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Compartir és estimar. 

 Aquesta tesi és per tots i cadascún de vosaltres. 

 

 

 

 

 

 



 

 

 

 



    Presentation 

This thesis work has been done under the supervision of Dr. Mariona Arbonés in the Murine 

Models of Disease group in the Genes and Disease Program, which belongs to the Centre 

for Genomic Regulation-CRG (Barcelona). 

This work is framed within the general interest of the laboratory in the function of 

DYRK1A, a gene located in human chromosome 21 (HSA21) that has been associated to the 

neurological features presented by individuals with HSA21 aneuploidies. The different 

research lines in the laboratory are intended to understand the roles of DYRK1A in the 

development of the nervous system, and to identify the molecular mechanism underlying the 

impact of DYRK1A gene dosage imbalance in its development. In particular, this work has 

been done using the mouse retina as a suitable experimental system for our purposes. 

The report has the classical structure of Introduction, Hypothesis and Objectives, 

Experimental Procedures, Results, Discussion, Conclusions and References.  

In the Introduction Section, three main blocks are reviewed. First, the neurological 

features of human chromosome 21 aneuploidies and the existing mouse models to study 

genotype-phenotype correlations are described. Second, the current knowledge of the DYRK 

family of protein kinases is described, with specific attention to the member studied in this 

work, DYRK1A. And third, an overview of the mammalian retina and the molecular 

mechanisms governing its development is given.  

In the Hypothesis and Objectives part, the main aim of this work is exposed, followed 

by the subobjectives emerged during the course of this thesis.  

The Experimental Procedures section gives a detailed description of the animal 

models, the reagents and the techniques used in this work. 

The Results section begins with the expression pattern of DYRK1A in the developing 

and mature retina. After that, an analysis of different Dyrk1A loss- and gain-of function mouse 

models is described, at the morphological and functional levels. In the next part, the 

experiments intended to determine the role of DYRK1A in retina development are explained, 

finishing up with the identification of DYRK1A as a negative regulator of the intrinsic cell 

death pathway during the process of developmental programmed cell death in the retina. The 

last part identifies caspase-9 as a novel substrate of DYRK1A, and defines the molecular 

mechanism underling the impact of Dyrk1A gene dosage imbalance on retina development 

and mature retina cellularity.  
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In the Discussion, the most relevant contributions of this work are explained and 

commented. In addition, the results presented are contrasted with evidences found in the 

literature, and the different new intriguing questions raised from this work are discussed. 

A list of the main conclusions obtained in this work is given. 

The References section includes all the bibliography mentioned along the report. 

It is worth to mention that all the results regarding the identification of DYRK1A as a 

negative regulator of the intrinsic apoptotic pathway, acting through caspase-9 

phosphorylation during the period of programmed cell death in the retina, have generated the 

manuscript entitled “The protein kinase DYRK1A regulates caspase-9 mediated apoptosis 

during retina development”. The manuscript has been sent to Developmental Cell and is 

under second revision process at this moment.  
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Introduction 

 1 

1- Human chromosome 21 aneuploidies 

Aneuplodies are genetic disorders caused by an abnormal number of copies of a 

genomic region. Complete aneuploidy of most autosomes is incompatible with life and will 

lead to spontaneous miscarriage during pregnancy. The most common form of aneuploidy in 

live-born humans is the presence of an extra copy of human chromosome (HSA) 21 or 

trisomy 21, resulting in Down syndrome. Although at lower frequency, monosomies of 

regions of HSA21 or monosomy 21, have been associated to different phenotypes depending 

on the deleted chromosome segment reported. 

 

1.1- Down syndrome 

Down syndrome (DS), affecting 1 in 750 newborns, is the most frequent genetic 

cause of mental retardation, a cognitive disorder with hard impact on pubic health (Epstein, 

2001). DS is caused by the presence of a complete or partial additional copy of HSA21, 

which in most cases is due to a chromosomal non-disjunction during maternal meiosis 

(Connor, 1997). Although DS is characterized by a complex and variable phenotype, mental 

retardation remains the invariable hallmark of the disorder and the most invalidating aspect of 

the syndrome. Other constant alterations in DS individuals include hypotonia and the 

development of early-onset Alzheimer’s disease (reviewed in Delabar et al., 2006). 

