, 1x10° cells were resuspended in 200 pl
of SDS-lysis buffer (25 mM Tris-Cl pH 7.5, 1% [w/v] sodium dodecil sulfate
[SDS], 1 mM ethylendiamine tetracetic acid [EDTA], 10 mM sodium
pyrophosphate [Na-PPi], 20 mM B-glycerolphosphate), vortexed for 10 s
and heated for 10 min at 98°C (the process was repeated until the lysate
got fluid).

Soluble extracts were prepared by lysing the cells in HEPES-lysis buffer
(50 mM 4-[2-hydroxyethyl]-1-piperazineethanesulfonic acid [HEPES] pH
7.4, 150 mM NaCl, 2 mM EDTA, 1% [v/v] Nonidet P-40 [NP-40] [Sigmal),
supplemented with a protease inhibitor cocktail (cOmplete Mini; Roche
Diagnostic) and phosphatase inhibitors (2 mM sodium orthovanadate, 30
mM Na-PPi, and 25 mM FNa); the cell suspension was incubated for 30
min at 4°C, followed by centrifugation at 13,200 rpm (Eppendorf 5424
Microcentrifuge) for 30 min at 4°C to separate the lysate from insoluble
cellular components.

Subcellular fractionation to obtain the cytoplasmic and the soluble nuclear
compartments was performed using NE-PER (Nuclear and Cytoplasmic
Extraction Reagent, Thermo Scientific) according to the manufacturer’s
protocol. To extract the insoluble nuclear/chromatin compartment, the
remaining pellet was resuspended in SDS-lysis buffer.

Protein quantification was done with the BCA Protein Assay Kit (Pierce -
Thermo Scientific), following manufacturer’s instructions.

4.2. Western blot (WB) analysis

Protein extracts were denatured by adding 6x loading buffer (350 mM
Tris-HCI pH 6.8, 30% [v/v] glycerol, 10% SDS, 600 mM dithiothreitol
[DTT], 0.012% [w/v] bromophenol blue) and incubated at 98°C for 10 min.
The proteins were resolved on SDS-polyacrylamide gels (SDS-PAGE) of
different acrylamide percentage (depending on the molecular weight of the
protein to study) at 120 V in 1x running buffer (25 mM Tris-base, 200 mM
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glycine, 0.1% SDS). Proteins were transferred onto Hybond-ECL
nitrocellulose membranes (Amersham Biosciences) at 400 mA for 1 h at
4°C in 1x transfer buffer (25 mM Tris-HCI pH 8.3, 200 mM glycine, 20%
[v/iv] methanol). The presence of proteins was checked by Ponceau S
(Sigma) staining.

Table MM2: Properties and working dilution of the primary antibodies used.

Primary antibody Host Dilution Commercial brand
BRCA1® Rabbit 1:1000 Bethyl (A300-000A)
BRCA1® Mouse 1:500 Santa Cruz (D-9; 6954)
BRCA1® Rabbit 1:500 Santa Cruz (D-20; sc-641)
BRCA1® Rabbit 1:500 Santa Cruz (I-20; sc-646)
CHD2° Rabbit 1:1000 Abcam (ab68301)

CHD2" Rabbit 1:1000 Cell Signaling (4170)

Cyclin D1 Mouse 1:1000 Cell Signaling (DCS6; 2926)
DREF Rabbit 2.5 9 Abnova (H00009189-D01)
DYRK1A Mouse 1:1000 Abnova (H00001859-M01)
DYRK1A Mouse 1:1000 Santa Cruz (RR.7; sc-100376)
elF2a Rabbit 1:1000 Cell Signaling (9722)
elF2a-p(Ser51) Rabbit 1:1000 Cell Signaling (9721)

FLAG Mouse 1:5000 Sigma (Clone M2; F1804)
GADPH Mouse 1:10000 Millipore (MAB374)

GST Mouse 1:1000 Santa Cruz (B-14; sc-138)
KAISO® Mouse 1:1000 Santa Cruz (6F8; sc-23871)
KAISO® Rabbit 1:1000 Bethyl (A303-558A)

Lamin B1 Goat 1:1000 Santa Cruz (C-20; sc-6216)
a-Tubulin Mouse 1:10000 Sigma (T6199)

Vinculin Mouse 1:10000 Sigma (V9131)

2 see Figure R5 for location of the epitopes; °, see Figure R3 for location of the epitopes; °,
see Figure R4 for location of the epitopes.

Transferred membranes were blocked with 10% (w/v) non-fat milk (Cell
Signaling Technologies) or 5% (w/v) bovine serum albumin (BSA) diluted
in TBS-T (10 mM Tris-HCI pH 7.5, 100 mM NaCl, 0.1% (v/v) Tween-20
[Sigma]) for 1 h at room temperature The incubation with the primary
antibody was performed in 5% non-fat milk in TBS-T or 3% BSA for 16 h
at 4°C (Table MM2). To remove the non-bound primary antibody,
membranes were washed three times for 10 min each in TBS-T, and then
the secondary antibody (horseradish peroxidase (HRP)-conjugated, Table
MM3), was added diluted in 5% non-fat milk or 3% BSA in TBS-T and the
incubation proceeded at room temperature for 1 h. After three 10-min
washes in TBS-T, the signal in the membranes was revealed with the
Western Lightning® Plus ECL (Perkin Elmer) and exposed in a LAS-3000
image analyzer (Fuji PhotoFilm) with the LAS3000-pro software. Band
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intensities were quantified with the ImageQuantT'\’I TL software (GE
Healthcare Life Sciences). Relative protein levels were calculated using a-
tubulin or vinculin as loading controls.

Table MM3: Properties and working dilution of the secondary (HRP-conjugated)
antibodies used.

Secondary antibody Host Dilution Commercial brand
Anti-mouse Rabbit 1:2000-10000 Dako (P0260)
Anti-rabbit Goat 1:2000-10000 Dako (P0448)
Anti-goat Rabbit 1:5000 Abcam (ab6741)

4.3. Immunoprecipitation assay

Immunoprecipitation (IP) assays were performed using protein G-
Magnetic beads (Invitrogen) for antibodies raised in mouse or protein A-
Magnetic beads (Invitrogen) for antibodies raised in rabbit. The beads
were incubated with the specific antibody or control immunoglobulins G
(IgGs) (Table MM4) for 1 h at room temperature. Pre-clearing of soluble
cell extracts (1 ug) or commercial HeLa nuclear extracts (HNE, CIL
Biotech; 500 ng) was carried out by incubating the extracts with beads for
1 h at 4°C. Then, antibody-bound beads and the extracts were incubated
for 2 h at 4°C. The beads were washed three times with washing buffer
(50 mM HEPES pH 7.4, 150 mM NaCl, 2 mM EDTA) containing 1% NP-
40 plus one additional wash in washing buffer without detergent. Finally,
beads-bound proteins were eluted in 2x loading buffer (100 mM Tris-HCI
pH 6.8, 200 mM DTT, 4% SDS, 20% glycerol, 0.2% bromophenol blue) for
WB analysis (MM4.2) or were used for in vitro kinase assays followed by
elution and autoradiography analysis (MM4.4).

Table MM4: Properties and amount of the antibodies used in IP.

Antibody Host Amount Commercial brand
BRCA1 Rabbit 2.5 ua Bethyl (A300-000A)
BRCA1 Mouse 2.5 g Santa Cruz (D-9; sc-6954)
BRCA1 Rabbit 2.5 ug Santa Cruz (D-20; sc-641)
BRCA1 Rabbit 2.5ug Santa Cruz (I-20; sc-646)
CHD2 Rabbit 2.5 g Abcam (ab68301)

CHD2 Rabbit 2.5 ug Cell Signaling (4170)
DREF Rabbit 2.5 ug Abnova (H00009189-D01)
DYRK1A Mouse 2.5ug Abnova (H00001859-M01)
DYRK1A Rabbit 2.5 ug Abcam (ab69811)
DYRK1A Rabbit 2.5 ug Sigma (D1694)

FLAG Mouse 2 ug Sigma (Clone M2; F3165)
KAISO Rabbit 2.5 ug Bethyl (A303-557A)
Normal IgGs Mouse 2.5 ug Santa Cruz (sc-2025)
Normal IgGs Rabbit 2.5 ug Santa Cruz (sc-2027/Cell

Signaling (2729)
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4.4. Invitro kinase assay

For the in vitro kinase assay (/VK), two different sources of enzyme were
used: GST-DYRK1A expressed in bacteria and purified through
glutathione-affinity chromatography or DYRK1A overexpressed with a
baculovirus expression system and purified by nickel-affinity
chromatography (CRG Biomolecular Screening and Protein Technologies
Unit). The enzyme (20-50 ng) was incubated with 50 uM ATP in the
presence of 2.5 pCi [y*?P]-ATP (3000 Ci/mmol, Perkin Elmer) and the
specific substrate, either bacterially expressed and purified or
immunoprecipitated from cell extracts, for 20 min at 30°C in 20 ul of
kinase buffer (12.5 mM HEPES, pH 7.4, 2.5 mM MgCl,, 2.5 mM MnCl,,
0.25 mM DTT). **P incorporation was determined by eluting the samples
from the beads in 2x loading buffer and resolving them by SDS-PAGE.
The gel was stained with Coomassie (0.25 % [w/v] Coomassie brilliant
blue [Sigma] in 90 % methanol and 10 % [v/v] acetic acid), dried for 1 h at
80°C and exposed to a film or a Phosphoimager screen (revealed using
the GE Typhoon Trio imager). The signal was normalized to the substrate
amounts evaluated by WB or Coomassie staining.

For the identification of DYRK1A-dependent BRCA1 phosphosites,
bacterially expressed and purified GST-BRCA1 fragments (500 ng) were
incubated with GST-DYRK1A (40 ng) in kinase buffer with 1 mM ATP for
20 min at 30°C.

4.5. Purification of GST-fusion proteins

For the production of GST-fusion proteins, one fresh colony of E. coli
BL21 (DE3) pLysS B F’ (Stratagene) containing the plasmid of interest
was inoculated in 5 ml LB medium supplemented with 100 pg/ml
ampicillin. The culture grew O/N at 37°C shaking at 220 rpm. Then, it was
re-inoculated (1:50-1:100 dilution) in 100-200 ml LB medium with 100
ug/ml ampicillin. The bacteria culture grew at 37°C with 220 rpm agitation
until an absorbance at 600 nm (Aggo) of 0.6-0.8 was reached.

Protein production was induced with 0.1 mM IPTG for 8 h at 20°C for
GST-DYRK1A or 4 h at 37°C for GST-E2F1, GST-KAISO and GST-
BRCA1 fragments. For the purification, bacteria were centrifuged at
6,000xg for 15 min at 4°C and pellets were re-suspended in 10 ml of GST-
lysis buffer (10 mM Tris-HCI pH 8, 100 mM NacCl, 0.5% NP-40 and 1 mM
EDTA) supplemented with protease inhibitor cocktail (cOmplete Mini,
Roche Diagnostic). The lysates were sonicated with a Branson Sonifier-
250 (3 pulses of 15 s, 10% amplitude) followed by centrifugation at
10,000xg for 15 min at 4°C. For GST-KAISO, 1% (v/v) sarcosyl (Sigma)
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and 3% Triton X-100 were added to the lysates before and after
sonication, respectively, to avoid protein aggregation.

For the purification of the fusion proteins, the supernatant was incubated
for 1 h at room temperature with 100 pl of glutathione-Sepharose beads
(Amersham Biosciences) and washed three times in GST-lysis buffer.
When required, fusion proteins were eluted by incubation in 100 ul of
elution buffer (10 mM L-glutathione reduced [Sigma], 50 mM Tris-HCI pH
8) three times for 10 min rotation at room temperature to a final vol of 300
ul. Unfused GST was used as control in some experiments, and in this
case elution was performed with 300 pl of elution buffer in a single step.
To remove the free glutathione, proteins were dialyzed against dialysis
buffer (50 mM HEPES pH 7.4, 150 mM NaCl, 2 mM EDTA) O/N at 4°C
using dialysis tubing (MWCO 12-14,000, Spectra/Por).

Finally, protein concentration and quality were assessed by resolving the
samples by SDS-PAGE and gel staining with Coomassie, using known
amounts of BSA as standard.

4.6. Electrophoretic Mobility-Shift Assay (EMSA)

To generate the double strand DNA probes, 50 pmol of oligonucleotide
pairs (Table MM5) were annealed by incubation at 98°C for 5 min in 250
mM Tris-HCI pH 7.4 and then allow the mix to cool down until 25°C.
Radioactive labeling was carried out with 3.5 pmol of either the double or
the single stranded probes, 20 uCi [y**P]-ATP (6000 Ci/mmol, Perkin
Elmer) and T4 polynucleotide kinase (New England Biolabs).
Unincorporated nucleotides were removed by centrifugation through
Sepharose G-25 minicolumns (Pharmacia Biotech AB) leaving the probes
at a final concentration of 0.03 pmol/ul in 1x Tris-EDTA (TE) pH 7.5.

For the binding of the probes, 0.5-2 pg of purified GST-fusion proteins
were pre-incubated in binding buffer (250 mM Tris-HCI pH 7.5, 250 mM
NaCl, 5 mM MgCl,, 5 mM DTT, 1 mM EDTA, 50% glycerol) for 20 min at
room temperature. Then, 0.05 pmol of the labeled probe were added and
the incubation proceeded for 10 min at room temperature. For the
“‘competition” assays, a molar excess (4, 10 or 20-fold) of cold wild type or
mutated oligonucleotides were added at the same time as the labeled
probe and incubation performed for 20 min at room temperature.

The binding reactions were analyzed on 6% native acrylamide gels that
were previously pre-run in 0.5x TBE buffer for 30 min at 200 V at 4°C.
Actual run was performed at 150 V for 40 min. Finally, the dried gel was
exposed to a film or a Phosphoimager screen revealed using the GE
Typhoon Trio imager.
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Table MM5: Sequences of oligonucleotides used for EMSA experiments.
Probe name Forward probe® Reverse probe®

DYRKIA-WT  GGCCTAAGACTCTCGCGAGA CTAGACGGTGTCTCGCGAGA

CACCGTCTAG GTCTTAGGCC

DYRK1A-MUT GGCCTAAGACAGGTGTACAA  CTAGACGGTGTTGTACACCT
CACCGTCTAG GTCTTAGGCC

E2F1-WT AGGATTTGGCGCGTAAAAGT ACTTTTACGCGCCAAATCCT

?DYRK1A consensus and mutated nucleotides are highlighted in bold.

4.7. *S-Methionine incorporation assay

T98G cells were seeded in 35-mm plats and incubated for 90 min in free-
methionine (Met) DMEM medium (GIBCO, Thermo Fisher) plus 10%
dialyzed FBS (GIBCO, Thermo Fisher). Then, 50 pCi [*°S]-Met (1,175
Ci/mmol, Perkin Elmer) was added and further incubated for 20 min. Cells
were lysed in SDS-lysis buffer and protein extracts were resolved by SDS-
PAGE. Equal protein loading was evaluated by WB analysis. The
incorporation of [*°S]-Met was detected by autoradiography of the dried
gel by using a film or a Phosphoimager screen revealed using the GE
Typhoon Trio imager.

4.8. Polysome profiling

Polysome profiles were obtained from approximately 1x10” T98G cells.
Protein synthesis was arrested by incubation with 100 pg/ml
cycloheximide (CHX; Sigma) for 5 min at 37°C. The cells were washed in
PBS containing 100 ng/ml CHX, and collected in 1 ml of polysome lysis
buffer (10 mM Tris-HCI pH 7.4, 100 mM NaCl, 10 mM MgCl,, 1% Triton X-
100, 20 mM DTT, 100 pg/ml CHX, 0.25% [v/v] sodium deoxycholate)
followed by quick freezing in liquid nitrogen. Finally, cell debris and nuclei
were eliminated by spinning the samples at 12,000xg for 5 min at 4°C; the
nucleic acid concentration in the supernatants was assessed by Ayg
measurements in a NanoDrop™ (Thermo Fisher).

To fractionate the cell fraction enriched in polysomes, 10-50% linear
sucrose gradients (10 ml) were prepared in polysome gradient buffer (20
mM Tris-HCI pH 7.4, 100 mM NH,CI, 10 mM MgCl,, 0.5 mM DTT, 100
ug/ml CHX) using a Gradient Master 107 (Biocomp) and 14x89 mm
polyallomer ultracentrifuge tubes (Beckman). Samples with Azs=10 were
loaded onto the top of the gradients, and centrifuged at 35,000 rpm for 3 h
at 4°C in a Beckman SW41Ti rotor. Profiles were taken with continuous
monitoring Agss using an Econo-UV Monitor (Bio-Rad) and an Econo-
Recorder model 1327 (Bio-Rad). Polysome: monosome ratios were
obtained by calculating the areas of both fractions using ImageJ software
(Schindelin et al., 2012).
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49. Mass spectrometry analysis

Mass spectrometry (MS) analysis was used to identify DYRK1A-
dependent BRCA1  phosphorylation sites (MM4.4). Samples
phosphorylated in vitro were washed three times with 100 mM ammonium
bicarbonate (ABC) buffer, resuspended in 100 pl of 6 M urea-100 mM
ABC buffer and incubated for 1 h at 37°C in the presence of 0.3 mM DTT.
Alkylation was carried out with 0.6 mM iodoacetamide (Sigma) for 30 min
at room temperature in the dark. Then, proteins were digested in
additional 194 ul of 100 mM ABC buffer with 1 pg endoprotease Lys-C
(Wako) O/N at 37°C. Further digestion was performed with 295.8 pl of 100
mM ABC buffer plus 1 ug sequence-grade trypsin (Promega) over day at
37°C. Finally, digestion was stopped by adding 60.5 ul of formic acid.
Peptides were desalted using Ultra Micro Spin Columns C18 (The Nest
Group INC) (Rappsilber et al., 2007).

Samples were analyzed using an Orbitrap Fusion Lumos mass
spectrometer (MS, Thermo Scientific) coupled to an EasyLC (Thermo
Scientific, Proxeon) at the CRG/UPF Proteomics Unit. Peptides were
loaded onto the analytical column at a flow rate of 1.5-2 pl/min using a
wash-volume of 4 times the injection volume, and were separated by
reversed-phase chromatography using a 50-cm column with an inner
diameter of 75 um, packed with 2 um C18 particles spectrometer (Thermo
Scientific). Chromatographic gradients started at 95% buffer A (0.1% [v/v]
formic acid in H,O) and 5% buffer B (0.1% formic acid in acetonitrile) with
a flow rate of 300 nl/min and gradually increased to 22% buffer B in 52
min and then to 35% buffer B in 8 min. The column was washed for 10
min with 5% buffer A and 95% buffer B after each sample. The MS was
operated in Automated Data Dependent Acquisition (DDA) mode and full
MS scans with 1 micro scans at resolution of 120,000 were used over a
mass range of m/z 350-1,500 with detection in the Orbitrap. Auto gain
control was set to 2e5 and dynamic exclusion to 60 s. In each DDA
analysis cycle, following each survey scan Top Speed, ions with charged
2 to 5 above a threshold ion count of 1e4 were selected for fragmentation.
Each precursor ion was fragmented both with high-energy collision
dissociation (HCD) and electron transfer dissociation (ETD) with collision-
induced dissociation supplemental activation of 35%. The quadrupole
isolation window was set to 1.6 m/z. Fragment ion spectra produced via
HCD were acquired at a normalized collision energy of 28% and both
HCD and ETD spectra were acquired in the Orbitrap at 30K. Data were
acquired with Xcalibur software (v3.0.63, Thermo Fisher Scientific).