The question of how the presence of an extra copy of the genes on HSA21 give rise 

to the many abnormal features that define DS, might be explained by two main hypotheses. 

The first one is the gene dosage effect hypothesis, which proposes that dosage imbalance of 

specific genes causes specific DS phenotypes (Epstein, 1990). The second one is the 

amplified developmental instability hypothesis, which claims that dosage imbalance of genes 

on HSA21 determines a non-specific disturbance of genomic regulation and expression, 

altering normal development and determining most manifestations of DS (Pritchard and Kola, 

1999). These two hypotheses are not mutually exclusive. It is possible that single genes or 

specific subset of HSA21 genes may be involved in specific DS phenotypes, while some 

other phenotypes may be due to a more general disturbance in gene-dosage of both HSA21 

genes and genes in other chromosomes, as a result of the extra copy of HSA21 (Antonarakis 

et al., 2004). 

A DS critical region (DSCR) in the long arm of HSA21 (between markers D21S17 and 

ETS2) has been defined on the basis of the analysis of rare cases of partial trisomy 21 

(Rahmani et al., 1990; Ronan et al., 2007; Sato et al., 2008). The duplication of the DSCR is 
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associated with the manifestation of many features of DS, in particular dysmorphic 

phenotypes and mental retardation (Delabar et al., 1993). For the case of metal retardation, 

and according to the above stated hypotheses on the origin of major DS phenotypes, the 

over-dosage of genes located in this region, directly or indirectly, might impact on cellular 

processes crucial for brain development and function (Rachidi and Lopes, 2007b). Alterations 

in neurogenesis, neuronal differentiation and migration, myelination, dendritogenesis and 

synaptogenesis are likely responsible for the alterations in brain shape and volume, 

lamination of the cerebral cortex and cerebellar foliation observed in DS individuals (Becker 

et al., 1991; Coyle et al., 1986; Wisniewski, 1990), and thus important for the pathogenesis of 

mental retardation and other neurological deficits in the syndrome. The analysis of DS mouse 

models (summarized in this Introduction section) supports the important role for this region in 

the neurological and cognitive defects seen in DS individuals.  

 

1.2- Monosomy 21 

Complete monosomy 21 is almost not compatible with life and most of the cases 

reported correspond to partial monosomies (Chettouh et al., 1995; Ehling et al., 2004; 

Matsumoto et al., 1997; Yao et al., 2006). Genotype-phenotype correlations of interstitial 

HSA21 deletions have associated discrete regions of this chromosome to particular features 

and clinical manifestations (Chettouh et al., 1995). Those include mental retardation, 

intrauterine and postnatal growth retardation, hypertonia, facial dysmorphism, cardiac 

anomalies, microcephaly and respiratory complications (Yao et al., 2006). The region 

associated to microcephaly and intrauterine growth retardation in 21q22 has been narrowed 

down to a region of about 1.2 Mb that contains only 13 human genes (Matsumoto et al., 

1997). Generally, aneuploidy diseases resulting from the loss of specific chromosomal 

segments have been assumed to arise from single critical haploinsufficient genes or from the 

accumulated effects of many subcritical genes (Holmes et al., 1997). Therefore, the genetic 

characterization of partial HSA21 monosomies is relevant for public health and 

complementary to the genotype-phenotype correlations of partial HSA21 trisomies. 

 

1.3- Mouse models for Down syndrome 

Two kinds of murine models, trisomic and transgenic, have been developed to 

investigate the molecular genetics of DS (reviewed in Rachidi and Lopes, 2007b; Salehi et 

al., 2007).  
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Trisomic models allow the study of the consequences of increased gene dosage in 

DS as their clinical phenotype corresponds well to that observed in DS individuals. Therefore, 

their limitation remains in the genetic complexity and the impossibility to analyse single gene 

effect in DS pathogenesis. In contrast, transgenic mouse models, overexpressing one or few 

genes, allow a direct genotype-phenotype correlation, but their limitation is the loss of 

eventual interactions between different genes present in three copies. The main trisomic 

mouse models for DS described to date are summarized below and schematically 

represented in Figure I1.  