Acquired data were analyzed using the Proteome Discoverer software
suite (v2, Thermo Fisher Scientific), and data were searched with Mascot
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search engine (v2.4, Matrix Science) against SwissProt H. sapiens, where
the most common contaminants were added. A precursor ion mass
tolerance of 7 ppm at the MS1 level was used, and up to three
miscleavages for trypsin were allowed. The fragment ion mass tolerance
was set to 20 mmu. Phosphorylation at Ser, Thr and Tyr, oxidation of Met
and protein acetylation at the N-terminus were defined as variable
modifications. Carbamidomethylation on cysteine (Cys) was set as a fix
modification. The phosphoRS node was used for phosphor-site probability
determination. The identified peptides were filtered using a false discovery
rate (FDR) < 5%.

5. Chromatin immunoprecipitation (ChIP) associated
procedures

5.1. ChIP assay

ChIP assays were performed with 8x10° T98G cells per IP. Briefly,
formaldehyde was added to the culture medium to a final concentration of
1% (v/v) and incubated for 10 min at room temperature. Crosslinking was
quenched with 0.125 M glycine for 5 min. Crosslinked cells were washed
twice with cold PBS, resuspended in 1 ml of Lysis buffer | (5 mM PIPES
pH 8.0, 85 mM KCI, 0.5% NP-40 plus the protease inhibitor cocktail) and
incubated on ice for 10 min. Cells were collected by centrifugation (2,000
rpm for 5 min at room temperature in a Microfuge) and the cell pellet was
resuspended in 0.6 ml of Lysis buffer Il (1% SDS, 10 mM EDTA, 50 mM
Tris-HCI pH 8.0 plus the protease inhibitor cocktail) and incubated for
additional 10 min on ice. Chromatin was sonicated to an average size of
0.2-0.5 kb using the Bioruptor (Diagenode). Then, 20 ul of chromatin was
reverse-crosslinked at 65°C O/N and DNA was purified to quantify
concentration (using NanoDrop) and to check the size and quality of the
DNA fragments (using fractionation in 1% agarose gel).

For each IP, the chromatin amount corresponding to 100 pg of DNA was
diluted in 1 ml of IP Buffer (300 mM NaCl, 200 mM Tris-HCI pH 8, 10 mM
EDTA, 1% SDS and 5% Triton X-100); 10% of the chromatin was used as
input-DNA. Samples were incubated with rotation O/N at 4°C with specific
antibodies or control IgGs (table MM6). The immunocomplexes were
recovered by adding 30 ul of either protein A or protein G sepharose
beads (GE Healthcare), depending on the antibody species, and
incubated for additional 3 h at 4°C with rotation. Beads were washed with
three successive 1 ml-washes of Low salt Buffer (50 mM HEPES pH 7.4,
140 mM NaCl, 1% Triton X-100), one wash with High salt Buffer (50 mM
HEPES at pH 7.4, 500 mM NaCl, 1% Triton X-100), one wash with LiCl
Buffer (10 mM Tris-HCI pH 8, 250 mM LiCl, 1% NP-40, 1% [v/v]
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deoxycholic acid and 1 mM EDTA), and a final wash in TE buffer (all of
the washing buffers contained the protease inhibitor cocktail). Elution of
DNA from beads was achieved by incubating the samples in Elution Buffer
(1% SDS, 100 mM NaHCO;) in two steps of 30 min each at 65°C with
constant agitation (1,000 rpm in a Thermomixer [Eppendorf]); the
supernatant was recovered by centrifugation at 3,600 rpm for 5 min at
room temperature in a Microfuge. The crosslinking was reverted by an
additional incubation of the samples in 200 mM NaCl at 65°C O/N in
agitation at 1,000 rpm. Chromatin-associated proteins were further
degraded by adding 1.6 U of protease K (New England Biolabs) for 2 h at
45°C with 1,000 rpm agitation. The ChIP-DNA was purified by
phenol/chloroform extraction followed by ethanol-precipitation. Finally, the
DNA was resuspended in 10 ul of nuclease-free water and quantified by
using the Qubit® dsDNA HS Assay Kit (Thermo Fisher Scientific) for the
ChIP-DNA and the Qubit® dsDNA BR Assay Kit (Thermo Fisher
Scientific) for the input-DNA.

Table MM6: Properties and amount of the antibodies used in ChlP.

Antibody Host Amount Commercial brand
Anti-BRCA1 Rabbit 10 ng Bethyl (A300-000A)
Anti-BRCA1 Mouse 10 pg Santa Cruz (D-9; sc-6954)
Anti-BRCA1 Rabbit 10 pg Santa Cruz (D-20; sc-641)
Anti-BRCA1 Rabbit 10 pg Santa Cruz (I-20; sc-646)
Anti-CHD2 Rabbit 10 ng Abcam (ab68301)
Anti-CHD2 Rabbit 10 nug Cell Signaling (4170)
Anti-DREF Rabbit 10 pg Abcam (ab48355)
Anti-DYRK1A Rabbit 10 ug Abcam (ab69811)
Anti-KAISO Mouse 10 pg Santa Cruz (6F8; sc-23871)
Anti-KAISO Rabbit 10 ug Bethyl (A303-557A)
Normal IgGs Mouse 10 ng Santa Cruz (sc-2025)
Normal |gGS Rabbit 10 ug Santa Cruz (sc-2027/CeII

Signaling (2729)

5.2. ChIP assay for spike-in normalization

To compare ChIP samples among different conditions more accurately,
the use of an external spike-in control was implemented as recommended
in (Bonhoure et al., 2014; Orlando et al., 2014). Thus, the differences
observed in chromatin occupancy of one factor across different conditions
cannot be due to technical issues leading to differential yields but to
biological differences.

Briefly, a constant amount of crosslinked chromatin derived from D.
melanogaster Kc167 cell line was added to each sample in a ratio of
1:500. During the immunoprecipitation step, chromatin was incubated with
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the antibody of interest and an antibody recognizing a histone variant
specific for Drosophila named H2Av (Active Motif, #61686)(Egan et al.,
2016). The ChIP procedure was then performed as described in the
previous section.

5.3.

PCR reactions (10 pl) were performed in ftriplicate with SYBR Green
(Roche) and 10 pmol of specific primers (Table MM7) in 384 well plates
using the Roche LC-480 equipment (Roche Applied Science).
Denaturation was at 95° for 5 min followed by 50 cycles of 15 s/95°, 20
s/60°, 20 s/72°. The crossing point (Cp) was calculated for each sample
using the second derivative maximum method with the Lightcycler 480 1.2
software (Roche), and data analyzed for relative quantification. No PCR
products were observed in the absence of template. All primer sets gave
narrow single melting point curves, which were checked at the end of
each run.

Quantitative Polymerase Chain Reaction (QPCR)

For those cases in which ChIP enrichment is represented as percentage
of input, 1/10 dilution of ChIP-DNA and 1/1000 of input-DNA were used for
the PCR reactions. For those cases in which ChIP enrichment is
represented as fold-change, 0.1 ng of both input-DNA and ChIP-DNA
were used for the PCR reactions. When spike-in normalization was used,
specific primers amplifying H2Av, Drosophila Positive Control Primer Set
Pbgs (Active Motif, #71037) and Drosophila Negative Control Primer Set 1
(Active Motif, #71028) were used. The enrichment of the positive control
was used to calculate a normalization factor to equalize the signal across
samples.

Table MM7: Sequences of oligonucleotides used for ChIP-qPCR experiments.

Gene Forward primer Reverse primer
ASXL1 AGCATCGCCTCCCAGAAT CACCGACCTCAGCTAGGAAC
CDK12 TCGCGTTGTTTGATAAGCAG  GATTAAACCGAAACGGCACT
Chr20_COV0* GCTTGGCCAACAAGGTAAAA CTCTCTGCAACCTCCACCTC
FAM98A CAAATTTCCGAGTCGTCAGG AGTGGGACCAAGTTTCTTGC
MRPL16 GCCGGAAGTTGTGTTCACTC CCTTTGACCGCAGGAACTC
RBM39 AATTTGAGCGGCCGAAGTAT  GAATGGGGGATGGGAATATC
RPS11/uS17 GCTGAAGGCTGGTCACATCT GGGCACTGTGAAGGACTGAC
RPS15/uS19 TGTGTTTTGCCCTCCAGAC TCAGAAGAGATCGCTTTGGTC
RPS19/eS19 AACTTTCGCCCTGAGAGAGG CAGGGGAAAGGGAACGAC
SLC39A13 GAAGTGCGCCCTCTACCC GTCACAAGGGGCCTGTCC

“Oligonucleotides amplifying a random genomic region used as a negative control
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5.4. DNA library preparation for ChiP-Seq analysis

Libraries were prepared after checking the quality of the ChIP by
evaluating several positive and negative control targets by gqPCR (MM5.3).
The libraries were generated by using the Ovation® Ultralow Library
System V2 (NuGEN) following the manufacturer’s instructions. Before
sequencing, a quality control was carried out by qPCR analysis of control
targets. Libraries were sequenced on an lllumina GAllx sequencer (HiSeq
sequencing v4 chemistry) with a read length of 50 base pair (bp) single
end at the CRG Genomics Unit according to established protocols at the
Facility. Around 4-6x10 reads were obtained for each library with more
than 97% aligned reads in all cases.

5.5. Bioinformatic analysis of ChiP-Seq data

The bioinformatic analysis regarding quality control, read mapping and
peak identification was done by Roberto Ferrari (Miguel Beato's group at
CRG). The analysis was performed basically as described in (Ferrari et
al., 2012), with few modifications. Briefly, reads were mapped to the
human (hg38) genome assembly using Bowtie software (Langmead et al.,
2009), and the Poisson distribution was used to estimate the probability of
observing the ChIP counts within a window given the expected counts in
the input sample window. All windows with p-values less than 1.0x107®
were considered to have significant peaks. The algorithm produced
several files that were subsequently used for analysis: BED files contain
the coordinates of the significant windows of enrichment and Wiggle (wig)
files (chromosome tiling, fixed step) with normalized read counts for the
significant windows. When different biological replicates were obtained,
the reads coming from them were combined and used for peak calling to
improve the coverage of the analysis and dilute possible false positives.
Those cases were DYRK1A and KAISO (in untreated cells) and BRCA1
(in silencing experiments).

For peak annotation, an in-house gene and promoter annotation pipeline
developed by Sarah Bonnin (CRG Bioinformatics Unit) was used. The
script uses data from a DYRK1A consensus position weight matrix (PWM)
for the presence of DYRK1A motif (Di Vona et al., 2015), SwitchGear-TSS
(www.switchgeargenomics.com) for promoter and TSS definition, and
University of California Santa Cruz (UCSC) genome browser software
(genome.ucsc.edu) (Kent et al., 2002) via the UCSC Table Browser
(Karolchik et al., 2004) for Ensembl/NCBI gene and transcript annotation.
Extra annotation to the final tables was provided using the tool Biomart
(Durinck et al., 2005).
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The Integrated Genomics Browser v9.0.0 (Nicol et al., 2009) and the
UCSC Genome Browser were used for visualization of ChlP-Seq data
sets. Further analysis of the ChIP-Seq data was carried out in
collaboration with R. Ferrari and Chiara Di Vona (de la Luna's group). Cis-
regulatory Elements Annotation System (CEAS) (Ji et al., 2006) was used
to create overlaps of significant peaks with genomic annotated regions.
Sitepro, as part of the Cistrome Analysis pipeline
(cistrome.dfci.harvard.edu/ap), was used to profile average binding
(density plot) for defined genomic intervals: plotted values are the -log10
of Poisson p-values. Heatmaps were generated using computeMatrix and
plotHeatmap tools from deepTools v3.0.0 (Ramirez et al.,, 2016).
Increasing shades of color in the color bar scales stand for higher
enrichment and refer to the -log10 of Poisson p-values. When indicated,
clusters were computed using the k-means algorithm. Correlation analysis
of selected ChIP datasets was generated using multiBigwigSummary and
plotCorrelation tools from deepTools (Ramirez et al., 2016). Correlation
coefficients were computed according to the Spearman method v3.0.0
(Spearman, 1987).

For de novo detection of motifs associated to the peak regions, the MEME
suite v4.12.0 (meme-suite.org) was used (Bailey et al., 2009). The
DYRK1A-PWM (Di Vona et al., 2015) was used to define RPG promoters
(calculated as -1000 bp/+100 bp from TSS) containing the DYRK1A-
consensus using the FIMO package (Grant et al., 2011). The p-values for
each motif occurrence were converted to g-values following the method of
Benjamini and Hochberg (Benjamini, 1995).

5.6. Evaluation of alternative ChIP protocols

Some ChIP experiments were performed using the ChIP-IT High
Sensitivity Kit (Active Motif) following the manufacturer's instructions.
Thus, ChIP data using this system was obtained for DYRK1A, BRCA1
using Bethyl A300-000A antibody and KAISO with Santa Cruz 6F8
antibody. The protocol rendered a gain of DYRK1A, KAISO and BRCA1
associated genomic regions, including those ones co-occupied by the
three factors (Fig. MM1).
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Figure MM1: DYRK1A, KAISO and BRCA1 binding profiles within DYRK1A-associated
peaks. Density plots showing the distribution of KAISO and BRCA1 according to the center
of the DYRK1A peaks as result of a standard ChIP protocol (A) or the ChIP-IT high
sensitivity protocol (B). The offset was set to +/- 3 kb from the DYRK1A peak center.

Correlation analysis showed that the output obtained using the Kkit
significantly overlapped with the data obtained with the previous method
for the DYRK1A and KAISO profiles (Fig. MM2). By contrast, BRCA1
ChIP-Seq data obtained with the commercial kit correlates less than 50%
with the standard protocol (Fig. MM3). Therefore, for DYRK1A and KAISO
ChIP-Segs, the peak calling was carried out combining reads from both
datasets, thereby improving the deepness of the analysis. For BRCA1
ChlIP-Seq, only the data from the standard method was used, since it
gave results that were consistently reproducible across different biological
replicates (Fig. MM3).

A DYRK1A ChIP-Seq data B KAISO ChIP-Seq data

ChiP ChIP-IT ChiP ChIP-IT

ChIP-IT ChIP-IT

ChiP ChiP

e~ S Spearman’s score
0.0 02 04 06 0.8 1.0 0.0 02 04 06 08 1.0

Figure MM2: Correlation analysis of DYRK1A and KAISO ChIP-Seq data obtained with
two alternative ChIP methodologies. The graphs show the Spearman's correlation scores
for DYRK1A (A) and KAISO (B) ChIP-Seq data obtained with a standard ChIP protocol
(ChlIP) or with the ChIP-IT high sensitivity kit protocol (ChIP-IT).
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Figure MM3: Correlation analysis of BRCA1 ChIP-Seq data obtained with two
alternative ChIP methodologies. (A) Spearman's correlation scores for BRCA1 ChIP
obtained with the ChIP high sensitivity kit (ChIP-IT) or with a standard ChIP protocol (ChIP)
in untreated cells. (B) Spearman's correlation scores obtained for three biological replicates
of BRCA1 ChIP in shControl-infected cells, performed following the standardized protocol
(ChIP_rep1; ChIP_rep2; ChIP_rep3).

6. RNA analysis

6.1. RNA purification and reverse transcription (RT)

Total RNA was isolated with the RNeasy extraction Kit (Qiagen) or with
Trizol (Ambion) following the corresponding manufacturer’s instructions.
Samples were treated with DNase | (Ambion, 2 U/ul) for 30 min at 37°C to
eliminate the remaining genomic DNA; finally, RNA was quantified with
NanoDrop. In some cases, the quality of the RNA was assessed by
running samples on a Bioanalizer 2100 (Agilent).

For reverse transcription, 0.5-1 ng RNA was subjected to cDNA synthesis
using Superscript Il Reverse Transcriptase (RT) (Invitrogen) and random
primers as recommended by the manufacturer’s instructions.

6.2. RNA preparation for spike-in normalization

Normalization to total RNA might introduce some biases in comparative
quantitative analysis, especially in those cases where global transcript up-
or down-regulation occurs (Chen et al., 2015; Li et al., 2013; Loven et al.,
2012). In this regard, differences in cell volume lead to differential steady-
state levels of total RNA to maintain proper RNA concentrations
(Padovan-Merhar et al., 2015). Therefore, the traditional normalization
method could mask significant biological differences (Fig. MM4).
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Figure MM4: Alternative normalization methods lead to different interpretation of
expression data. Schematic representation of RNA-Seq normalization when the overall
levels of mMRNA per cell (y-axis) are increased in one condition (black) compared to another
(orange). The first panel shows the actual relationship of mRNA levels for the two conditions.
Increased expression is represented by red bars above the midline, while decreased
expression is represented by green bars below the midline. (A) Panels depicting the effect of
the calculated fold changes based on median normalization. (B) Panels depicting the
differences when spike-in RNAs are used as standards for normalization (represented by
black or orange triangles corresponding to each condition). Adapted from Loven et al., 2012.

Given that DYRK1A-silenced cells are smaller in size compared to control
ones (Di Vona, 2013), a spike-in normalization method was implemented
for shDYRK1A-infected cells. To this end, equal number of cells for each
sample were mixed with a fixed number of cells derived from D.
melanogaster Kc167 cell line (1:4 ratio), and total RNA was purified as
described in the previous section. This allows for the use of Drosophila
genes as external controls for normalization.

6.3. Quantitative Polymerase Chain Reaction (QPCR)

For RT-gPCR, gPCR was carried out as detailed in MM5.3. Analysis was
performed using 1/10 dilution of cDNA as template in 10 ul reaction
volumes using SYBR Green, and 10 pmol of specific primers (Table
MMS8). As negative control, RNA incubated in the absence of RT was
included to further monitor contamination of genomic DNA. For spike-in
normalization, primers amplifying one cytoskeletal actin gene (Act42A)
from D. melanogaster were used and RNA levels of the samples were
normalized according to its expression. Furthermore, the expression of
housekeeping genes Eukaryotic elongation factor 1 alpha 1 (EEF1A1) and
Peptidyl-prolyl-isomerase A (PPIA) was assessed as an additional control.
In all cases, the values are represented as “fold change” relative to a
control sample.
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Table MM8: Sequences of oligonucleotides used for RT-gPCR experiments.