We will summarize the neurological phenotypes of the most studied mouse model, the 

Ts65Dn mouse, and compare them with those in other DS mouse models. From the 

numerous transgenic mouse models generated for different candidate genes (black 

horizontal boxes in Figure I1), we will only describe transgenic mice for DYRK1A in detail 

(Introduction section 2). 

 

Figure I1. Genetics of mouse models for Down syndrome. From the right to the left; trisomic mice carrying all 
or part of HSA21 are indicated in grey vertical lines: Tc1 and ES#21; the region of MMU16 synthenic to HSA21 
and present in three copies in DS mouse models is indicated in black vertical lines: Ts16, Ms1Rhr/Ts65Dn, 
Ts1Rhr, Ts65Dn, Ts1Cje and Ms1Ts65; transgenic mice carrying YACs with small fragments of HSA21 are 
indicated in grey vertical lines: YAC clones 230E8, 285E6, 141G6 and 152f7; and the candidate genes to 
contribute to DS for which transgenic mice exist are indicated in black boxes. Genes located in the DSCR region 
of HSA21 are in bold. Adapted from Rachidi and Lopes (2007b). 
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The Ts65Dn mouse is the first segmental trisomy model created and the most 

commonly used and best-characterized DS mouse model (Davisson et al., 1990). Ts65Dn 

mice carry a segmental trisomy of mouse chromosome (MMU) 16 of around 150 genes (from 

Gabpa to Znf295 genes), which has conserved syntheny with a region of HSA21 that 

includes the DSCR (Davisson et al., 1993) (see Figure I1). Mice survive to adulthood and 

display several features of DS, including the neurological and behavioural phenotypes that 

are summarized in Table I1. 

 

Table I1. Summary of the neurological and behavioural phenotypes described in Ts65Dn mice 

Phenotype Reference 

Decreased spatial learning and memory (Bimonte-Nelson et al., 2003; Demas et al., 1996; Hunter et 
al., 2004; Reeves et al., 1995; Sago et al., 2000) 

Decreased Fear Conditioning and reduced response to 
painful stimuli 

(Hyde et al., 2001; Martinez-Cue et al., 1999) 

Motor dysfunction and hyperactivity (Costa et al., 1999; Holtzman et al., 1996; Sago et al., 1998) 

Impaired short- and long-term memory (Kleschevnikov et al., 2004; Siarey et al., 1999) 

Reduction of cerebellar volume and granule cell layer 
density 

(Baxter et al., 2000; Olson et al., 2004b) 

Axonal abnormalities in Purkinje cerebellar cells (Necchi et al., 2008) 

Reduced size, branching and number of spines in 
cortical pyramidal neurons 

Benavides-Piccione et al., 2004 

Reduced volume, cell number and synaptic density in 
the hippocampus  

(Belichenko et al., 2004; Insausti et al., 1998; Kurt et al., 2004; 
Lorenzi and Reeves, 2006) 

Reduction in excitatory synapses in the temporal cortex (Kurt et al., 2000) 

Age-related degeneration of the basal forebrain 
cholinergic neurons 

(Granholm et al., 2000; Holtzman et al., 1996; Salehi et al., 
2006) 

Failure of retrograde NGF signalling (Cooper et al., 2001) 

Defects in embryonic neurogenesis in the forebrain (Chakrabarti et al., 2007) 

Decreased proliferation in the developing dentate gyrus 
of the hippocampus and in cerebellar precursor cells 

(Contestabile et al., 2008; Contestabile et al., 2007) 

 

Other models trisomic for smaller segments of MMU16 synthenic to HSA21 regions 

have been generated (see black vertical lines in Figure I1). These are briefly described below 

and the neurological and behavioural phenotypes reported to date are summarized in Table 

I2.  

The Ts1Cje mouse has a segmental trisomy of MMU16 from Sod-1 to Znf295 (see 

Figure I1). Mice show learning and behavioural deficits, although less severe than in Ts65Dn 

mice (Sago et al., 1998; Sago et al., 2000), and a subset of the Ts65Dn neurological features 

(Olson et al., 2004b; Siarey et al., 2005)(see Table I2). These findings indicate that an 
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important gene or genes involved in these deficits lie in the overlapping region between 

Ts1Cje and Ts65Dn mice. Contrary to Ts65Dn mice, Ts1Cje mice show marked hypoactivity 

(Sago et al., 1998), indicating that motor alterations are of complex origin. 

The Ms1Ts65 mouse has a segmental trisomy of MMU16 from App to Sod-1, which 

corresponds to the genes present in trisomy in Ts65Dn mice that are missing in Ts1Cje mice 

(see Figure I1). Mice show deficits in cellularity and in learning and memory performances, 

but significantly less severe than those of Ts65Dn and Ts1Cje (Olson et al., 2004b; Sago et 

al., 2000) (see Table I2). These observations indicate that triplication of the region from App 

to Sod-1 also contributes to the neurological phenotypes of Ts65Dn mice. 

 

Table I2. Summary of the neurological and behavioural phenotypes described in other trisomic models for 

Down syndrome 

Mouse Model Phenotype Reference 

Ts1Cje Decreased LTP and increased LTD (Siarey et al., 2005) 

 Reduced cerebellum and granular cells (Olson et al., 2004b) 

 Decreased spatial learning (Sago et al., 1998; Sago et al., 
2000) 

 Hypoactivity and decreased exploratory behaviour (Sago et al., 1998) 

Ms1Ts65 Reduced cerebellar granular cells (Olson et al., 2004b) 

 Decreased spatial learning and memory (Sago et al., 1998; Sago et al., 
2000) 

Ts1Rhr Altered cerebrum ad cerebellum volume and shape (Aldridge et al., 2007) 

Ts16 Reduced brain size and cellular hypoplasia (Cox et al., 1984; Coyle et al., 
1986; Gearhart et al., 1986) 

 Altered neuronal migration (Behar and Colton, 2003) 

Tc1 Decreased cerebellar neuronal density (O'Doherty et al., 2005) 

 Reduced LTP in the hippocampal CA1 (O'Doherty et al., 2005) 

 Decreased novel-object recognition response (O'Doherty et al., 2005) 

ES(#21) Decreased fear conditioning (Shinohara et al., 2001) 

 

The Ts1Rhr mouse has a segmental trisomy of MMU16 from Cbr1 to Mx1 genes 

(see Figure I1), which corresponds to the smaller segment of MMU16 that is orthologous to 

the DSCR of HSA21 (Olson et al., 2004b). These mice show changes in brain volume and 

shape (Aldridge et al., 2007), although different from those in Ts65Dn, and do not present 
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alterations in the performance of learning and memory tasks (Olson et al., 2007) (see Table 

I2).  

An Ms1Rhr/Ts65Dn mouse was generated to test the role of DSCR in DS (see 

Figure I1). These mice are obtained by breeding Ms1Rhr mice, which are monosomic for the 

region from Cbr1 to Mx1 genes, with Ts65Dn mice. In this way, trisomy of genes triplicated in 

Ts65Dn but not in the DSCR is obtained. Two studies have studied the contribution of the 

DSCR to the Ts65Dn phenotype (Olson et al., 2004a; Olson et al., 2007), and their most 

outstanding conclusions are that: i) the DSCR is not sufficient nor necessary for the cranio-

facial phenotypes; ii) trisomy for DSCR is not sufficient to produce deficits in hippocampal-

based tasks; iii) trisomy of DSCR is necessary for the impaired learning and memory 

performance. 