Gene Forward primer Reverse primer
Act42A® GCGTCGGTCAATTCAATCTT AAGCTGCAACCTCTTCGTCA
DYRK1A CCTTGATAGGCAAAGGTTCC CGCACTTCTATCTGTGCTTG
EEF1A1 AGGTGATTATCCTGAACCATC  GAACGGCGATCAATCTTTTCC
NOL11 TTGGACAAGACGAAAACTCTG GGTCAGCTGGACGTATTGGT
POLE ACTTCAACCGCATCATCCTC ATTCCCAGCATCGAGAGAAA
PPIA GCCGACCAAAACCGTGTACT GTCTTTGGGACCTTGTCTGC
RBM28 GATGGAGAGGAACTGGCTCA  TCCCTTCATTCACATCAGAGG
RFC3 ACGTGAACTTTATGGTGTTGG  ACTTGCAATGGTGCTAATTTC
RFC5 GCTTCAGATGACCGAGGAAT GCGTCTGCTTCATCCAAGAT
RPL14/eL14 GTGCATGCAGCTCACTGATT TTCAATCTTCTTGGCCCATC
RPL17/uL22 GCTGCACATGCTTAAAAACG GCGCATCTTAGGTGCTTTGT
RPL21/eL21 AGTTGTTCCTTTGGCCACATA  GGTAACACTTGTGGGGCATT
RPL26/ulL24 GGAAAAGGCTAATGGCACAA TCCTTTCCTACTTGGCGAGA
RPL7A/eL8 AGAAGGCCAAGGGAAAGAAG  AGGTCTCTTTTGGGCTGGAT
RPS15A/uS8  AACCTCACAGGCAGGCTAAA CGGGATGGAAGCAGATTATT
RPS19/eS19  CAAAGAGCTTGCTCCCTACG TTCTCTGACGTCCCCCATAG
RPS2/uS5 AAGATCAAGTCCCTGGAGGA TGCTTCTGCACTGGCATAAT
RPS6/eS6 AGAAGATGATGTCCGCCAGT CTGCAGGACACGTGGAGTAA
UTP6 TGCATGCTGAAAAACTGAGG CCAACTCGCCCTTAAGGATT

?, primers targeting Act42A from D. melanogaster.

6.4.

Libraries for RNA-Seq were prepared at the CRG Genomics Unit. Only
RNA with RNA integrity number values over 8 was used. Libraries were
prepared using the TruSeq Stranded mRNA Sample Prep Kit v2 according
to the manufacturer’s protocol. Briefly, 1 ug of total RNA was used for
poly(A)-mRNA selection using streptavidin-coated magnetic beads; the
selected RNA was subsequently fragmented to approximately 300 bp.
cDNA was synthesized using Superscript Il RT (Invitrogen) and random
primers. For the synthesis of the second strand of the cDNA dUTP was
used in place of dTTP. dsDNA was subjected to A-tailing and ligation of
the barcoded Truseq adapters. Library amplification was performed by
PCR using the primer cocktail supplied in the kit. All purification steps
were performed using AMPure XP beads (Beckman).

Library preparation and RNA-Seq

The libraries were analyzed using Agilent DNA 1000 chip to estimate the
quantity and check size distribution, and quantified by qPCR using the
KAPA Library Quantification Kit (KapaBiosystems) prior to amplification
with lllumina’s cBot. Libraries were sequenced on an lllumina GAllx
sequencer (HiSeq sequencing v4 chemistry) to a length of 125 bp pair-
ended for the case of shDYRK1A experiment and to a length of 50 bp
single-ended for the shBRCA1 experiment according to established
protocols at the Facility. Around 4-6x10" reads were obtained for each
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library with more than 97% aligned reads in all cases, and biological
triplicates were used for the analysis.

6.5. Bioinformatic analysis of RNA-Seq data

Analysis of RNA-Seq introducing spike-in normalization was performed by
Enrique Blanco (Luciano Di Croce's group at the CRG) and C. Di Vona. In
brief, the sequences of each RNA-Seq sample were mapped against
human and fly genomes (genome assembly versions: hg19 and dm3,
respectively) using TopHat (Trapnell et al., 2009) and those reads that
could not be uniquely mapped to just one region were discarded. Cufflinks
(Trapnell et al., 2010) was run to quantify the expression in FPKMs
(fragments per kb of transcript per million mapped reads) of each
annotated transcript from the RefSeq catalog of genes on each species
(O'Leary et al.,, 2016). Finally, a local regression method was applied
(Loven et al., 2012) to normalize the expression of the human genes
according to the fly genes expression to fit the regression line between the
two conditions (shControl vs shDYRK1A knocked-down cells).

Mapping of RNA-Seq analysis without spike-in normalization was
performed as above without the last step. Differential gene expression
was then calculated by normalizing data using the trimmed mean of M-
values normalization method (Robinson and Oshlack, 2010) and filtering
genes that had >2 average normalized counts per million with the edgeR
package (Robinson et al., 2010). Statistical analysis was performed in
RStudio by fitting an exact test with the negative binomial distribution for
each set of conditions and testing for differential gene expression utilizing
the edgeR package (Robinson and Smyth, 2008).

Independently of the normalization method, differential expression was
considered for changes with p-value<0.05, and with fold-changes (FC)
above 1.5 and below -1.5 for up- and down-regulated genes, respectively.

7. Databases and other computational tools

Protein and DNA sequences were searched and analyzed by using public
databases of the National Centre for Biotechnology Information (NCBI,
www.ncbi.nim.nih.gov) and Ensembl (ensembl.org). Bibliography
references were queried with the database PubMed from NCBI. Gene
expression data for DYRK1A was from GTEx (Genotype-Tissue
Expression portal in www.gtexportal.org/home/gene/DYRK1A).

Gene Ontology (GO) enrichment analysis of ChlIP-Seq and RNA-Seq data
was performed using EnrichR (Chen et al., 2013; Kuleshov et al., 2016)
(amp.pharm.mssm.edu/Enrichr). The BioVenn free software
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(www.biovenn.nl) was used to overlap gene targets from different datasets
(Hulsen et al., 2008).

The Gene Expression Omnibus (GEO) dataset GSE79491 was used to
analyze Nur77/NR4A1 ChlIP-Seq data obtained from the leukemic Kasumi
cell line (Duren et al., 2016). GABP (GSM1010739) and YY1
(GSM1010897) ChlIP-Seq data of neuroblastoma SK-N-SH cells as well
as CHD2 (GSM935378), KAISO (GSM803392) and BRCA1 (GSM935377)
ChIP-Segs from the lymphoblastoid cell line GM12878 were taken from
the ENCODE database (Consortium, 2012). For ENCODE data, read
numbers were normalized to 1x sequencing depth.

8. Statistical analysis

Box plots and violin plots were generated using R package ggplot2
(Wickham, 2009). For the box plots, the bottom and top of the box are
always the first and third quartiles, and the line inside the box is always
the second quartile (the median). The ends of the whiskers represent the
lowest datum still within 1.5 interquartile range (IQR) of the lower quartile,
and the highest datum still within 1.5 IQR of the upper quartile. Any data
not included between the whiskers is plotted as an outlier with a dot. In the
violin plots, the median average value is represented with a dot and the
vertical line represents the mean plus or minus a constant times the
standard deviation (SD); the log,(FC) enrichment of the indicated ChlIP-
Seq signal over the input is plotted.

Bar graphs were generated with Microsoft Excel v15.33. Statistical
significance was calculated with a two-tailed unpaired Student’s t-test
(Microsoft Excel v15.33). The data in the graphs represent the mean + SD
of independent experiments. A p-value<0.05 was considered significant
(*p<0.05; **p<0.01; ***p<0.001). All experiments were performed
independently at least three times.
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1. Characterization of DYRK1A chromatin putative
binding partners

1.1. Analysis of BRCA1 and KAISO as putative DYRK1A
binding partners in the context of the TCTCGCGAGA
consensus motif

DYRK1A was found to be recruited mostly to proximal promoter regions
enriched in the palindromic sequence TCTCGCGAGA. In addition,
DYRK1A was found in protein complexes bound to this sequence in vitro,
thereby pointing to the consensus motif as a DYRK1A binding site (Di
Vona et al., 2015). To further characterize the mechanism of DYRK1A
recruitment to the DNA, EMSA analysis was performed using bacterially
purified GST-DYRK1A and a radiolabeled double strand probe containing
the consensus motif. As a positive control, binding of bacterially
expressed and purified GST-E2F1 to its consensus DNA sequence was
used.

A B
cold probemut - - - - - __—]
cold probewt - - ——] - - -
GST-DYRK1A - + + + o+ o+ o+ o+
- Complex Il
- Complex |
- Complex |
- free probe
- free probe
E2F1 probe consensus-containing probe consensus-containing probe (wt)
-TTGGCGCGTAA- -ACTCTCGCGAGACA- GGCCTAAGACTCTCGCGAGACACCGTCTAG
-TTACGCGCCAA- -TGTCTCGCGAGAGT- consensus-mutated probe (mut)

GGCCTAAGACAGGTGTACAACACCGTCTAG

Figure R1: DYRK1A interacts in a direct manner in vitro with ssDNA containing the
TCTCGCGAGA sequence. (A) EMSA was performed using bacterially produced GST-
DYRK1A or GST-E2F1 and a **P-labeled double-stranded probe containing the DYRK1A-
motif or the E2F1 binding site, respectively (the corresponding sequences are shown in the
Figure). DNA-protein complexes were resolved by electrophoresis on native polyacrylamide
gels and signal was assessed by autoradiography. The position of the free probe and of the
shifted bands corresponding to E2F1 complexes is indicated. (B) A competition assay was
performed by using increasing amounts (4-, 10- and 20-fold) of a single strand wild type cold
probe (wt) or increasing amounts of a probe harboring mutations in the consensus sequence
(mut). The position of the free probe and of the shifted band corresponding to a putative
complex (complex 1) is indicated.

No band-shift was detected when assaying GST-DYRK1A binding to the
DYRK1A consensus-containing probe (Fig. R1A). By contrast, when a
single strand DNA (ssDNA) oligonucleotide containing the palindromic
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sequence was used, a retarded product was detected (Fig. R1B).
Competition assays with increasing amounts of the wild type unlabeled
probe blocked the formation of the complex, while incubation with
increasing amounts of an oligonucleotide harboring mutations in the
consensus sequence failed to do it (Fig. R1B), supporting the specificity of
the direct interaction of DYRK1A with the consensus motif in vitro.

The DYRK1A-motif seems to be sufficient for DYRK1A recruitment to the
DNA in vitro. Nevertheless, it is possible that other factors are required for
the stabilization of DYRK1A onto DNA and/or for its function in vivo. To
uncover putative DYRK1A binding partners in the context of the
consensus sequence, analysis of ChIP-Seq data coming from the
lymphoblastoid cell line GM12878 available at the ENCODE database
revealed that CHD2, KAISO and BRCA1 ChIP-Seq datasets have an
enrichment in this particular sequence (Di Vona, 2013; Kheradpour and
Kellis, 2014; Wang et al., 2012). In addition, density plots showing the
chromatin occupancies of these factors demonstrated that they overlap at
the DYRK1A peak center (Fig. R2), suggesting a putative cross-talk
among them. To explore this possibility, we aimed to validate the
ENCODE data in the cell model used in the thesis work, the T98G cell
line, for each of the factors.

Figure R2: CHD2, BRCA1 and KAISO
binding profiles relative to the DYRK1A
N peak center. Distribution of CHD2, BRCA1
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1.1.1. Validation of CHD2

ChIP-gPCR with the anti-CHD2 antibody used to generate the ENCODE
data (Abcam ab68301) validated the presence of CHD2 at targets
associated with DYRK1A (Fig. R3B, AB). However, no CHD2 occupancy
could be detected when using a different anti-CHD2 antibody (Fig. R3B,
CS), which could be indicating that this antibody was not working in ChIP
experiments. However, the immunoprecipitates with one of the antibodies
were not detected by WB with the other antibody (Fig. R3C). As an
additional control, the antibodies were tested with extracts from cells in
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which the expression of CHD2 was downregulated with two independent
shRNAs. Surprisingly, while the CHD2-CS antibody recognized a band of
the expected molecular weight that was reduced in the silencing
conditions, the CHD2-AB antibody recognized a band that was insensitive
to the shRNA treatment (Fig. R3D). These observations indicate that the
CHD2-AB antibody used to generate the ENCODE data is not really
detecting CHD2 but an unknown protein. In fact, we aimed to identify the
unknown protein by mass spectrometry in the CHD2-AB
immunoprecipitates; however, the experiment was not possible because
the antibody was discontinued by the company. Based on all these
results, CHD2 was no longer considered in this study.
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Figure R3: CHD2 is not at DYRK1A-associated genomic regions. (A) CHD2 protein
structure indicating the main domains (further detailed in Fig. I15), and the epitopes used to
generate two rabbit polyclonal antibodies: CS, antibody from Cell Signaling (4170) raised
with a synthetic peptide corresponding to residues surrounding phenylalanine (Phe) 1579;
AB, antibody from Abcam (ab68301) raised with the protein fragment 1250-1350. (B) ChlIP-
gPCR results with antibodies to DYRK1A and CHD2; normal IgGs were used as negative
control (meantSD from 3 technical replicates). (C) T98G soluble extracts were
immunoprecipitated with the two anti-CHD2 antibodies or normal 1gGs. Both lysates (10%)
and immunocomplexes were analyzed by WB with the two anti-CHD2 antibodies. (D) CHD2
knock-down was performed in T98G cells with two independent shRNAs, either separately or
co-administrated. Total extracts were analyzed by WB with the two anti-CHD2 antibodies.
Tubulin was used as loading control.

Ko O

1.1.2. Validation of KAISO

KAISO occupancy was validated at three DYRK1A-associated promoters
containing the consensus motif, and with two independent antibodies,
including the one use in ENCODE (6F8) (Fig. R4A and B). The specificity
of the KAISO antibodies was evaluated by WB using extracts from cells
treated with specific KAISO siRNAs or shRNAs: the anti-KAISO antibodies
558A and 6F8 detected a downregulated protein band at the expected
molecular weight (Fig. R4C); however, anti-KAISO 557A did not detect a
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specific band (data not shown). To further validate the specificity of the
557A antibody, immunoprecipitates obtained with this antibody were
probed in WB with anti-KAISO-558A, which detected a band of the
expected molecular weight (Fig. R4D). Based on these results, the use of
the anti-KAISO antibodies was as follows: 6F8 for ChIP, 557A for IP and
558A for WB.
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Figure R4: Validation of KAISO at some DYRK1A-associated gene targets. (A) KAISO
protein structure indicating the main domains (further detailed in Fig. 16), and the epitopes
used to raise three different antibodies: 6F8, a monoclonal antibody from Santa Cruz (sc-
23871) raised against aa 1-504; 557A, a rabbit polyclonal antibody from Bethyl (A303-557A)
raised with a synthetic peptide corresponding to aa 375-425; 558A, a rabbit polyclonal
antibody from Bethyl (A303-558A) raised with a synthetic peptide corresponding to aa 622-
672. (B) ChIP-gPCR results using anti-KAISO 557A and 6F8 antibodies and normal IgGs as
negative control (mean+SD from 3 technical replicates). (C) KAISO expression in T98G cells
was knocked down by transfection of siRNAs (left panel) or lentiviral transduction of a
shRNA (right panel). Total cell extracts were analyzed by WB with the anti-KAISO antibodies
indicated. Vinculin or tubulin were used as loading controls. (D) T98G soluble extracts were
immunoprecipitated with anti-KAISO-557A or normal IgGs as negative control. Both lysates
(10%) and immunocomplexes were analyzed by WB with anti-KAISO-558A antibody.

1.1.3. Validation of BRCA1

For BRCA1, four different commercial antibodies were used in the
validation assays (Fig. R5A). The presence of BRCA1 at two DYRK1A
motif positive promoter targets was revealed with anti-BRCA1-000A (used
to generate the ENCODE data) and D20 antibodies (Fig. R5B). The
antibodies were evaluated by WB of cell extracts in which BRCA1
expression was downregulated by shRNA expression: only anti-BRCA1
D9 recognized a band that was reduced in the silenced cells (Fig. R5C).
In addition, anti-BRCA1 D20 and 000A antibodies were validated in IP
assays (Fig. R5D). Based on these results, the BRCA1 antibodies used in
this work were 000A in ChIP and D9 in IP and WB assays.
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Figure R5: Validation of BRCA1 at some DYRK1A-associated gene targets. (A) BRCA1
protein structure with the main domains (further detailed in Fig. I18), and the regions used to
raise the antibodies used in the study: D9, monoclonal antibody from Santa Cruz (sc-6954),
raised against a peptide containing aa 1842-1862; 000A, rabbit polyclonal from Bethyl
(A300-000A), raised against a peptide covering aa 1800-1863; 120, rabbit polyclonal from
Santa Cruz (sc-646), raised against a peptide mapping near the C-terminus of BRCA1; and
D20, rabbit polyclonal from Santa Cruz (sc-641), raised against a peptide mapping at the N-
terminus. (B) ChIP-gPCR results using anti-BRCA1-000A and D20 antibodies and normal
IgGs as negative control (mean+SD from 3 technical replicates). (C) BRCA1 knock-down in
T98G cells was performed by lentiviral delivery of a shRNA. Total cell extracts were analyzed
by WB with the anti-BRCA1 antibodies. Tubulin was used as loading control. (D) Hela
nuclear extracts were immunoprecipitated with the anti-BRCA1 antibodies indicated or with
normal mouse IgGs (mIgG) and rabbit IgGs (rlgG) as negative controls. Both lysates (10%)
and immunocomplexes were analyzed by WB with anti-BRCA2-D9 antibody.

1.2. DYRK1A, BRCA1 and KAISO co-occupy promoters of
genes involved in ribosome-related functions

Given the presence of BRCA1 and KAISO at several DYRK1A-associated
promoters in T98G cells, we decided to carry out a genome-wide
approach by ChIP-Seq experiments. Around 2,000 target regions were
identified associated with DYRK1A, which meant an increment in the
number of peaks compared to our previous data (Di Vona et al., 2015).
This fact is likely due to technical improvements implemented at several
steps of the procedure and to the gain in genome coverage thanks to the
combination of several biological replicates (n=4). Interestingly, although
"promoter” is still one of the categories overrepresented, the gain is more
noticeable in the "intron" category, with an increment of around 10% (Fig.
R6A and B; compared with Fig. 16B). GO-terms enrichment analysis
showed that ribosome-associated processes and RNA processing were
functional categories enriched among the DYRK1A target genes (Fig.
R6C). Despite the increment in the number of DYRK1A-associated
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proximal promoters and 5-UTRs in the current ChlP-Seq dataset (from
310 to 880), GO terms analysis is in agreement to our previous results (Di
Vona et al., 2015).
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Figure R6: Characterization of DYRK1A-associated genomic /oci. (A, B) Pie chart
illustrating the general genomic distribution (A) or that of DYRK1A-associated targets (B)
over some genomic features. The graph is mutually exclusive; thus, the sum of the
percentage values is 100%. “Intergenic” refers to the percentage of regions that do not
belong to any of the other categories. (C) Selected relevant enriched terms of the genes
associated with DYRK1A target regions mapping to promoters, exons, introns, 5- and 3'-
UTRs.

For KAISO and BRCA1, we obtained around 500 and 300 target regions,
respectively. In both cases, there was a clear enrichment of promoters
over the rest of genomic features (Fig. R7A and B).
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Figure R7: KAISO and BRCA1 are located mostly at promoter regions. Pie chart
illustrating the distribution of KAISO (A) and BRCA1 (B) -associated targets over some
genomic features.

Next, we aimed to characterize the genomic regions co-occupied by
DYRK1A, KAISO and BRCA1. First, we wanted to confirm the existence
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of a pool of genomic regions recognized by the three factors in the cell
system used in this thesis work, the T98G cell line. As shown in Fig. RS,
BRCA1 and KAISO occupy genomic regions overlapping with DYRK1A-
associated peaks. This finding not only confirms the previous results
obtained using the ENCODE data sets (Fig. R2), but also suggests that
the co-localization of DYRK1A with KAISO and BRCA1 at genomic loci
might be common to different cell types.

1 DYRK1A

Figure R8: DYRK1A, KAISO and BRCA1
binding profiles at DYRK1A-associated
genomic regions in T98G cells. Density
plots showing the distribution of DYRK1A,
KAISO and BRCA1 relative to the DYRK1A
peak center. The offset was set to +/- 3 kb
from the DYRK1A peak center. The y-axis
represents relative protein recruitment
calculated as the -logso (p-value) of the
ChIP-Seq data over the input.
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To identify distinctive features, we decided to characterize the most
different subsets of genes: on one hand, the ones occupied by the three
factors and, on the other hand, the ones exclusively occupied by each of
them. Analysis of the ChIP-Seq data revealed that the genomic regions
co-occupied by the three proteins represent a small subset of the
DYRK1A ChIP genomic loci (Fig. R9A: ~ 7% of total DYRK1A ChIP
peaks). However, the average density of reads is significantly higher in
the pool of co-occupied ChIP targets compared to that corresponding to
the regions bound only by DYRK1A (Fig. R9B and C), indicating a
stronger presence of DYRK1A at the sites co-bound by the three factors.

Annotation of the cis-regulatory elements present in each of the clusters
showed that the co-occupied genomic /loci correspond mostly to
promoters, whereas introns and intergenic regions are overrepresented in
those DYRK1A-specific sites (Fig. R9D). In addition, motif enrichment
analysis found the DYRK1A-motif as strongly enriched in the co-occupied
targets (Fig. ROE). Of note, MEME catalogues this motif as a KAISO
binding site. The larger group of DYRK1A-specific regions also showed
this particular motif (Fig. R9E). However, the enrichment was highly
significant for motifs corresponding to CTCF binding sites (Fig. R9E). GO
terms enrichment analysis revealed that ribosome-related processes are
overrepresented in the subset of target genes co-bound by the three
factors (Fig. R9F), whereas RNA processing-associated functions are
associated with gene targets belonging to both clusters (Fig. R9F and G).
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Figure R9: The genomic regions co-occupied by DYRK1A, BRCA1 and KAISO display
distinctive features. (A) Heatmaps showing DYRK1A, BRCA1 and KAISO occupancies for
DYRK1A ChIP regions relative to the DYRK1A peak center. The color bar scale indicates the
binding score calculated as described in MM5.5. The ChlP-associated regions were
separated in two clusters to differentiate co-occupied regions vs the DYRK1A-specific ChIP
targets. (B) Density plots indicating the average binding following the same criteria as in (A).
(C) Violin plot showing the DYRK1A ChIP signal in co-occupied regions and in DYRK1A-
specific regions; p<2e-16, Student’s t-test. (D) Pie chart illustrating the distribution over some
genomic features of DYRK1A-BRCA1-KAISO co-occupied targets and of targets occupied
only by DYRK1A. (E) Motif enrichment analysis of co-occupied targets and of DYRK1A-only
target regions using MEME. (F, G) Selected relevant enriched terms of DYRK1A-BRCA1-
KAISO (F) and of DYRK1A-specific (G) of gene targets (include ChIP regions mapping to
promoters, exons, introns, 5-UTRs and 3’-UTRs).

The same analysis was performed using the KAISO or BRCA1 ChIP
datasets as reference (Fig. R10 and R11). In the case of KAISO,
approximately 27% of the KAISO ChIP peaks were occupied by the three
factors. Similar to the case of DYRK1A, the average density of reads of
the KAISO ChIP targets co-occupied by DYRK1A and BRCA1 is
significantly higher than the one of the KAISO-specific subset, thus
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indicating that KAISO is more represented in the first category (Fig. R10A-
C). In addition, the co-bound regions are enriched in promoters and in the
DYRK1A-consensus motif, while the rest of the KAISO-associated
genomic loci are mostly introns and intergenic regions, not particularly
enriched in any TF binding site (Fig. R10D and E). Interestingly, GO terms
analysis showed no significantly overrepresented functions for the genes
associated with KAISO-only occupation.

A m co-occupied oci  m KAISO-specific loci C
, kaiso DYRK1A BRCA1 ¥ _p=22e5
g W 5
g c
X g @
5 2 <
=3
s £
[} £ o
3
Py — . S ~
B 16 e = = 8
_? = =
= ¥ _
14 = 2 = = co-occupied foci - KAISO-specific loci
i D co-occupied KAISO-specific
@ loci loci
o
> Intron 5-UTR
3-UTR
f 104 Coding exon (4.5%)  Intergenic promoter (1:3%) 2%)
g \ (9% (5:3%)= Coding exon
° — (6.6%)
a & =
< =
X
61 o Intergenic Intron
o 44.4%
(54.9%) (40.3%) ( /o)
4
E co-occupied KAISO-specific
) loci loci
DYRK1A p-value
Al ~ No motif
0 SICICCCOAGH t1e2o
L L L GEETCTCRCCAGRES o177

[ 3
distance (kb)
0 = KAISO peak center

Figure R10: The KAISO genomic regions co-occupied by DYRK1A and BRCA1 are
mostly promoters enriched in the DYRK1A-motif. (A) Density plots showing KAISO,
DYRK1A and BRCA1 occupancies for KAISO ChIP regions relative to the KAISO peak
center. The binding score was calculated as described in MM5.5. The ChlP-associated
regions were separated in two clusters to differentiate co-occupied regions vs the KAISO-
specific ChlP targets. (B) Heatmaps indicating the ChIP average binding of KAISO, DYRK1A
and BRCA1 for BRCA1 ChIP regions following the same criteria as in (A). The color bar
scale indicates the binding score calculated as described in MM5.5. (C) Violin plot showing
the KAISO ChIP signal in co-occupied regions and in KAISO-specific regions; p=2.2e-5,
Student’s t-test. (D) Pie charts illustrating the distribution over some genomic features of
DYRK1A-BRCA1-KAISO co-occupied target regions or the KAISO-specific loci. (E) Motif
enrichment analysis by MEME in the two clusters. The search rendered no motif particularly
enriched in the KAISO-specific set of target regions.

The analysis of the BRCA1 dataset showed that approximately 47% of
total BRCA1 ChIP targets are occupied by both DYRK1A and KAISO,
BRCA1 ChIP binding is similar in both the co-bound and BRCA1-specific
gene subsets (Fig. R11A-C). As expected, the analysis further confirmed
that promoters and the DYRK1A-motif are features overrepresented in the
subset of genomic regions occupied by the three factors (Fig. R11D and
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E). Although the other cluster of BRCA1-associated loci contains a
considerable number of promoters, they do not present any enrichment in
particular TF binding sites (Fig. R11D and E). Furthermore, GO terms
analysis showed that there is no function overrepresented among the
gene targets belonging to this category. In conclusion, these observations
suggest a possible interplay among DYRK1A, KAISO and BRCA1 at the
promoter level of genes mainly related to ribosome functions.
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Figure R11. The BRCA1 genomic regions co-occupied by DYRK1A and KAISO are
mostly promoters enriched in the DYRK1A-motif. (A) Density plots showing BRCA1,
DYRK1A and KAISO occupancies for BRCA1 ChIP regions relative to the BRCA1 peak
center. The binding score was calculated as described in MM5.5. The ChlP-associated
regions were separated in two clusters to differentiate co-occupied regions vs the BRCA1-
specific ChIP targets. (B) Heatmaps indicating the ChIP average binding of BRCAT1,
DYRK1A and KAISO for BRCA1 ChlIP regions following the same criteria as in (A). The color
bar scale indicates the binding score calculated as described in MM5.5. (C) Violin plot
showing the BRCA1 ChIP signal in co-occupied regions and in BRCA1-specific regions;
p=0.47, Student's t-test. (D) Pie charts illustrating the distribution over some genomic
features of DYRK1A-BRCA1-KAISO co-occupied target regions or BRCA1-specific loci. (E)
Motif enrichment analysis by MEME in the two clusters. The search rendered no motif
particularly enriched in the BRCA1-specific set of target regions.

1.3. KAISO and DYRK1A do not have a clear cross-talk at
the chromatin level

Next, we aimed to investigate the putative cross-talk between DYRK1A
and the two factors. First, we wanted to know where KAISO localizes in
T98G cells, and a subcellular fractionation procedure was carried out. The
results showed that KAISO was mostly found in the soluble nuclear
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compartment (Fig. R12A). By contrast, DYRK1A was mostly found in the
cytoplasm, which is in agreement with previous data showing the
subcellular distribution of DYRK1A in HeLa cells (Di Vona et al., 2015). A
pool of both proteins was also observed in the chromatin insoluble fraction
(Fig. R12A), likely responsible for their presence at chromatin.

To assess the DYRK1A and KAISO relationship, we asked whether these
two proteins interact. Immunoprecipitation assays with T98G total soluble
extracts showed that DYRK1A was found in complexes
immunoprecipitated with an anti-KAISO antibody, whereas an antibody
against DYRK1A failed to co-immunoprecipitate KAISO (Fig. R12B). A
plausible interpretation of this result is that the more abundant DYRK1A
cytosolic pool does not interact with KAISO, while nuclear KAISO is able
to interact with nuclear DYRK1A. To test this hypothesis,
immunoprecipitation experiments were carried out using concentrated
commercial HeLa nuclear extracts with similar results (Fig. R12C). These
findings could be interpreted as result of transient interactions, which
cannot be captured with the DYRK1A antibodies. In addition, we cannot
rule out that the interaction does happen on chromatin and/or that it
depends on specific signals.
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Figure R12: DYRK1A and KAISO might be part of protein complexes in the nucleus.
(A) Subcellular fractionation of T98G cells was performed to separate into cytosolic (cyt),
nuclear soluble (nuc) and nuclear-insoluble/chromatin (chr) fractions. The samples were
analyzed by WB with antibodies for the indicated proteins. Lamin B1 and GAPDH were used
as nuclear and cytosolic markers, respectively. For DYRK1A, a longer exposure (l.e.) is also
included. (B) T98G soluble extracts were immunoprecipitated with anti-DYRK1A or anti-
KAISO antibodies or normal IgGs as negative control. The lysate (10%) and
immunocomplexes were analyzed by WB with antibodies to the indicated proteins. (C) HelLa
nuclear extracts were immunoprecipitated with two antibodies anti-DYRK1A, either targeting
the C-terminal part (DYRK1A-Ct) or the N-terminus of DYRK1A (DYRK1A-Nt), or with an
anti-KAISO antibody. Normal IgGs were used as negative controls. The lysate (10%) and
immunocomplexes were analyzed by WB with antibodies to the indicated proteins.

Despite the low level of interaction, DYRK1A could be a kinase for KAISO.
This hypothesis was tested in radioactive /VK assays with bacterially-
produced GST-KAISO. However, no incorporation of radiolabeled ATP
was observed, which demonstrated that KAISO was not a DYRK1A
substrate (Fig. R13).
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Figure R13: DYRK1A does not phosphorylate KAISO. Bacterially produced GST-KAISO
was subjected to an /VK assay in the presence of DYRK1A and [y**P]-ATP. Samples were
resolved by SDS-PAGE and incorporation of **P analyzed by autoradiography. The presence
of the indicated proteins was assessed by WB with a specific antibody for DYRK1A and a
GST antibody for KAISO. Note that autophosphorylation of DYRK1A is detected.

To elucidate a possible cross-talk between DYRK1A and KAISO at the
chromatin level, KAISO occupancy was analyzed upon DYRK1A depletion
by lentiviral delivery of a shRNA to DYRK1A and vice versa (Fig. R14 and
R15). ChIP-Seq experiments showed that DYRK1A expression reduction
was also reflected at its associated genomic loci (Fig. R14B). However, no
major loss of KAISO occupancy at KAISO-associated sites was observed
under the same conditions (Fig. R14C).
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Figure R14: KAISO chromatin occupancy is not globally affected upon DYRK1A
silencing. (A) The reduction in DYRK1A levels in the shDYRK1A-T98G cells used in the
ChIP assays was assessed by WB. An antibody to vinculin was used as loading control. (B)
Density plots were generated to show the distribution of DYRK1A in shControl and
shDYRK1A conditions relative to DYRK1A peak center in shControl cells. (C) Density plots
showing the distribution of KAISO in shControl and shDYRK1A conditions relative to KAISO
peak center in shControl cells. The offset was set to +/- 3 kb.

Likewise, no apparent changes in DYRK1A occupancy were observed in
cells depleted of KAISO (Fig. R15B). At the time of writing this report, no
ChIP data for KAISO in conditions of KAISO silencing have been
obtained. Therefore, we cannot rule out that the pool of KAISO associated
with chromatin is not affected by the silencing conditions, so that these
results will need to be re-evaluated when the data is available.
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Figure R15: Chromatin-bound DYRK1A is not globally altered in KAISO-depleted cells.
(A) The reduction in KAISO levels in the shKAISO-T98G cells used in the ChIP assays was
assessed by WB. An antibody to tubulin was used as loading control. *, non-specific band.
(B) Density plots showing the distribution of DYRK1A in shControl and shKAISO conditions
relative to the DYRK1A peak center in shControl cells. The offset was set to +/- 3 kb.

Note that, for both KAISO and DYRK1A, chromatin occupancies tend to
decrease when the expression of the other factor is reduced (Fig. R14C
and R15B). This observation might suggest that the recruitment of each
protein could depend on the other at specific ChIP targets. However, this
possibility has not been addressed in the frame of this thesis work.

1.4. BRCA1 does not affect DYRK1A chromatin recruitment

To identify whether BRCA1 is involved in the recruitment of DYRK1A to its
genomic loci, we analyzed DYRK1A chromatin occupancy by ChIP-Seq
analysis in BRCA1-depleted cells. Given the fact that BRCA1 is a E3-
ubiquitin ligase able to target substrates for proteasome degradation, we
first checked whether DYRK1A protein levels were altered and found no
effect in the absence of BRCA1 (Fig. R16A). These results do not exclude
the possibility of DYRK1A being a target of BRCA1 in non-degradative
ubiquitination.

Reduction of BRCA1 expression led to a reduction of around 50% in
BRCA1 binding to its targets (Fig. R16B). By contrast, no loss of DYRK1A
chromatin binding at DYRK1A ChIP regions was observed under BRCA1-
silencing conditions (Fig. R16C).
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Figure R16: BRCA1 is not involved in DYRK1A chromatin recruitment. (A) Total protein
levels of DYRK1A and BRCA1 were analyzed by WB in T98G cells infected with lentivirus
expressing shBRCA1 or shControl. Vinculin was used as loading control. A representative
image is shown. The graph shows the quantification of the protein bands relative to vinculin,
with the shControl levels arbitrarily set as 1 (meantSD of 3 independent experiments;
Student's t-test, **p<0.01). (B) Density plots indicating the distribution of BRCA1 at chromatin
in shControl and shBRCA1 T98G cells relative to BRCA1 peak center in shControl
conditions. (C) Density plots indicating the distribution of DYRK1A at chromatin in shControl
and shBRCA1 T98G cells relative to DYRK1A peak center in shControl conditions. The
offset was set to +/- 3 kb.

1.5. DYRK1A is involved in BRCA1 chromatin recruitment

Next, we asked whether DYRK1A plays a role in BRCA1 chromatin
recruitment. To answer this question, ChlP-Seq experiments assessing
BRCA1 occupancy upon DYRK1A depletion were performed. The results
indicated that no reorganization of BRCA1 to other genomic regions was
observed (data not shown), but BRCA1 occupancy at its genomic targets
was significantly reduced in shDYRK1A T98G cells compared to
shControl ones (Fig. R17A). The reduction in BRCA1 occupancy was
observed both at regions recognized by DYRK1A and at those ones
where only BRCA1 is present (Fig. R17B and C; see representative
images in Fig. R17D). For further validation, two BRCA1-DYRK1A target
regions (RPS11/uS17 and RPS15/uS19) and one target occupied only by
BRCA1 (MRPL16) were selected to perform ChIP-gPCR experiments. As
shown in Fig. R17E, DYRK1A was found enriched in the expected targets
and responded to the knockdown. On the other hand, BRCA1 presence
was reduced upon DYRK1A silencing at the co-occupied targets, while no
such effect was observed in the MRPL16 specific case (Fig. R17E).
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Therefore, while the results validated the ChIP-Seq data on the co-
occupied promoters, further experiments would be needed to confirm the
results on the BRCA1-unique sites.

Based on these results, it is possible that DYRK1A has a direct effect on
BRCA1 chromatin eviction at the common sites. However, we cannot rule
out that DYRK1A could also regulate BRCA1 chromatin-associated
functions outside the chromatin.
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Figure R17: DYRK1A downregulation has an impact in BRCA1 chromatin occupancy.
(A-C) Density plots indicating the distribution of BRCA1 at total BRCA1 ChlIP targets (A),
DYRK1A-BRCA1 co-occupied regions (B), and BRCA1 unique genomic regions (C) in
shControl or shDYRK1A T98G cells relative to BRCA1 peak center in shControl conditions.
(D) Representative examples of DYRK1A and BRCA1 occupancies in shControl and
shDYRK1A-infected conditions at proximal promoters of one BRCA1-DYRK1A co-occupied
gene target (left) and a BRCA1 unique ChlIP target (right). The arrows indicate direction of
transcription. (E) Validation of selected targets by ChIP-qPCR in shControl or shDYRK1A
T98G cells using anti-BRCA1, anti-DYRK1A antibodies or IgGs as negative control. The
experiment was performed with external "spike-in" as described in MM5.2 and 5.3. Data is
represented as DNA recovery over the input (mean+SD of 3 technical replicates).