 

Other models trisomic for segments of MMU16 bigger than that in Ts65Dn mouse 

have been generated. The Ts16 mouse has three full copies of all MMU16 and shows some 

neurological features of DS (see Figure I1 and Table I2), but its usage has been limited since 

mice die in utero (Cox et al., 1984; Coyle et al., 1986; Gearhart et al., 1986). The Dp(16)1Yu 

mouse carries a chromosomal duplication spanning the complete MMU16 region with 

syntheny to HSA21. These mice have been recently generated and only cardiovascular and 

gastrointestinal phenotypes, but no neurological alterations, have been reported to date (Li et 

al., 2007). 

Two transchromosomal mouse models, obtained by transferring a HSA21 into mouse 

embryonic stem cells, have been generated to maximally mimic the DS phenotypes: the 

ES(#21) mouse (Shinohara et al., 2001) and the Tc1 mouse (O'Doherty et al., 2005) (see 

Figure I1). Both models present some neurological phenotypes similar to those seen in DS 

(see Table I2). However, adult mice have lost the extra HSA21 from about half of their cells, 

which determines a high degree of mosaicism that increases the variability of the phenotype 

and makes the analysis of these mice very difficult.  

 

1.4- DYRK1A: a gene-dosage sensitive gene 

Human DYRK1A maps to HSA21 21q22.2-22.3 within the DSCR associated to the 

manifestation of many DS features, in particular, to mental retardation (Arron et al., 2006; 

Sato et al., 2008; Song et al., 1996). DYRK1A transcripts and protein product are 

overexpressed in DS foetuses and DS adult brains (Dowjat et al., 2007; Guimera et al., 
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1999), indicating that this is a HSA21 dose-sensitive gene, and suggesting its possible 

contribution to the pathogenesis of mental retardation.  

Human DYRK1A is one of the genes in the reported minimal region associated to 

microcephaly in partial HSA21 monosomies (Chettouh et al., 1995; Matsumoto et al., 1997). 

The contribution of DYRK1A haploinsufficency to partial HSA21 monosomies associated to 

microcephaly has been proposed based on the genetic analysis of different individuals: first, 

two unrelated patients with partial monosomy of the chromosomal band 21q22.2-q22.3, 

which includes DYRK1A, showed mild mental retardation and minor dysmorphic features 

(Ehling et al., 2004); and second, two unrelated patients with a truncating mutation in 

DYRK1A showed several clinical phenotypes including microchepaly and intrauterine growth 

retardation (Moller et al., 2008). These observations confirm that DYRK1A is a HSA21 dose-

sensitive gene, and support its contribution to the microcephaly associated to partial HSA21 

monosomies. 

In addition, different lines of transgenic mice overepressing DYRK1A, either alone 

(Ahn et al., 2006; Altafaj et al., 2001) or in the context of a bigger trisomy (Dowjat et al., 2007; 

Reeves et al., 1995; Smith et al., 1995), show learning and memory defects, supporting the 

contribution of DYRK1A overexpression in DS phenotype. Moreover, loss-of function Dyrk1A 

mice show microcephaly, growth retardation and behavioural impairments (Arque et al., 

2008; Fotaki et al., 2002; Fotaki et al., 2004), indicating that haploinsufficency of this gene 

compromise the normal development and function of the brain.   

The above-mentioned observations have lead to the proposal that changes in the 

number of functional copies of DYRK1A are at the basis of the neurological alterations in 

individuals with DS and of the microcephaly and mental retardation associated with partial 

HSA21 monosomies. 
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2- DYRK family of protein kinases 

DYRK1A is a protein kinase that belongs to an evolutionary conserved family of 

proteins known as DYRK (dual-specificity tyrosine (Y) phosphorylation-regulated kinases). 