To gain further insight into the underlying mechanism in the DYRK1A-
BRCA1 cross-talk, we first determined whether BRCA1 and DYRK1A
interact. BRCA1 is described to locate mostly in the nucleus in several cell
types such as MCF7 or HelLa cell lines (Hernandez et al., 2018;
Nepomuceno et al.,, 2017), so we started by analyzing the subcellular
localization on BRCA1 in T98G cells. Subcellular fractionation
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experiments showed that BRCA1 mostly accumulates in the soluble
nuclear fraction (Fig. R18A). Based on this result, the immunoprecipitation
assays were performed using commercial Hela nuclear extracts. BRCA1
was found in anti-DYRK1A complexes obtained with three different
antibodies (Fig. R18B). In addition, DYRK1A was co-immunoprecipitated
with an antibody anti-BRCA1 (Fig. R18C). These results indicate that
DYRK1A and BRCA1 are part of common complexes, at least in the
nucleus.
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Figure R18: DYRK1A and BRCA1 interact in the nucleus. (A) Subcellular fractionation
was performed to separate into cytosolic (cyt), nuclear soluble (nuc) and nuclear-
insoluble/chromatin (chr) fractions. The samples were analyzed by WB with antibodies for
the indicated proteins. Lamin B1 and GAPDH were used as nuclear and cytosolic markers,
respectively. For DYRK1A, a longer exposure (l.e.) is also included. (B, C) Hela nuclear
extracts were immunoprecipitated with three anti-DYRK1A antibodies (MDYRK1A, mouse
monoclonal; rDYRK1A-Ct, rabbit polyclonal targeting the C-terminal part; rDYRK1A-Nt, rabbit
polyclonal targeting the N-terminus) (B) or an anti-BRCA1 antibody (mBRCA1, mouse
monoclonal) (C). Normal rabbit or mouse IgGs (rlgG or migG) were used as negative
controls. The lysate (10%) and the immunocomplexes were analyzed by WB with antibodies
to the indicated proteins.

Next, we wondered whether DYRK1A downregulation has an impact in
either the expression of BRCA1 or its subcellular localization. Results from
WB experiments in DYRK1A-knocked down T98G cells indicated that
BRCAT1 total protein levels were not affected under these conditions (Fig.
R19A). Interestingly, preliminary subcellular fractionation data showed a
subtle reduction of BRCA1 in the insoluble nuclear fraction when DYRK1A
is silenced (Fig. R19B), a mechanism that would be in agreement with
BRCA1 eviction from its genomic targets.

Since DYRK1A is a kinase, we wondered whether DYRK1A-dependent
effects on BRCA1 chromatin occupancy could be triggered by
phosphorylating BRCA1. To test this hypothesis, radioactive /IVK assays
were performed on overexpressed Flag-tagged BRCA1 that was affinity
purified from soluble cell extracts using an anti-Flag antibody. A signal
over the background corresponding to the molecular size of Flag-BRCA1
could be detected only in the immunocomplexes incubated with DYRK1A
wild-type, but not with a kinase-inactive mutant (Fig. R20), indicating that
BRCA1 is a DYRK1A substrate, at least, in vitro.
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Figure R19: DYRK1A downregulation leads to BRCA1 relocation from nucleus to the
cytoplasm. (A) Upper panel: Total protein levels of DYRK1A and BRCA1 were analyzed by
WB in T98G cells infected with lentivirus expressing shDYRK1A or shControl. Vinculin was
used as loading control. Lower panel: The graph shows the quantification of the protein
bands relative to vinculin, with the shControl levels arbitrarily set as 1 (meantSD of 3
independent experiments); Student's t-test, *p<0.05. (B) Subcellular fractionation was
performed to separate into cytosolic (cyt), nuclear soluble (nuc) and nuclear-
insoluble/chromatin (chr) fractions in shControl and shDYRK1A T98G cells. Fractions were
analyzed by WB with antibodies for the indicated proteins. For DYRK1A, a longer exposure
(l.e.) is shown. Lamin B1 and vinculin were used as markers for the nuclear and cytosolic
fraction, respectively. *, non-specific band.
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Figure R20: BRCA1 is phosphorylated by DYRK1A. /VK assays using Flag-tagged
BRCA1 expressed in HEK-293T cells and immunopurified with an anti-Flag antibody were
incubated with purified GST-DYRK1A wild-type (DYRK1A"") or a kinase-death version
(DYRK1A®) in the presence of *’P-y-ATP. Proteins were separated by SDS-PAGE and
analyzed by autoradiography. The presence of the proteins was confirmed by WB (BRCA1,
anti-Flag; DYRK1A, anti-GST). Background BRCA1 phosphorylation was detected in the
Flag-BRCA1 immunocomplexes likely due to the effect of an accompanying kinase.

To identify the phosphorylated residues, and given that BRCA1 is a big
protein to be expressed in bacteria, we decided to fragment the protein in
products of 300 aa (see MM2.2 for the cloning strategy), and expressed
them in bacteria as GST-fusion proteins (Fig. R21A). Each of the GST-
BRCA1 fragments was used in /VK assays with purified GST-DYRK1A
and radiolabeled ATP. The summary of the experiments is shown in Fig.
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R21A, which shows that all BRCA1 fragments, except the fragment
containing the first 300 aa (N), were phosphorylated by DYRK1A. These
results indicate that DYRK1A phosphorylates BRCA1 at several residues
along the primary sequence.

The identification of the phosphosites was done by MS of the purified
fragments phosphorylated in vitro. The analysis rendered a peptide
coverage of 70% and several phosphopeptides were identified scattered
along BRCA1 protein sequence (Fig. R21B). Interestingly,
phosphorylation events in several BRCA1 residues have been described
to regulate BRCA1 subcellular localization and chromatin recruitment
(Altiok et al., 1999; Kehn et al., 2007), having a further impact on BRCA1-
dependent transcriptional mechanisms (Hinton et al., 2007). Therefore,
the phosphorylation of BRCA1 by DYRK1A could be playing a role in this
context and it will be further addressed in the future.
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Figure R21: DYRK1A phosphorylates BRCA1 at multiple sites. (A) Hot /VK assays were
performed on GST-BRCA1 fragments covering the coding sequence of the protein: amino-
terminal fragment N (1-316 aa); middle fragments M1 (310-589 aa), M2 (582-889 aa), M3
(886-1205 aa), and M4 (1201-1498 aa); and carboxy-terminal fragment C (1490-1863 aa). A
summary of the results is shown with the symbol + indicating the intensity of the radioactive
signal. (B) Cold /VK assays were performed on each of the GST-BRCA1 fragments and the
phosphorylated peptides were identified by MS analysis. The position of the phosphosites is
indicated in red; peptide coverage is also shown (FDR<1%, green; FDR<5%, yellow).

1.6. DYRK1A-dependent BRCA1 chromatin eviction does
not have a clear impact on gene expression

Since both DYRK1A and BRCA1 have been described to play roles in
transcription, we wondered whether there is a correlation between their
chromatin occupancies and alterations in the mRNA levels of the
corresponding targets when their expression is reduced. To assess
putative transcriptional roles at the chromatin level, we intersected RNA-
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Seq data with ChIP-Seq data. Thinking in a direct transcriptional effect,
only peaks mapping to promoters has to be considered; however,
DYRK1A and BRCA1 ChIP peaks associated with promoters are very
close to the TSS, making these regions difficult to be accurately
distinguished from 5-UTRs during peak annotation. Therefore, we
considered both genomic features, promoters and 5-UTRs, for the
analysis.

RNA-Seq experiments in shDYRK1A T98G cells compared to control
ones showed that 2,794 genes were downregulated whereas 609 genes
were upregulated with a fold change cutoff of +/- 1.5 (Fig. R22A). The
overlap with the DYRK1A ChIP dataset indicated that 191 out of 880
DYRK1A target regions mapping to promoters and 5-UTRs showed
altered ftranscript levels in their associated genes when DYRK1A
expression was reduced. Interestingly, the majority of them, 185 out of
191, turned to be downregulated (Fig. R22B), thus supporting the role of
DYRK1A as a transcriptional activator.

Downregulation of BRCA1 also induced alterations in transcription profiles
with 2,070 genes upregulated and 1,739 genes downregulated with a fold
change cutoff of +/- 1.5 (Fig. R22C). In contrast to the DYRK1A results,
the association of BRCA1 chromatin recruitment with transcriptional
regulation was not so clear: although a similar proportion of BRCA1 target
regions mapping to promoters and 5-UTRs present alterations in the
expression of associated genes upon BRCA1 silencing (73 out of 282),
some of the genes were downregulated (27 genes) while others were
found upregulated (46 genes) (Fig. R22D).

To gain further insight into the putative impact of BRCA1-DYRK1A cross-
talk in transcription, we focused on the pattern of expression presented by
the DYRK1A-BRCA1 co-bound ChIP targets. Taking advantage of the
intersection between the RNA-Seq and ChlP-Seq data, we observed that
62 DYRK1A-BRCA1 co-occupied gene targets were downregulated in
DYRK1A-reduced conditions, but only 16 of them showed alterations in
their mRNA levels in BRCA1-knocked down cells compared to control
ones, which were not consistent in the direction of change (Fig. R22B).
Complementarily, despite the majority of BRCA1-associated regions
whose expression is altered upon BRCA1 depletion are also recognized
by DYRK1A (67 out of 73), only 16 of them were downregulated in a
DYRK1A-dependent manner (Fig. R22D).

These observations indicate that the loss of BRCA1 at its genomic loci
does not have a common impact in the expression of DYRK1A-BRCA1
co-occupied gene targets. Therefore, the consequences of the DYRK1A-
dependent BRCA1 chromatin eviction have to be clarified.
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Figure 22: The proportion of DYRK1A-BRCA1 co-occupied gene targets that present
concordant alterations in expression is low. (A) Bar graph showing the number of genes
with altered expression in shDYRK1A T98G cells. The RNA-Seq data was normalized with
an external spike-in as explained in MM6.2 and 6.5 (-1.5 < FC > 1.5; p<0.05). (C) Bar graph
showing the number of genes with altered expression in shBRCA1 T98G cells compared to
shControl ones (-1.5 < FC > 1.5; p<0.05). (B, D) Venn diagram indicating the overlap
between DYRK1A ChIP targets mapping to proximal promoters and 5-UTRs and genes
whose transcript levels are altered upon DYRK1A silencing (B) or between BRCA1 ChIP
targets mapping to proximal promoters and 5-UTRs and genes whose transcript levels are
altered upon BRCA1 silencing (D). The number of gene targets co-occupied by both factors
is indicated in each dataset as well as of those found altered upon silencing of the other
factor.

2, Role of chromatin-bound DYRK1A on the
transcriptional regulation of ribosomal proteins

21. Chromatin-bound DYRK1A as a transcriptional
activator of ribosome-related genes

The overlap between the DYRK1A ChIP-Seq data and the RNA-Seq data
in conditions of DYRK1A silencing indicates that DYRK1A may regulate
the transcriptional activation of at least 185 gene targets (Fig. R23A). GO
terms analysis in this particular subset of genes showed that they are
involved in functions related to ribosome processes, RNA processing and
DNA damage (Fig. R23B). To further validate these results, we assessed
the mRNA expression of specific gene targets belonging to the three
categories by RT-qPCR: the ribosome-related category was represented
by three RPGs, RPS19/eS19, RPS6/eS6 and RPL17/uL22; the RNA
processing category was represented by UTP6 (U3 small nucleolar RNA-
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associated protein 6), RBM28 (RNA binding motif protein 28) and NOL11
(nucleolar protein 11); and in representation of the last category, we
analyzed the mRNA levels of the replication factors RFC3 and RFC5 and
of the DNA polymerase ¢ subunit, POLE. All these gene targets showed a
significant reduction in their mRNA levels in shDYRK1A T98G cells
compared to control ones (Fig. R23C). These results confirm that
DYRK1A acts as a transcriptional activator in a subset of ChIP target
genes involved in ribosome-related processes, RNA processing and DNA
replication.
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Figure R23: A subset of DYRK1A ChIP targets is downregulated upon DYRK1A
depletion. (A) Venn diagram indicating the overlap between DYRK1A ChIP target genes
mapping to proximal promoters and 5’-UTRs and those genes found to be downregulated
upon DYRK1A silencing in the RNA-Seq experiment (p<0.05; -1.5< FC >1.5) (B) GO terms
analysis of the genes overlapped in panel A. (C) Validation by RT-gPCR of the expression of
selected DYRK1A targets in each of the categories in T98G cells transduced with shControl
or shDYRK1A lentiviruses. The experiment was performed using an external spike-in as
described in MM6.2 and 6.3. Data are represented as RNA levels relative to the shControl
condition set as 1 (mean+SD, n=3 biological replicates; Student’s t-test, ***p<0.001,
**p<0.01, *p<0.05). The reduction in DYRK1A expression was shown by RT-qPCR
(meanxSD, n=3 biological replicates; Student’s t-test, ***p<0.001) and by WB of one of the
samples.
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2.2. DYRK1A-depleted cells present a phenotype defective
in protein translation

Given the fact that one of the categories mostly enriched in DYRK1A ChIP
targets downregulated in a DYRK1A-dependent manner is related to
ribosome functionality, we wondered whether DYRK1A could be
contributing, at least in part, to cell growth by affecting the transcription of
key proteins. Concurring with this idea, previous work from our laboratory
has shown that T98G cells present a reduction in cell volume upon
DYRK1A downregulation (Di Vona, 2013). This effect has been observed
in many other cell lines (data not shown), suggesting that it is a common
phenotypic output of DYRK1A downregulation. The alteration in cell size
could be due to a defect in cell cycle and/or to a loss in protein content.

The first possibility was evaluated by assessing the cell cycle profile of
DYRK1A-downregulated T98G cells. The results indicated that there is an
increase of cells in G1 and a decrease of cells in S when DYRK1A
expression is reduced (Fig. R24A). The alternative possibility was
addressed with radiolabeled *°S-methionine incorporation assays. The
results revealed that DYRK1A-depleted cells with two independent
shRNAs present a reduction in their translational rate (Fig. R24B and C).
These observations could reflect a complex scenario where DYRK1A-
dependent cell cycle and cell size regulators could be contributing to the
final phenotype. Additionally, the functional status of ribosomes was
analyzed by polysome profiling upon DYRK1A silencing. This technique
allows observing to what extent ribosomes are engaged in active
translation, generally considered as such when they are organized in
polysomes. In agreement with the reduction in translation rate,
shDYRK1A-T98G cells presented a decrease in the polysome fraction
compensated with an increase in the monosome peak compared to
control ones (Fig. R24D). These results indicate that DYRK1A depletion
leads to polysome disorganization so that DYRK1A should be involved
somehow in regulating protein synthesis mechanisms.
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Figure R24: DYRK1A-depletion leads to alterations in protein synthesis. (A) Cell cycle
profile of cells infected with lentiviruses expressing a shRNA control or shDYRK1A.1. The
graph shows the percentage of cells in each cell cycle phase (meantSD of 3 biological
replicates; Student's t-test, ***p<0.001, ns=not significant). (B, C) **S-labeled methionine
incorporation assays were performed in shDYRK1A or shControl T98G cells. The
incorporation of radioactive Met was evaluated by autoradiography. Protein loading and the
presence of DYRK1A were analyzed by WB. A representative experiment and the
quantification of average intensity of three independent experiments with shDYRK1A.1 (B) or
a single experiment with two independent shRNAs (C) are shown. Student's t-test,
***p<0.001. (D) Polysome profiles of DYRK1A-downregulated T98G cells (purple line)
compared to control cells (red line). The positions of the 40S, 60S, 80S, and polysomal
peaks are indicated. The y-axis shows absorbance at 254 nm in arbitrary units and the x-axis
relative fractions. The polysome-monosome ratio is shown for each condition as the ratio
between the areas under the curve of the 80S peak vs the polysome-peaks.

We are aware that the effects of DYRK1A downregulation on translation
rates could be indirect by acting on signaling pathways relevant to this
process. Previous data from our laboratory demonstrated that
phosphorylation of ribosomal protein S6 kinase, a final event of the mTOR
signaling pathway, does not change in DYRK1A-silenced T98G cells (Di
Vona, 2013). Despite this result, the alteration could be still due to
DYRK1A downregulation inducing cellular stress, which by converging in
the phosphorylation of the translation initiation factor elF2a, activates
pathways leading to protein synthesis inhibition (Koromilas, 2015).
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However, the levels of elF2a phosphorylation remained unchanged in the
absence of the kinase (Fig. R25), thus excluding this possibility.

A o B shControl shDYRK1A
Cytoplasm Endoplasmic reticulum
Cellular stress Unfolded protein response ##2 #3 #1 #2 #3
@ @ \ 95- PR —— ) S T

T | -—— - _—f‘eIFZQ

|

407’ —— — ‘ p-elF20.
|
|

—— ‘ vinculin

3
N
J_ o
% 1.2
Protein synthesis o
8 3 0.8
8 a
o 04
N'G—G__ 5
oL M
NSPRVA
o G«
BN 5“0

Figure R25: DYRK1A downregulation does not alter elF2a phosphorylation levels. (A)
Cartoon depicting the key factors involved in cellular stress and unfolded protein response
pathways leading to elF2a phosphorylation and reduced protein synthesis rate: PERK,
protein kinase RNA-like endoplasmic reticulum kinase; PKR, protein kinase double-stranded
RNA-dependent; GCN2, general control non-derepressible 2. (B) Analysis by WB of the
levels of elF2a phosphorylation in Ser51 in T98G control or shDYRK1A-cell samples. *, non-
specific band. The graph shows the quantification of the signal pS51-elF2a to total elF2a
(meanxSD of 3 independent experiments; Student's t-test, ns= not significant).

Although we cannot rule out the potential impact of DYRK1A on other
signaling pathways converging on translation regulation, altogether the
results support the hypothesis of DYRK1A playing a role in protein
synthesis downstream in the cascade, probably at the promoter level of
key factors involved in the process.

2.3. Chromatin-bound DYRK1A as a transcriptional
regulator of canonical ribosomal proteins

As shown in Fig. R26A, the kinase seats very close to the TSS in around
25% of the RPGs. Interestingly, DYRK1A-associated RPG promoters are
characterized by the presence of a highly conserved DYRK1A-motif (g-
value<0.05), whereas those RPG promoters lacking DYRK1A do not
contain this motif or present degenerated versions of the sequence (g-
value>0.06). Of note, the kinase was found in a minority of RPG
promoters without the palindromic consensus, thereby pointing out to a
motif-independent way of DYRK1A recruitment to a particular set of RPGs
(Fig. R26B for some examples of the different categories). It is therefore
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possible that DYRK1A acts as a transcriptional regulator of a subset of
RPGs directly at their promoter level.
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Figure R26: DYRK1A is overrepresented at RPG promoters containing the DYRK1A-
consensus. (A) Density plot indicating DYRK1A ChIP binding relative to the TSS of all
RPGs. The heatmap shows DYRK1A occupancy across all RPGs relative to the TSS. The
binding score is indicated in the density plot and in the color bar scale, and it was calculated
as described in MM5.5. The position of the TSSs was taken from the UCSC genome browser
(SwitchGear TSS Track). The offset was set to a +/- 3 kb from the TSS. The presence of the
DYRK1A-motif in each gene is indicated in dark green (g-value<0.05) and light green (g-
value>0.06). (B, C) Representative examples of RPG promoters with (B) or without (C)
DYRK1A recruitment and with or without the presence of the DYRK1A-motif. The arrows
indicate the direction of transcription.