The DYRK family belongs to the CMGC group of the superfamily of eukaryotic protein 

kinases (Becker et al., 1998). Other kinases within this CMGC group are the family of cyclin 

dependent kinases (CDKs), the family of mitogen activated kinases (MAPKs), the family of 

glycogen synthase kinase-3 (GSK-3), the family CDK-like (CDK-L), the family of 

serine/arginine rich protein kinases (SRPKs), and the cdc2-like kinases family (CLKs) 

(Manning et al., 2002b). Within the DYRK family, two subfamilies can be distinguished: the 

DYRK subfamily itself, and the HIPKs (homeodomain-interacting protein kinases) subfamily 

(Manning et al., 2002a).  

The DYRK subfamily of protein kinases is highly conserved during evolution and all 

the members identified so far present a high degree of homology in their kinase domain and 

in the DYRK homology motif or DH-box of an unknown associated function at the N-terminus 

of the protein (Kentrup et al., 1996). Only in the Drosophila melanogaster dDYRK2 protein, 

the DH-box has been proposed to be necessary for the full kinase activity of the protein 

(Kinstrie et al., 2006). The phylogenetic analysis of the family allows the distinction of two 

groups whose members are more closely related: the group of kinases related to Yak1p in 

Saccharomyces cerevisiae that includes YakA in Dictyostelium discoideum, mbk-1 in 

Caenorhaditis elegans, minibrain in D. melanogaster, and DYRK1A and DYRK1B in 

vertebrates; and the group related to Pom1p in Schizosaccharomyces pombe that includes 

mbk-2 in C. elegans, dDYRK2 in D. melanogaster, and DYRK2, DYRK3 and DYRK4 in 

vertebrates (Figure I2). 
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Figure I2. Phylogenetic tree of the DYRK subfamily of protein kinases. The alignments for the generation of 
this tree are done with the catalytic domains of each kinase. The percentage of identity at the level of the primary 
aminoacid sequence for each member of the family compared with human DYRK1A is indicated. Ce, 
Caenorhabditis elegans; Dd, Dictyostelium discoideum; Dm, Drosophila melanogaster; Hs, Homo sapiens; Sc, 
Saccharomyces cerevisae; Sp, Schizosaccharomyces pombe. Adapted from Raich et al. (2003). 

 

2.1- DYRKs in lower eukaryotes 

Three members have been identified in lower eukaryotes: Yak1p in S. cerevisiae 

(Garrett et al., 1991), Pom1p in S. pombe (Bahler and Pringle, 1998), and the D. discoideum 

YakA (Souza et al., 1998).  

Yak1p is a negative regulator of cell cycle acting within signalling pathways in 

response to extracellular nutrient limitations. It has been described to act as an antagonist of 

the Ras/Protein kinase A (PKA or cAMP-dependent protein kinase) pathway to negatively 

regulate cell cycle (Garrett et al., 1991). Under low glucose growing conditions, Yak1p 

induces a cell cycle arrest by phosphorylation of Pop2p (Moriya et al., 2001). Under 

starvation conditions, Yak1p antagonizes the TOR-RAS-PKA pathway by activation of the co-

repressor factor CRF-1 and repression of genes encoding for ribosomal proteins (Martin et 

al., 2004). Yak1p interacts with the adenovirus E1A protein and appears to control 

differentiation from the yeast form to the pseudohyphal form (Zhang et al., 2001). 
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Pom1p has also been involved in cell cycle regulation and cell growth control. Its 

kinase activity is regulated during cell cycle, being maximal during cell division and bipolar 

growth, and reduced after cell division during monopolar growth (Bahler and Nurse, 2001). 

The correct formation of the septum, required for appropriate cytokinesis during cell division, 

depends on Pom1p kinase activity (Bahler and Nurse, 2001; Celton-Morizur et al., 2006; La 

Carbona and Le Goff, 2006). During interphase, Pom1p is expressed in the poles of the 

growing cells, and during mitosis, Pom1p is expressed in the septum (Bahler and Pringle, 

1998). Strains deficient in pom1 gene show defects in septum formation that cause 

asymmetric cell divisions and sustained monopolar growth (Bahler and Pringle, 1998). 

YakA regulates cell growth and the transition from the growing phase to the 

differentiating phase in the absence of nutrients in the medium (Souza et al., 1998; Taminato 

et al., 2002). Strains deficient in YakA are characterized by reduction in cell size, accelerated 

cell cycle, and inability to enter the differentiating phase. By contrast, YakA overexpression 

induces cell cycle arrest (Souza et al., 1998).  

 

2.2- DYRKs in C. elegans 

Two DYRK-like genes have been identified in C. elegans, named mbk-1 and mbk-2 

(Raich et al., 2003). mbk-1 is considered the orthologous of DYRK1A because of the high 

percentage of sequence similarity and the presence of a nuclear localization signal and an 

homopolimeric rich region of histidine and glutamine. Loss-of-function mutants are viable and 

do not show gross morphologic alterations, and addition of extra copies of mbk-1 causes 

behavioural defects in chemotaxis towards volatile chemoattractants, although no alterations 

in the proliferation or differentiation of sensorial neurons have been reported (Raich et al., 

2003). Null mbk-2 mutants are lethal due to severe defects in cytokinesis during embryonic 

development (Raich et al., 2003). In fact, mbk-2 is required for the proper localization of the 

mitotic spindle during asymmetric divisions (Pang et al., 2004), for the proper asymmetric 

segregation of germ line determinants (Quintin et al., 2003), and for the degradation of 

maternal proteins necessary in the transition from oocyte to embryo (Nishi and Lin, 2005; 

Shirayama et al., 2006; Stitzel et al., 2006). This last function of mbk-2 relies on the 

relocalization of the protein from the cortex to the cytoplasm of the egg during meiotic 

divisions (Stitzel et al., 2006).  
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2.3- DYRKs in D. melanogaster 

Two DYRK family members have been identified in D. melanogaster and named 

minibrain (mnb) and dDYRK2 (smi35A).  

The first one was identified in a genetic screening and was named minibrain after the 

phenotype of mutant flies (Tejedor et al., 1995). Disruptions of mnb cause an abnormal 

spacing of neuroblasts in the outer proliferation centres of the larval brains and consequently, 

the adult brain of mutant flies posses a specific and marked reduction in the size of the optic 

lobes and central brain hemispheres, which is associated with specific abnormalities in 

learning, memory, visual and olfactory behaviours (Helfrich, 1986; Tejedor et al., 1995). This 

phenotype indicates that mnb plays an essential role during postembryonic neurogenesis 

regulating the number of distinct type of neuronal cells.  

dDYRK2, shows high degree of homology with the mammalian protein DYRK4 and is 

catalytically active during all the stages of fly development, with elevated levels during 

embryogenesis and pupation (Lochhead et al., 2003). The chromatin remodelling factors 

SNR1 and TRX have been shown to interact and be substrates of both D. melanogaster 

DYRKs (Kinstrie et al., 2006). This report is the first pointing to an implication of the DYRK 

family of kinases in chromatin remodelling. 

 

2.4- DYRKs in mammals 

In addition to DYRK1A, four other mammalian DYRK kinases have been identified: 

DYRK1B/MIRK, DYRK2, DYRK3/REDK and DYRK4. The conserved genomic structure 

suggests a paralogous relationship between the pair DYRK1A/DYRK1B, and between the 

pair DYRK2/DYRK3, suggesting the occurrence of gene duplication events that originated 

the two members of each pair. DYRK4 is the only one that evolved independently (Aranda, 

2007). The homology between the five members at the level of protein sequence is restricted 

to the catalytic domain and to the DH-box. DYRK1B is the only member that shows additional 

homology regions, in particular, two nuclear localisation signals (NLS) at the amino-terminal 

part and in the kinase domain, and a PEST motif adjacent to the catalytic domain in the 

carboxi-terminal part (Alvarez, 2004). DYRK1A tissue expression is ubiquitous, while the 

other members present a more restrictive expression pattern, and only DYRK2 expression 

has been reported in the brain (Geiger et al., 2001). The main characteristics of the five 

members in mammals are detailed below and summarized in Table I3.  
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Table I3. Summary of the main characteristics of the members of the DYRK family in mammals 