To test this hypothesis, we assessed the expression level of those RPGs
that are DYRK1A ChIP targets in DYRK1A-silenced conditions in
comparison to those RPGs in which DYRK1A is not detected at their
promoters. Interestingly, genes belonging to the first subset tend to have
higher expression levels than the ones where DYRK1A is absent in
shControl-infected cells. This difference seems to be diluted upon
DYRK1A depletion, thus suggesting that the enhancement in expression
is DYRK1A-dependent (Fig. R27A). In addition, only those genes whose
promoters are occupied by DYRK1A are significantly downregulated in
shDYRK1A infected cells compared to control ones (p-value = 0.003) (Fig.
R27A). Selected target RPGs were validated by RT-gPCR, with a
reduction of expression more apparent in those genes containing
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DYRK1A at their promoters (Fig. R27B, RPL21's differences were not
significant when 3 biological replicates were analyzed). These results
suggest that DYRK1A is contributing, at least partially, to protein synthesis
regulation by activating the transcription of canonical RPs directly at the
promoter level.
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Figure R27: The expression of RPGs containing DYRK1A at promoters is significantly
reduced upon DYRK1A downregulation. (A) Box-plot indicating the expression of RPGs
(FPKM) whose promoters present (blue) or lack (pink) DYRK1A, both in shDYRK1A and
shControl T98G cells. Student's t-test, **p=0.003, ns= not significant. The reduction in
DYRK1A levels is shown by WB analysis. (B) Validation by RT-gPCR of selected RPGs
differentially expressed in T98G with DYRK1A downregulation by lentiviral transduction of
two distinct shRNAs for DYRK1A. Data are represented as RNA levels relative to the
shControl condition set as 1 (mean+SD of 3 technical replicates). The reduction in DYRK1A
levels is shown by WB analysis.

2.4. Characterization of DYRK1A-positive ribosomal protein
gene promoters

As explained in the Introduction (I3), very little is known about the
transcriptional regulation of RPGs in mammals. Given the
overrepresentation of DYRK1A at these promoters and its role as a
transcriptional activator, we intended to search for differential features that
may characterize DYRK1A-positive RPG promoters.

First, we assessed BRCA1 and KAISO presence at RPG promoters. The
analysis showed that their occupancies overlap with that of DYRK1A at
the majority of motif-positive RPG promoters (Fig. R28). Unfortunately, to
date, we have not observed a clear interplay between DYRK1A and
KAISO at the chromatin level (Fig. R13-R15); furthermore, BRCA1
functionality at ChIP targets co-occupied with DYRK1A is yet to be
elucidated in the cell model used (Fig. R16 and R22).
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Figure R28: BRCA1 and KAISO co-occupy DYRK1A-positive RPG promoters
containing highly conserved TCTCGCGAGA-like sequences. (A) Density plots indicating
DYRK1A, BRCA1 and KAISO ChIP binding relative to the TSS of all RPGs. The heatmap
shows DYRK1A, BRCA1 and KAISO occupancies across all RPGs relative to the TSS. The
binding score is indicated in the density plot and in the color bar scale, and it was calculated
as described in MM5.5. K-means clustering was applied resulting in co-occupied regions vs
the rest of RPGs. Positions of the TSS were taken from the UCSC genome browser
(SwitchGear TSS Track). The offset was set to a +/- 3 kb from the TSS. The presence of the
DYRK1A motif in each gene is indicated in dark green (g-value<0.05) and light green (g-
value>0.06). (B, C) Representative examples of RPGs occupied by DYRK1A, BRCA1 and
KAISO (B) or not occupied by these factors (C). The presence of the DYRK1A consensus is
indicated in each RPG. The arrows indicate the direction of transcription.

In the light of these results, we focused our attention in the search of
alternative motif-binders. In a characterization study of RPG promoters,
the palindromic consensus motif was described as a hDRE-like sequence,
potentially recognized by hDREF (Yamashita et al., 2007) (further detailed
in 13.2). We therefore checked whether hDREF is present at DYRK1A
promoter targets containing the palindromic sequence. However, we were
unable to detect hDREF at several of those sites (Fig. R29A). In addition,
the two proteins were not found in common complexes in soluble nuclear
extracts (Fig. R29B). These results indicate that hDREF and DYRK1A
might not be common regulators of RPGs expression. It should be
mentioned that although the authors conclude that the DYRK1A-motif is
similar to a previously described DRE binding motif in Drosophila, we think
that the similarity between the two motifs is very low, which would explain
why the binding is not detected.
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Figure R29: hDREF is not a chromatin binding partner of DYRK1A. (A) ChIP-qPCR
experiments using DYRK1A or hDREF antibodies and normal IgGs as negative control. The
data is represented as percentage of input recovery (mean + SD of three technical
replicates). (B) HelLa nuclear extracts were immunoprecipitated with two antibodies anti-
DYRK1A, either targeting the C-terminal part (DYRK1A-Ct) or the N-terminus of DYRK1A
(DYRK1A-Nt), or anti-hDREF specific antibodies. Normal IgGs were used as negative
control. The lysate (10%) and the immunocomplexes were analyzed by WB.

To search for further DYRK1A co-regulators of RPG expression, we
investigate whether other TF binding sites were differentially
overrepresented in those RPG promoters containing the DYRK1A-motif.
To approach this issue, we performed an unbiased MEME search of
binding sites in the subset of RPGs catalogued as motif-positive.
Interestingly, the analysis showed that the binding site associated with the
orphan Nuclear receptor subfamily 4 group A member 1 (NR4A1)
appeared in 60% of the genes belonging to this subset (Fig. R30A). On
the other hand, the RPG promoters lacking the DYRK1A consensus
showed an enrichment in ETS binding sites (Fig. R30B). Therefore, there
is a differential distribution of TF binding sites according to the presence
or absence of the DYRK1A-consensus motif.

Given the fact that the chromatin recruitment of the factors is not always
constrained to the presence of their canonical binding sites, we asked
whether the observed differential distribution of motifs correlates with
differential chromatin occupancy of their corresponding factors. To
approach this question, we analyzed available public ChIP-Seq data of
selected candidates. Interestingly, the presence of binding sites for one
ETS family member, GABP, has been associated with RPG promoters
(Perina et al., 2011; Perry, 2005) as well as its occupancy at RPL30/eL 30
and RPL32/eL32 promoters (Genuario et al.,, 1993; Yoganathan et al.,
1992). In the light of these observations, we performed k-means clustering
on DYRK1A, NR4A1 and GABP occupancy at RPG promoters using
ChIP-Seq data obtained from T98G cells (this thesis work), Kasumi
leukemia cells (Duren et al., 2016), and in SK-N-SH neuroblastoma cells
(ENCODE), respectively. We also included YY1 in the study (SK-N-SH
cells, ENCODE) because its binding site is enriched in RPG promoters
(Perina et al.,, 2011; Perry, 2005) and because YY1 interacts with
DYRK1A when exogenously expressed (Salichs, 2008). Of note, GABP
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and YY1 ChIP data could be obtained from a cell line closely related to
the cell model used in the Thesis, and indeed a positive correlation
analysis of the KAISO chromatin profile in T98G and SK-N-SH was
indicative of conserved interactions (data not shown).

The analysis demonstrated that NR4A1 is homogeneously found across
all the clusters with poor occupancy, invalidating the motif-enrichment
data for this TF (Fig. R30A and C). Likewise, YY1 is not preferentially
located at DYRK1A-occupied RPG promoters (Fig. R30C). By contrast,
DYRK1A and GABP were differentially distributed: cluster 1 presented
promoters depleted of DYRK1A but highly occupied by GABP; cluster 2 is
represented by RPG promoters with high DYRK1A occupancy and low
GABP presence; and cluster 3 is characterized by promoters without
DYRK1A and low levels of GABP (Fig. R30C). Indeed, the DYRK1A-motif
is mostly overrepresented in cluster 2 whereas cluster 1 and 3 mainly
comprise promoters with no motif or with degenerated versions (Fig.
R30D). These results not only reinforce the previous data showing a high
correlation between the presence of the palindromic consensus and
DYRK1A at RPG promoters (Fig. R26), but also indicate that low GABP
promoter occupancy is an additional feature of the DYRK1A-bound RPG
promoters.
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Figure 30. DYRK1A-positive RPG promoters are characterized by the presence of a
NR4A1 binding site and a low GABP promoter occupancy. (A, B) Overrepresented
motifs found as result of a MEME motif search in the DYRK1A-motif positive RPG cluster (A)
vs the RPG group lacking the motif (B). The representation of each motif in both clusters and
their respective p-values are indicated. (C) Average DYRK1A, GABP, NR4A1 and YY1 ChIP
binding relative to the TSS of all RPGs distributed in three clusters by K-means
clusterization. The cell line used for the analysis of each factor occupancy is indicated in
brackets. The color bar scale indicates score of binding calculated as described in MM5.5.
(D) The histogram represents the percentage of RPG promoters containing the DYRK1A-
motif in each cluster, either conserved (dark green; g-value<0.05) or degenerated (light
green; g-value>0.06).
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1. DYRK1A interacts with single strand DNA
containing the consensus motif

Previous work from the laboratory demonstrated the presence of
DYRK1A on complexes able to bind the DYRK1A-motif (Di Vona et al.,
2015). However, no indication on whether DYRK1A was able to
directly bind DNA was obtained. In this Thesis work, results from
EMSA analysis using bacterially-expressed and purified DYRK1A
show that DYRK1A binds the palindromic sequence TCTCGCGAGA in
a direct manner in vitro. Interestingly, the interaction only takes place
when assaying ssDNA oligonucleotides. Former results from the group
had already shown that DYRK1A is able to interact with random
sequence ssDNA in vitro (Salichs, 2008). Therefore, the new results
could indicate that the sequence in the motif confers specificity to the
DYRKH1A interaction or/and increases the binding affinity; in any case,
we cannot exclude that additional factors may be required in vivo to
either increase the specificity and/or the strength of the interaction.

Given the fact that the DYRK1A-motif is frequently located very close
to the TSS, one might speculate that DYRK1A could bind to ssDNA
upon the melting of the region as a consequence of the transcription
bubble opening. Therefore, it could be interesting to perform ChIP-Seq
experiments to assess DYRK1A recruitment in a situation where
RNAPII cannot unwind DNA, such as by inhibition of the TFIIH
helicase activity (Titov et al., 2011). If true, such results would imply
that DYRK1A is recruited after PIC assembly. Alternatively, DYRK1A
may be directly recruited to the motif under specific circumstances
where ssDNA is exposed, such as DNA damage or DNA replication.
Nevertheless, considering that the presence of DYRK1A on chromatin
is detected in normal growing conditions, the existence of additional
mechanisms to explain DYRK1A recruitment to the consensus would
be required.

2. An updated view of the DYRK1A-associated
genomic regions

Technical improvements and the use of several replicates of DYRK1A
ChIP-Seq data have rendered a global gain in the number of high
confidence DYRK1A-associated genomic regions compared to the
previous report of the group (Di Vona et al., 2015). Interestingly, the
increment is more apparent within the intron category. So far,
phosphorylation of the CTD at Ser5 has been linked mainly to
transcription initiation, which is in agreement with DYRK1A location at
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promoters and its capability to phosphorylate this residue in vivo (Di
Vona et al.,, 2015). However, recent native elongating transcript
sequencing (NET-Seq) data assessing nascent mRNA associated with
particular RNAPII CTD modifications demonstrated that high levels of
phosphoSer5 on the CTD are found at exon-intron junctions and are
needed for co-transcriptional splicing to occur (Harlen et al., 2016;
Nojima et al., 2015). The presence of DYRK1A at introns could be
related to this co-transcriptional activity. In fact, DYRK1A has been
described to phosphorylate components of the splicing machinery (Fig.
14), thus reinforcing this hypothesis.

Another interesting information coming from the DYRK1A ChIP data
analysis is the overrepresentation of CTCF binding sites in loci
depleted of BRCA1 and KAISO (Fig. R9). Preliminary analysis showed
that CTCF-conserved motifs (g-value<0.05) are mostly located at
DYRK1A-associated introns and intergenic regions (data not shown).
CTCF is known as an insulator located, together with cohesin, mainly
at the boundaries of topologically associated domains, genomic
regions characterized by long-range DNA contacts (Merkenschlager
and Nora, 2016). The fact that DYRK1A is located at CTCF binding
sites leads to consider the involvement of DYRK1A in long-range DNA
contacts as a new mechanism for the kinase to regulate transcription
or the possibility for DYRK1A to act as a chromatin barrier. In addition,
CTCEF is also present in gene bodies and promoters (Ruiz-Velasco et
al., 2017). In this regard, we have also found that a proportion of
DYRK1A-associated 5-UTRs are positive for CTCF binding sites
(degenerated versions with g-value>0.06). In these cases, the
presence of CTCF could serve to connect promoters and enhancers
(Hanssen et al., 2017), or to act as a barrier to antisense transcription
(Bornelov et al.,, 2015). A better understanding of the functional
connection of DYRK1A and CTCF should come from results of
experimental approaches that provide information on high-order
chromatin interactions.

3. Potential interplay of DYRK1A and KAISO at
chromatin in alternative contexts

Our results show that KAISO and DYRK1A chromatin occupancies
overlap in a subset of genomic regions where promoters and the
DYRK1A-motif appeared as overrepresented features (Fig. R9 and
R10). Previously, we have observed that DYRK1A chromatin
occupancy was partially reduced at specific targets upon KAISO
silencing (Di Vona, 2013). However, the wide-genome analysis
performed in this work did not show this effect at the global level (Fig.
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R15); likewise, KAISO chromatin occupancy did not appear to be
affected by DYRK1A reduction (Fig. R14), suggesting that the
recruitment of each factor to genomic targets is independent of the
presence of the other factor. Despite these results, we cannot exclude
the possibility that DYRK1A and KAISO exert roles in the transcription
of their common targets in a synergistic or antagonistic manner without
any effect on their respective recruitments. The transcriptional activity
of KAISO depending on the DYRK1A-motif is still not well understood.
For instance, KAISO has been shown to recruit SMRT to the
methylated palindromic sequence and cooperate with SMRT and
NCoR in the repression of the expression of genes involved in terminal
adipogenesis (Raghav et al., 2012). In this context, an inhibitor of class
I DYRKSs has been shown to abrogate adipocyte differentiation (Masaki
et al., 2015). It is thus possible that DYRK1A could antagonize KAISO
in the transcriptional regulation of target genes required for this
process. In addition, it has been observed that KAISO interacts with
TCF4 and that both factors co-occupy DYRK1A-motif-positive regions
in the context of oligodendrocyte maturation. The interaction leads to a
blockade of the Wnt/B-catenin pathway likely due to KAISO displacing
B-catenin from TCF4 (Zhao et al., 2016). Notably, DYRK1A is able to
interact with TCF4 in a B-catenin-dependent manner (Arato, 2010).
Importantly, DYRK1A has been demonstrated to participate in neural
cell lineage specification (further detailed in 1), thus suggesting
possible antagonistic functions of KAISO and DYRK1A in this scenario.
Nevertheless, the motif-positive gene promoters in adipocyte or
oligodendrocyte differentiation were occupied neither by KAISO nor
DYRK1A in T98G cells. Therefore, it could be interesting to assess the
DYRK1A-KAISO relationship at promoters in additional cell types such
as the ones described.

Finally, KAISO has been described to bind and negatively regulate
CTCF at specific gene promoters (reviewed in 12.3). In addition,
analysis of ENCODE data revealed that CTCF binding sites are
enriched in KAISO-associated genomic loci in K562 cells (Blattler et al.,
2013). However, our results show that CTCF binding sites are mostly
enriched in DYRK1A-associated regions depleted of both KAISO and
BRCA1 (Fig. R9), so it is not possible to determine whether CTCF is
somehow involved in the transcription regulation of a subset of
DYRK1A-KAISO promoters in a cell type-specific manner.

In summary, despite all these observations, the results obtained so far
do not allow to establish any interplay between DYRK1A and KAISO at
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the chromatin level, and their possible cross-talk has to be elucidated
yet.

4. BRCA1 chromatin ejection depends on DYRK1A

The data collected in this Thesis work indicate that DYRK1A is
involved in BRCA1 chromatin recruitment, since the average BRCA1
ChIP read density is reduced upon DYRK1A depletion (Fig. R17).
These results are compatible with either the need of DYRK1A on
chromatin for the recruitment of BRCA1 to the co-occupied targets
and/or with a DYRK1A-dependent effect that happens outside
chromatin. Moreover, the results allow us to propose a model in which
DYRK1A regulates BRCA1 nuclear localization by phosphorylation (Fig.
D1). In fact, there are BRCA1-dependent processes that are regulated
by phosphorylation besides those roles of BRCA1 in DDR and the
control of cell cycle checkpoints. In one of them, phosphorylation of
Thr509 by AKT/PKB enhances BRCA1 nuclear accumulation as well
as its transcriptional activity (Altiok et al., 1999; Hinton et al., 2007). In
the other, phosphorylation on Ser632 by CDK4 triggers BRCA1
chromatin eviction (Kehn et al., 2007). Our results show that DYRK1A
phosphorylates BRCA1, at least, on Thr509 and Ser632 (Fig. R21).
Therefore, it is possible that DYRK1A phosphorylation results in similar
effects as the ones already described. However, whether these
phosphorylation events take place in situ at chromatin has to be further
studied.
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Figure D1: Schematic representation of the model for DYRK1A regulation of
BRCA1 chromatin recruitment. (A-B) Proposed mechanism of DYRK1A regulation of
BRCA1 chromatin recruitment directly on DYRK1A-BRCA1 co-occupied ChIP targets (A)
or outside chromatin (B). See text for details.
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One effect of the BRCA1-DYRK1A cross-talk on chromatin could be
direct on the transcription of the common targets, based on their

98



Discussion

enriched presence in promoter regions. However, BRCA1-DYRK1A
co-occupancy at chromatin does not appear to have a major impact in
the steady state levels of target transcripts (Fig. R22). We can
envisage several explanations for these results. First, low BRCA1
levels on chromatin in DYRK1A or BRCA1 silenced conditions could
be enough for BRCA1 transcriptional activity. Alternatively, it is
possible that the nascent transcripts are the ones sensitive to acute
BRCA1 chromatin eviction, a hypothesis that could be tested by NET-
Seq or Global Run-on sequencing (GRO-Seq) analysis. In addition, it
is possible that certain stimuli are required to trigger transcriptional
changes. Since the main role attributed to BRCA1 is related to the
DDR, DNA damage could be a proper scenario to approach. In fact,
DYRK1A depletion has been related to increased radiation sensitivity
and dysregulation of DSB-repair pathways (Roewenstrunk, 2016).
Notably, some of the co-occupied target genes whose expression is
affected by DYRK1A silencing are related to the DDR such as POLE,
RFC3 or RFC5 (Fig. R23). In addition, BRCA1 has been shown to be
recruited to R-loops formed at RNAPII pausing sites usually provoked
by DNA damage (Hatchi et al., 2015); in this situation, ssDNA
corresponding to the antisense strand is exposed for longer times,
which could offer the possibility for DYRK1A recruitment to the
palindromic motif.

In the context of BRCA1 chromatin recruitment and transcriptional
activation, several issues should be mentioned when comparing our
data with published results. First, our BRCA1 ChIP data show an
enrichment in the DYRK1A-motif, which does not agree with a DNA
sequence previously associated with BRCA1 binding, TTC(G/T)GTTG
(Cable et al., 2003). Second, the BRCA1 ChlIP datasets extracted from
ENCODE show a higher number of BRCA1-associated regions than
the ones obtained in this work (data not shown). Although this could be
due to differences in the analysis procedure or to cell-type specific
BRCA1 chromatin binding profiles, the possibilty of being
underestimating the number of BRCA1 ChIP-peaks should be
contemplated as a plausible explanation for the poor overlap between
BRCA1-related expression alterations and its chromatin occupancy.
Third, two publications have analyzed BRCA1 recruitment to chromatin
in a genome-wide manner (Gardini et al., 2014; Gorski et al., 2011).
Similarly to our results, a low overlap between BRCA1 ChIP regions
and BRCA1-dependent alterations in expression profiles of the
corresponding gene targets was observed in both studies. The
published data were generated from breast cancer cell lines and with
two different antibodies than the one used in this Thesis work and in
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ENCODE. Surprisingly, the overlap between the three BRCA1 binding
profiles is very poor (data not shown). We have been able to compare
the behavior of the antibody used by Gardini and colleagues (120) with
the one used in this Thesis work (000A) in a set of targets, and both
correlate with the results obtained in the different ChiIP-Seq datasets
and to respond to BRCA1 silencing (Fig. D2). The results also provide
further support to our data, since the targets that are positive for the
antibody used in this work, are also positive for another BRCA1
antibody (D20) recognizing a different epitope. Although we cannot
exclude the existence of technical issues, the results could suggest
that different anti-BRCA1 antibodies might detect different pools of
BRCA1 protein located at different genomic loci. Unfortunately, further
studies using some of the antibodies will not be possible because they
have been discontinued.
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Figure D2: Validation of anti-BRCA1 antibodies for ChIP analysis. ChIP-gPCR
experiment carried out in shControl vs shBRCA1 conditions using three independent
anti-BRCA1 antibodies, BRCA1-000A (this Thesis work), BRCA1-D20 and BRCA1-120
(Gardini et al., 2014) (see Fig. R5 for validation of all antibodies). Chromatin occupancy
predictions extracted from ChIP-Seq data are indicated in the legend. A random genomic
region (coverage 0) was selected as a negative control. The experiment was performed
with an external spike-in as described in MM5.2 and 5.3. Data is represented as DNA
recovery over the input (meantSD of 3 technical replicates).

Although the effect of DYRK1A on BRCA1 chromatin recruitment is
evident, the consequences on further molecular processes are still not
clear and the different scenarios are just speculative. In addition to the
already discussed effect on transcriptional regulation, one possibility is
that both factors cooperate in co-transcriptional processes such as
splicing. In this regard, BRCA1 has been demonstrated to interact with
the splicing factor BCLAF1 in order to facilitate the mRNA processing
of genes involved in the DDR (Savage et al.,, 2014). Interestingly,
several DYRK1A substrates are related to splicing (Fig. 14). Therefore,
it could be interesting to test whether BRCA1 and DYRK1A are acting
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in co-transcriptional splicing in complexes containing BCLAF1 or other
components of the splicing machinery.

Furthermore, DYRK1A-dependent BRCA1 chromatin ejection could
have an impact in chromatin remodeling since both factors have been
connected to this process via their interaction with the SWI/SNF
complex (Harte et al., 2010; Lepagnol-Bestel et al., 2009). This
hypothesis should be taken with caution since the data linking BRCA1
and DYRK1A with this complex were obtained from two different
scenarios: estrogen receptor response in breast cells and dendritic
growth in neurons, respectively and, in consequence, they might end
up coordinating the regulation of different subsets of genes.

5. Chromatin-bound DYRK1A role on the
transcriptional regulation of RPGs

5.1. Characterization of DYRK1A-positive RPG promoters

In the present work, we have demonstrated that DYRK1A is located at
proximal promoters of a particular subset of RPGs and that it regulates
their transcription likely at the chromatin level (Fig. R26 and R27). The
DYRK1A-motif, TCTCGCGAGA, appears as a distinctive feature in the
majority of DYRK1A-positive RPG promoters; it is therefore possible
that DYRK1A occupies the promoters containing a consensus
sequence in a cell-type independent manner, while occupancy of
promoters containing degenerated versions of the consensus could be
context-specific. We still do not know which nucleotides of the motif are
important for the recruitment of the kinase. Therefore, we can only
consider the conservation of the motif to establish different binding
profiles, and further experiments are required to establish bona fide
DYRK1A-consensus sites. On top of that, there are a few RPGs
lacking the palindromic motif that have DYRK1A at their promoters,
thus revealing a motif-independent DYRK1A chromatin recruitment
mechanism, still to be elucidated.

Our data showed that BRCA1 and KAISO are present at motif-positive
promoters of genes fulfilling functions related to ribosome processes
(Fig. R9-R11), mostly represented by the DYRK1A-motif-positive RPG
promoters (Fig. R28). To date, KAISO has not been described to be
involved in translation-related processes, although we can establish
certain links. Transcriptional regulation by KAISO contributes to
oligodendrocyte differentiation (Zhao et al., 2016); in addition, it has
been shown that during oligodendrocyte differentiation the transcription
of a set of genes associated with ribosomal subunit biogenesis and
assembly is induced (Pol et al., 2017). None of the publications provide
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the corresponding lists of genes, but it is possible that the overlap
exists. Regarding, the other physiological context in which KAISO has
been previously associated with genomic /oci enriched in the DYRK1A-
motif, adipogenic differentiation, we have been able to confirm the
presence of RPGs in the list of KAISO-associated targets; of note,
translation has been recently shown to be regulated during the process
(Reid et al.,, 2017), and RPG transcription has been observed to
increase during the process (von der Heyde et al., 2014). We have not
yet generated data of differentially expressed genes upon KAISO
silencing, so a proper evaluation of the association has to be done in
the future.

In the case of BRCA1, and despite BRCA1 presence at the subset of
RPG promoters, we could not observe any changes in the mRNA
expression of the corresponding RPGs upon BRCA1 knock-down.
However, there are some evidence pointing to a role of BRCA1 in
ribosome biogenesis. On one side, it has been shown that BRCA1 is
recruited to rDNA repeats during DNA damage and regulates rRNA
transcription (Johnston et al., 2016); on the other, BRCA1 has been
shown to regulate translation in breast cancer cells (Dacheux et al.,
2013). Therefore, it could be interesting to test whether an effect in
RPG expression is observed upon DNA damage as a regulatory
process of ribosome functionality.

Interestingly, 60% of motif-positive RPG promoters contain a binding
site for NR4A1, an orphan nuclear receptor (Fig. R30A). This TF is
mainly involved in the regulation of genes related to inflammatory
responses, oxidative metabolic pathways and apoptosis, thereby
having an impact in cell proliferation and differentiation (Beard et al.,
2015). Current data indicates that NR4A1 might play opposite roles in
cell survival and tumorigenesis, either as an activator of pro-apoptotic
pathways (Deutsch et al.,, 2014; Wu et al.,, 2017), or as a pro-
oncogenic factor (Hedrick et al., 2017; Lee et al., 2017). In addition,
NR4A1 has been observed to induce protein synthesis via activating
mTOR pathway either indirectly via p53 inhibition or directly, by
forming a trimeric complex with the components of the cascade
Tuberous sclerosis protein 1/2 (Lee et al., 2012; Wang et al., 2013).
Despite the enrichment in NR4A1 binding sites, analysis of published
data (Duren et al., 2016) showed low levels of occupancy at RPG
promoters in the Kasumi cell line (Fig. R30C). This inconsistency could
be due to a cell-type specific presence of NR4A1 at genomic regions,
and therefore, it could be interesting to investigate the NR4A1
chromatin profile in T98G. If true, NR4A1 and DYRK1A may play co-
regulatory roles in RPG expression.
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Our analysis also indicates that ETS binding sites are highly present in
the cluster of RPGs lacking the DYRK1A-motif (Fig. R30B). In
agreement, GABP, an ETS family member, occupies proximal
promoter regions of RPG promoters depleted of DYRK1A and its
occupancy is low in DYRK1A-positive RPG promoters (Fig. R30C),
suggesting that these two proteins might mark different subsets of
RPGs to be differentially regulated. In this context, changes in the
transcripts of 14 RPs have been detected in the brain of DS mouse
models (Chrast et al., 2000). Like DYRK1A, GABP is located in human
chromosome 21. Therefore, while the imbalance in DYRK1A gene
dosage may explain transcriptional dysregulation in those RPGs
containing the kinase at their promoters, an extra copy of GABP could
explain the alterations found in the expression of DYRK1A-negative
RPGs.

In conclusion, the new information that we have generated on the
characterization of RPG promoters may help understanding how RPG
expression is regulated.

5.2. DYRK1A-dependent differential transcription of
RPGs may affect the function of specialized ribosomes
and/or ribosome concentration

As indicated in the Introduction (13.3), a novel level of gene expression
regulation is associated with the differential translation of mMRNAs as a
consequence of variations found in the composition of ribosomes. In
the present work, we have demonstrated that a particular subset of
RPGs, having DYRK1A at their promoters, are downregulated upon
DYRK1A depletion (Fig. R27), and we propose that this process could,
at least in part, contribute to the global reduction in protein synthesis
observed when DYRK1A is silenced (Fig. R24). Currently, we cannot
distinguish whether this particular process causes a global defect or
just affects a subset of mMRNAs. As part of a combinatorial process
contributing to the final phenotype, it is possible that the DYRK1A-
dependent effect on RP stoichiometry and the subsequent differential
translation of mMRNAs may be masked in the observed global reduction
in translational rate. In this line, we have observed that some protein
bands appeared to be differentially affected, in the *°S-Met
incorporation assay following DYRK1A reduction of expression (Fig.
R24B).

In any case, differences in translatability, as measured in the assays
shown in Fig. R24, could be due to several mechanisms acting
independently or in concert: i) different transcript levels, ii) differential
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recruitment of certain mRNAs to polysomes, iii) changes in ribosome
concentration, since poorly translated mRNAs could be more sensitive
to a reduction in ribosome concentration (Mills and Green, 2017), and
iv) the existence of specialized ribosomes. For instance, and in the
context of specialized ribosomes, it has been described that
downregulation of a DYRK1A-positive RPG, RPL10A/uL1, leads to a
decrease in the translatability of a specific pool of mMRNAs
characterized by the presence of IRES elements in their 5-UTRs and
that the specific recognition of these mRNAs was explained by
RPL10A/uL1 location at the mRNA exit tunnel (Shi et al., 2017). In this
context, RPs containing DYRK1A at their promoters are equally found
in the two ribosomal subunits and homogenously distributed within the
ribosome structure (Fig. D3) so that extrapolating structural functions
of this particular set of RPs as a group is not straightforward.

Small subunit Large subunit

ulL18

Solvent side

Inter-subunit face

Further inside the structure:
uS14, eS21, el 13, eL.21, ul 24, el 32, el 33, eL.37 and el 39

Promoter occupancy: DYRK1A positive, DYRK1A negative

Figure D3: Distribution of RPs within the ribosome structure. Global view of both
subunits conforming the 80S human ribosome (small subunit: left; large subunit: right)
from the solvent side (upper part) and from the inter-subunit interface (lower part) with
RPs indicated on the atomic model. Proteins uS14, eS21, eL13, eL21, uL24, elL32,
el.33, eL37 and eL39 are further inside the structure and are not labeled. Those proteins
whose promoters present DYRK1A are highlighted in red. RPs are named according to
the new nomenclature proposed in Ban et al., 2014 (equivalences to the old
nomenclature are listed in Annex I). Adapted from Khatter et al., 2015.

In summary, we propose that a putative DYRK1A-dependent reduction
either in specific RPs or in global ribosome content would lead to a
differential impact in mRNA translatability. To provide some answers,
the pool of mMRNAs associated with polysomes that respond
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differentially to DYRK1A downregulation needs to be identified; this
information together with the identification of cis-regulatory elements in
these transcripts will surely help to discriminate among several of the
possibilities and provide a mechanistic framework.

5.3. DYRK1A-dependent differential transcription of
RPGs may affect extra-ribosomal functions

Several RPs exert functions out of the ribosome; therefore, DYRK1A
impact on RP levels may be connected to some of these functions. As
RNA binding proteins, RPs are involved in rRNA processing (Xue and
Barna, 2012) and this would be in agreement with rRNA binding
process as one of the most enriched categories appearing in the GO
terms analysis of DYRK1A ChIP targets downregulated in shDYRK1A
conditions (Fig. R23). Therefore, DYRK1A may alter ribosome
functionality by playing a role at other regulatory layers.

Apart from that, p53-dependent cell cycle arrest is considered as the
most known extra-ribosomal function. Free RPL5/uL18 and RPL11/uL5
are the main effectors triggering p53 activation via MDM2/HDM2
binding (Bursac et al., 2012). Although neither of these RPs are direct
DYRK1A ChIP targets, defects in the expression of some RPs as a
consequence of DYRK1A absence could promote an imbalance in RP
incorporation into ribosomes and an increase in free RPs. DYRK1A
depletion has been previously demonstrated to lead to p53 activation
by phosphorylation, and therefore to cell cycle arrest (Park et al., 2010).
In fact, this could be a contributing factor to the G1 increase showed by
DYRK1A-silenced cells (Fig. R24A). Taking into account these results,
a model can be proposed in which DYRK1A prevents p53 activation by
preserving the integrity of ribosomes (Fig. D4).

DYRK1A low levels DYRK1A normal levels
RP reduced expression RP normal expression

Figure D4: Model

imbalance in RP for DYRK1A acting

incorporation into ribosomes

on p53 activation
l by preserving the
impaired ribosome biogenesis normal ribosome biogenesis integrity of
impaired translation normal translation ribosomes. See text
! ! for further details.
free L5
oL 11 —Mdm2/Hdm2 Mdm2/Hdm2
Ub-Up-Ub-p53 = p53 UbUb-Ub-Ub-p53 4>D53
1 active inactive
cell cycle arrest eI
o homeostais
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6. Physiological links between DYRK1A and
ribosome-defective phenotypes

We propose that the defect in protein synthesis upon DYRK1A
downregulation is partially due to a reduction in the transcription of a
subset of RPs in a DYRK1A-dependent manner. An interesting
question is how extended is the phenomenon and whether this process
has an impact in physiological contexts. Regarding the first question,
the expression of 5 DYRK1A-positive RPGs has been found altered in
the brains of DS mouse models (Chrast et al., 2000).

With respect to the second question, an immediate consequence of
defects in RP expression and protein translation would be a reduction
in cell mass growth, which is in concordance with the fact that
DYRK1A-depleted T98G cells present a reduction in cell volume (Di
Vona, 2013). Size control is a complex process in higher eukaryotic
cells, in which both intrinsic and extrinsic factors appear to contribute
([Amodeo and Skotheim, 2016; Ginzberg et al., 2015).

Based on current knowledge, we envisage two scenarios in which
DYRK1A control over cell size could be important. One of them is
related to neuron differentiation, since huge postmitotic growth efforts
are required for the neuron terminals to reach their targets far away
from their position. It is well known that DYRK1A plays essential roles
in central nervous system development, not only affecting cell numbers
but also differentiation processes (Guedj et al., 2012; Martinez de
Lagran et al., 2012). Therefore, the effect of DYRK1A on translation
might contribute to its role as a regulator of neurite and axonal growth.
In another context, it is known that in pancreatic p—cells, insulin
secretion, metabolic activity, and global rates of protein production are
all correlated with cell size (Ruvinsky et al., 2005). Although the effect
of DYRK1A on B—cell homeostasis is still controversial, mouse models
overexpressing Dyrk1a show expansion of p-cell mass through
increased proliferation and cell size (Rachdi et al., 2014). It is possible
that the DYRK1A impact in cell mass may also apply to additional
tissues since heterozygous mouse models exhibit a global reduction in
body size (Fotaki et al., 2002). Interestingly, all the organs in the
heterozygous mice were smaller compared to control animals with the
exception of the kidney, where DYRK1A was very low expressed
(unpublished results; see Fig. 13 for DYRK1A mRNA levels in human
tissues). These observations point to a role of DYRK1A as a regulator
of cell growth and suggest that the DYRK1A-dependent regulation of
RP expression could be one of the processes contributing to the final
phenotype.
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Furthermore, defects in protein production are closely related to cancer
since increased translation is required to boost cell proliferation (further
detailed in 13.4). In fact, RPs are considered oncogenic drivers (Sulima
and De Keersmaecker, 2017). The role of DYRK1A in cancer is
controversial, since it can negatively or positively affect cell
proliferation depending on the tumor context (reviewed in 11.3), but
DYRK1A-dependent transcriptional activation of RPs could be
considered as a new mechanism contributing to cancer development.

Finally, mutations in specific RPGs can lead to very unique phenotypes.
RPL5/uL18 represents an interesting example since, although its
promoter does not contain DYRK1A, it is a particular case found to be
significantly downregulated in DYRK1A silenced conditions. Mutations
in RPL5/uL18 lead to craniofacial anomalies, hearth alterations and
tumor predisposition and the two first features are hallmarks of
DYRK1A haploinsufficiency syndrome or of animal models with Dyrk1a
dysregulation. In conclusion, DYRK1A might play a role in specific
ribosome-related alterations via affecting RPG expression.

7. Final remarks: DYRK1A in the frame of cell growth

Finally, | would like to finish the Discussion section highlighting the
DYRK1A role in cell growth regulation, and | would like to propose that
it is very likely exerted at several regulatory layers, some of them
already known and some others to be discovered in case proteins
involved in translational control resulted to be DYRK1A substrates.

Although DYRK1A participation in the RP expression regulation may
play an important role in the process, DYRK1A might exert additional
functions related to the control of translation. At the chromatin level,
DYRK1A has been demonstrated to regulate the transcription of RNA
binding proteins involved in the maturation of rRNA (NOL11, UTP6)
(Fig. R23), as well as some translation factors (DENR) (Di Vona, 2013).
In addition, work performed in our laboratory showed that DYRK1A is
recruited to regions encoding tRNAs, essential tools in the translation
process. Moreover, they seem to have a DYRK1A-dependent
transcriptional activation (Di Vona, 2013). Therefore, chromatin-bound
DYRK1A may affect protein synthesis by regulating the transcription of
different components essential for ribosome biogenesis and
functionality (Fig. D5).
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Figure D5: Schematic representation of chromatin-bound DYRK1A functions
playing a regulatory role in translation. See text for further details.

Interestingly, not only the activation of determinant signaling pathways
and transcriptional programs controls protein synthesis but, in turn, the
translational status may affect chromatin dynamics within a cell,
specially in situations of hypertranscription such as in the frame of
ESCs (Bulut-Karslioglu et al., 2018). Since DYRK1A seems to be an
important regulator of cell growth and protein synthesis, it could be
interesting to assess whether DYRK1A downregulation is affecting the
epigenetic landscape as a consequence of fluctuations in the
translational rate of the cells. To date, two chromatin marks,
phosphorylation at Thr45 and acetylation of H3, have been analyzed at
several DYRK1A-associated promoters and no changes were
observed upon DYRK1A depletion in T98G cells (Di Vona et al., 2015).
This does not imply that DYRK1A levels might modulate some other
histone marks at genome-wide levels and in a transcriptionally
permissive state such as in the case of ESCs, a possibility that
deserves to be studied in the future.

Furthermore, there is a close link between the regulatory mechanisms
controlling cell size and cell number. On one hand, the cell must reach
a minimal size to undergo mitosis and, on the other hand, the first
consequence of cell division is a reduction in cell volume (Schmoller,
2017). In fact, it has been observed negative correlation between cell
size and G1 length (Liu et al., 2018). In this regard, it is going to be
difficult to untangle whether the reduced cell volume observed in
DYRK1A-depleted cells is what makes the cells unable to bypass the
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G1/S checkpoint or if the impact of DYRK1A on cell cycle regulators
such as Cyclin D1 or p27 induces the G1 arrest and subsequently the
reduction in cell size. Noteworthy, targeting DYRK1A with two
independent shRNAs leads to a phenotype defective in RPG
expression and protein synthesis (Fig. R24C and R27B). By contrast,
the cell cycle profile is altered when the expression of the kinase is
reduced with shDYRK1A.1 (Fig. R24A), but no alterations were
described when using shDYRK1A.2 (Di Vona, 2013). These results
suggest that the defects observed in translation and cell volume upon
DYRK1A silencing are independent of the defects in cell cycle.

Ultimately, the mechanisms by which a cell senses its own size and is
able to adapt its physiology according to different circumstances are
not well understood, and there are still many questions to answer in
the field. In this Thesis work, we describe DYRK1A as a novel
transcriptional activator of RP expression. Evidence is accumulating on
DYRK1A contributing to cell growth control at different regulatory steps,
a situation that resembles in many aspects the activity of another
kinase, mTOR, as a master regulator of this process (Giguere, 2018;
Saxton and Sabatini, 2017). Therefore, future investigations will help to
dissect DYRK1A activities in the nucleus and cytoplasm, how they are
linked and how they converge in controlling cell growth.
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1. DYRK1A interacts directly with single strand oligonucleotides
containing the TCTCGCGAGA palindromic sequence in vitro.

2. The chromatin binding profile obtained with the anti-CHD2 antibody
ab68301 used by the ENCODE Consortium overlaps with that of
DYRK1A in T98G cells. However, the results proved that this antibody
does not recognize CHD2 but an unknown protein.

3. KAISO and BRCA1 chromatin occupancies mostly overlap with
DYRK1A-occupied genomic regions in T98G cells.

4. DYRK1A, KAISO and BRCA1 co-occupied genomic regions are
enriched in TCTCGCGAGA-containing promoters associated to
ribosome-related functions.

5. There is not a clear interdependency between DYRK1A and KAISO
for chromatin recruitment.

6. BRCA1 chromatin recruitment is negatively affected by the reduction
of DYRK1A expression.

7. DYRK1A and BRCA1 are part of common complexes in the soluble
nuclear fraction.

8. BRCA1 is a DYRK1A substrate, with several DYRK1A-dependent
phosphosites scattered along BRCA1 primary sequence.

9. The cross-talk between BRCA1 and DYRK1A at the promoter of
common target genes does not result in changes in the steady-state
levels of the corresponding transcripts in normal growing conditions.

10. DYRK1A depletion leads to a reduction in the translational rate
without affecting elF2a-dependent pathways.

11. DYRK1A, BRCA1 and KAISO are present at a cluster of ribosomal
protein gene promoters enriched in a highly conserved TCTCGCGAGA
palindromic sequence.

12. The presence of DYRK1A at the promoters of ribosomal protein
genes positively correlates with their transcription levels.

113



Conclusions

13. Ribosomal protein gene promoters containing the DYRK1A-
consensus are enriched in NR4A1 binding sites.

14. GABP is differentially located at ribosomal protein gene promoters
depleted of DYRK1A, suggesting the existence of two clusters of
RPGs from the viewpoint of their transcriptional regulation.
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aa: Amino acid/s

ABC: Ammonium bicarbonate

Abf1: ARS-binding factor 1

Ablim: Actin binding LIM protein

AGC: Autogain control

AMP: Adenosine monophosphate

AP4: Activator protein 4

App: Amyloid precursor protein

Arip4: Androgen receptor interacting protein 4
ASD: Autism spectrum disorders

ATM: Ataxia-telangiectasia mutated

ATP: Adenosine triphosphate

ATR: Ataxia-telangiectasia Rad3-related

BARD1: BRCA1-associated RING domain protein 1
BCLAF1: B-cell lymphoma 2-associated factor 1
Bp: Base pair

BRCA1: Breast cancer type 1 susceptibility protein
BRCAZ2: Breast cancer type 2 susceptibility protein
BRCT: BRCA1 C-terminal

BRD4: Bromodomain containing protein 4

BRE: TFIIB recognition element

BS: Binding site

BSA: Bovine Serum Albumin

BTB/POZ: Broad complex, Trantraj, Bruc a brac/ Pox virus and zinc finger
CAK: Cdk-activating kinase

CDC37: Cell division cycle 37.

CDK: Cyclin-dependent kinase

CDKL: Cyclin-dependent like kinase

CEAS: Cis-regulatory elements annotation system
CHD2: Chromodomain helicase DNA binding protein 2
ChIP: Chromatin Immunoprecipitation

Chk2: Checkpoint kinase 2

CHX: Cycloheximide

CK2: Casein kinase 2

CLK: cdc2-like kinase

CMV: Cytomegalovirus

Cp: Crossing point

CpG: Cytosine/Guanine dinucleotide

CPM: Counts per million

CRE: cAMP responsive element

CREB1: cAMP responsive element binding 1

Crf1: Co-repressor with FHL1

CRY2: Cryptochrome circadian clock 2

CTCF: CCCTC-binding factor

CTD: Carboxy-terminal domain

C-terminal: Carboxy-terminal

Cys: Cysteine

DAPI: 4’,6-diamino-2-phenylindole

DBD: DNA binding domain
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DCAF7: DNA damage-binding protein and cullin 4-associated protein 7
DCE: Downstream core element

DDA: Data dependent Acquisition

DDR: DNA damage response

DENR: Density-regulated protein

DEXDc: Dead-like helicase domain

DH: DYRK homology

DMEM: Dulbecco’s modified Eagle’s medium

DNA: Desoxiribonucleic acid

dNTP: Deoxyribonucleotide

DPE: Downstream promoter element

DRE: DNA replication element

DREAM: Dimerization partner, RB-like, E2F and multi-vulval class B
DS: Down syndrome

DSB: Double strand break

DSCR: Down syndrome critical region

DSIF: DRB sensitivity-inducing factor

DTT: Dithiothreitol

DYRK: Dual-specificity tyrosine(Y)-regulated kinase
DH-box: DYRK-homology box

EDTA: Ethylendiamine tetracetic acid

EEF1A1: Eukaryotic elongation factor 1 alpha 1

EF: Elongation factor

EGCG: Epigallocatechin gallate

EGFR: Epidermal growth factor receptor

elF: Eukaryotic initiation factor

EMSA: Electrophoretic mobility shift assay
ENAH/MENA: Enabled homolog/Mammalian enabled
ENCODE: Encyclopedia of DNA elements

ER: Estrogen receptor

eRF: Eukaryotic release factor

ERK: Extracellular signal-regulated kinase

ESC: Embryonic stem cell

ETD: Electron transfer dissociation

ETS: E26-transformation specific/ E-Twenty-Six
FAM98A: Family with sequence similarity 98 member A
FBS: Fetal bovine serum

FC: Fold change

FDR: False discovery rate

Fhl1: Forkhead-like 1

FOXO1: Forkhead box O1

FPKMs: Fragments per kilobase of transcript per million mapped reads
FRK: Fyn-related kinase

GABP: GA-binding protein

GCN2: General control nonderepressible 2

GEO: Gene expression omnibus

GFP: Green fluorescent protein

GLI1: Glioma-associated oncogene

GO: Gene ontology
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GRO-Seq: Global run-on sequencing

GSK: glycogen synthase kinase

GST: Glutathione-S-transferase

GTex: Genotype-tissue expression

GTF-lI: General transcription factor — I

GTP: Guanosine-5'-triphosphate

H3: Histone 3

HCD: High-energy collision dissociation

HCT: Human colorectal carcinoma

HDAC: Histone deacetylase

hDREF: Human DNA replication element factor
HEPES: 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid
HelLa: Henrietta Lacks

Hip1: Huntingtin interacting protein 1

HIPK: Homeodomain-interacting kinase

His: Histidine

HMO1: High mobility group protein 1

HNE: Hela nuclear extract

HOX: Homeotic, homeobox

HP1: Heterochromatin protein 1

HRP: Horseradish peroxidase

HSP90: Heat shock protein 90

IC: Initiation complex

ICRI: Imprinting control region |

ID2: Inhibitor of DNA binding 2

Ifh1: Interacts with Forkhead 1

IgGs: Immunoglobulins G

Inr: Initiator

IP: Immunoprecipitation

IPTG: Isopropyl-B-D-1-thiogalactopyranoside
IQR: Interquartile range

IRES: Internal ribosome entry site

IVK: In vitro kinase assay

JNK: c-Jun amino (N)-terminal kinase

Kb: Kilobase

kDa: kilodalton

LATS2: Large tumor suppressor kinase 2

LB: Lysogeny broth

LiCl: Lithium Chloride

LncRNA: Long non-coding RNA

LoF: Loss-of-function

MAP1B: Microtubule-associated protein 1B
MAPK: Mitogen-activated protein kinase
mCpG: methylated Cytosine/Guanine dinucleotide
MDC1: Mediator of DNA damage checkpoint 1
MDM2/HDM2: Murine/human double minute 2
MEF2D: Myocyte-specific enhancer factor 2
Met: Methionine

Min: Minute/s
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Mnb: Minibrain

mlgG: mouse immunoglobulin G

miRNA: Micro-RNA

mRNA: Messenger RNA

MS: Mass spectrometry, mass spectrometer

MTAZ2: Metastasis associated protein 2

mTOR: Mammalian target of rapamycin

Munc18-1: Syntaxin binding protein

MUT: Mutated

NAPA: N-terminal autophosphorylation accessory region
NCBI: National Centre for Biotechnology Information
N-CoR: Nuclear receptor co-repressor 1

NELF: Negative elongation factor

NET-Seq: Native elongating transcript sequencing
NFAT: Nuclear factor of activated T-cells

NLK: Nemo-like kinase

NLS: Nuclear localization signal

NMDAZ2A: Glutamate ionotropic receptor NMDA type subunit 2A
NP-40: nonidet P-40

NOL11: Nucleolar protein 11

NR4A1: Nuclear receptor subfamily 4 group A member 1
N-terminal: Amino-terminal

N-WASP: Neural Wiskott-Aldrich syndrome protein
OMIM: Online mendelian inheritance in man

O/N: Overnight

ORPHA: Orphanet

PAGE: Polyacrylamide gel electrophoresis

PAHX-AP1: Phytanoyl-CoA alpha-hydroxylase-associated protein 1
PALB2: Partner and localizer of BRCA2

PAS: PolyA site

PBS: Phosphate-buffered saline

PCR: Polymerase chain reaction

PERK: Protein kinase RNA-like endoplasmic reticulum kinase
PEST: Region rich in proline, glutamic acid, serine and threonine residues
Phe: Phenylalanine

PIC: Pre-initiation complex

PKB/AKT: Protein kinase B

PKR: Protein kinase double-stranded RNA-dependent
PLK: Polo-like kinase

POLE: DNA polymerase epsilon catalytic subunit
POLR2: RNA polymerase Il subunit A

PPIA: Peptidyl-prolyl-isomerase A

Pro: Proline

PRP4K: Pre-mRNA processing protein 4 kinase

pPTEFb: Positive transcription elongation factor b

gPCR: Quantitative polymerase chain reaction

RAD51: Recombinase RAD52, RecA homolog

Rap1: Repressor activator protein 1

Rb: Retinoblastoma
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RBM: RNA binding motif protein

RCAN1: Regulator of calcineurin 1

REST: RE1 silencing transcription factor

RFC: Replication factor C

RIN: RNA integrity number

RING: Really interesting new gene

RNA: Ribonucleic acid

RNF: Ring finger

RNAPI: RNA polymerase |

RNAPII: RNA polymerase Il

RNAPIII: RNA polymerase Il

RP: Ribosomal protein

RPB1: RNA-directed RNA polymerase Il subunit 1
RPG: Ribosomal protein gene

rRNA: Ribosomal RNA

RT-qPCR: Real Time-quantitative Polymerase Chain Reaction
SD: Standard deviation

SDS: Sodium dodecil sulfate

Seq: Sequencing

Ser (S): serine

SF3B1: Splicing factor 3b subunit 1

Sfp1: Split finger protein 1

shRNA: Short hairpin RNA

siRNA: Small interfering RNA

SIRT1: Sirtuin 1

SLC39A13: Solute carrier family 39 member 13
SMAD1: Mothers against decapentaplegic homolog 1
SMRT: silencing mediator of retinoic acid and thyroid hormone receptor
SNF2: Sucrose non-fermentable 2

snRNA: Small nuclear RNA

snoRNA: Small nucleolar RNA

snRNP: Small nuclear ribonucleoprotein particles
SP: Specificity protein

SPRED: Sprouty-related, EVH1 domain-containing protein
SR: Serine/arginine rich protein

SRSF: Serine-arginine-rich splicing factor

SRPK: Serine-arginine-rich protein kinase
ssDNA: Single strand DNA

SWI/SNF: Switch/Sucrose non-fermentable

TAF: TBP-associated factor

TBE: Tris/Borate/EDTA

TBP: TATA-Binding Protein

TBPL1: TBP-Like 1

TBX5: T-box transcription factor 5

TCF: T-cell factor

TE: Tris-ethylendiamine tetracetic acid

TF: transcription factor

Thr (T): Threonine

TOP: Track of polypyrimidine

121



Abbreviations

TORC1: Target of Rapamycin complex 1

TPM: Transcripts per million

TRF2: TBP-related factor 2

TSS: Transcription start site

tRNA: Transfer RNA

Tyr: Tyrosine

Ubc13: Ubiquitin-conjugating enzyme E2 13
UCSC: University of California Santa Cruz

UTP: U3 small nucleolar RNA-associated protein
UTR: Untranslated region

VASP: Vasodilator-stimulated phosphoprotein
WB: Western blot

Wig: Wiggle

WT: Wild-type

Xrn2: Exoribonuclease 2

YY1:Yin Yang 1

ZBED1: Zinc finger BED-type containing 1
ZBTB33: Zinc finger and BTB containing domain protein 33
ZF: Zing finger
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1. ANNEX |

Annexes

Nomenclature for proteins from the large ribosomal subunit

New name”

uL1

uL2

uL3

uL4

uL5

uL6

elL6

elL8

bL9

uL10
uL11
bL12
uL13
elL13
uL14
elL14
uL15
eL15
uL16
bL17
uL18
elL18
bL19
elL19
bL20
elL20
bL21
elL21
uL22
elL22

Bacteria name Yeast name

L1
L2
L3
L4
L5
L6

L9
L10
L11
L7/L12
L13

L14

L15
L16
L17
L18

L19

L20

L21

L22

L1
L2
L3
L4
L11
L9
L6
L8
PO
L12

L16
L13
L23
L14
L28
L15
L10

LS
L18

L19

L20

L21

L17
L22

Human name

L10A
L8
L3
L4
L11
L9
L6
L7A

PO
L12

L13A
L13
L23
L14
L27A
L15
L10

LS
L18

L19

L18A

L21

L17
L22
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uL23
uL24
elL24
bL25
bL27
el27
bL28
el28
uL29
elL29
uL30
elL30
bL31
elL.31
bL32
elL32
bL33
el33
bL34
elL34
bL35
bL36
el36
elL37
elL38
elL39
el40
elL41
elL42

elL43
P1/P2

L23
L24

L25
L27

L28

L29

L30

L31

L32

L33

L34

L35
L36

L43
P1/P2 (AB)

L23A
L26
L24

L27

L28
L35
L29
L7

L30

L31

L32

L35A

L34

L36
L37
L38
L39
L40
L41
L36A

L37A
P1/P2 (aB)
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New nomenclature for proteins from the small ribosomal subunit
New name* Bacteria name Yeastname Human name

bS1 S1 - -
eS1 - S1 S3A
uS2 S2 SO SA
uS3 S3 S3 S3
uS4 S4 S9 S9
eS4 - S4 S4
uS5 S5 S2 S2
bS6 S6 - -
eS6 - S6 S6
uS7 S7 S5 S5
eS7 - S7 S7
uS8 S8 S22 S15A
eS8 - S8 S8
uS9 S9 S16 S16
uS10 S10 S20 S20
eS10 - S10 S10
uS11 S11 S14 S14
usS12 S12 S23 S23
eS12 - S12 S12
uS13 S13 S18 S18
uS14 S14 S29 S29
uS15 S15 S13 S13
bS16 S16 - -
usS17 S17 S11 S11
eS17 - S17 S17
bS18 S18 - -
usS19 S19 S15 S15
eS19 - S19 S19
bS20 S20 - -
bS21 S21 - -
bTHX THX - -
eS21 - S21 S21
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eS24 - S24 S24
eS25 - S25 S25
eS26 - S26 S26
eS27 - S27 S27
eS28 - S28 S28
eS30 - S30 S30
eS31 - S31 S27A
RACKA1 - Asc1 RACKA1
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