Name HSA MMU Exons 
Protein 

Isoforms 
(aa) 

Tissue Localization Cellular 
Localization 

DYRK1A 21q22.13 16 11 763 / 754  Ubiquitous  N/C 

DYRK1B/MIRK 19q12-13 7 11 629 / 586  Testis, Heart, Muscle  N/C 

DYRK2 12q14.3 10 3 599 / 526  Testis, Brain  N/C 

DYRK3/REDK 1q32 1 3 586 / 539  Testis, Spleen, Adrenal 
gland, Fetal liver  

N/C 

DYRK4 12p13.3 6 15 632 / 594  Testis  C 

The name of each protein, their chromosomal localization, the number of exons, the number of amino acids of the 
different isoforms described, the tissue distribution, and its subcellular distribution are indicated. N, nucleus; C, 
cytoplasm.  

 

DYRK1B is overexpressed in several kinds of tumours such as colon cancer, lung 

cancer, pancreatic ductal adenocarcinomas and rhabdomyosarcomas (Deng et al., 2006; Lee 

et al., 2000; Mercer et al., 2006). In addition, DYRK1B phosphorylates p21 and induces its 

export to the cytoplasm, where it inhibits proteins with proapoptotic activities such as pro-

caspase3 and ASK1 (Mercer et al., 2005). In a general screening of human kinases, it was 

defined as a kinase regulating apoptotic events (MacKeigan et al., 2005). All these evidences 

have led to the proposal of DYRK1B as a survival factor for tumoral cells.  

DYRK1B has also been involved in myogenesis, acting both in the cell cycle arrest of 

proliferating myoblasts and in the survival of differentiating myocites. The effect on 

proliferation is mediated by the phosphorylation and stabilization of the inhibitory protein p27 

(Deng et al., 2004) and by the phosphorylation and destabilization of the regulatory cyclinD1 

protein (Takahashi-Yanaga et al., 2006; Zou et al., 2004). Its effect on myocite differentiation 

is by derepression of the transcription factor MEF2 through direct phosphorylation of the 

inhibitory histone deacetylases of class II (Deng et al., 2005). The role of DYRK1B on cell 

migration is controversial, since one report suggests that it inhibits cell migration (Zou et al., 

2003), and another report identifies it has a pro-migratory kinase (Collins et al., 2006). 

Regulation of DYRK1B activity has been described both at the transcriptional and 

post-translational levels. Its transcription is induced by mechanisms depending on Rho and is 
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down-regulated through activation of the Ras-MEK-Erk pathway (Deng et al., 2003; Lee et 

al., 2000). At the post-translational level, DYRK1B is activated by MKK3 phosphorylation (Jin 

et al., 2005; Lim et al., 2002), and by oncogenic K-ras (Jin et al., 2007).  

 

DYRK2 is highly expressed in gastric, lung and esophageal adenocarcinomas, as a 

consequence of genomic amplification and increased expression of its mRNA (Gorringe et 

al., 2005; Miller et al., 2003). This observation suggests that DYRK2 might act as an anti-

apoptotic protein in tumoral cells. Recently, DYRK2 has been shown to phosphorylate and 

target p53 to the nucleus, where it activates the expression of pro-apoptotic genes in 

response to DNA damage (Taira et al., 2007). Therefore, opposite roles for DYRK2 have 

been proposed in the regulation of apoptosis.  

Although initially reported as a cytoplasmic protein (Becker et al., 1998), DYRK2 has 

an NLS on its sequence and is able to translocate to the nucleus upon genotoxic stress. 

DYRK2 acts in vitro as a priming kinase for GSK-3 by phosphorylating serine and threonine 

residues at position +4 in different proteins such as the translation initiation factor eIF2B 

(Woods et al., 2001a), the microtubule associated protein tau (Woods et al., 2001a), and, in 

vivo, the protein CRMP4 that regulates neurite outgrowth and growth cone dynamics (Cole et 

al., 2006). The family of transcription factors NFAT is also phosphorylated by DYRK2 and this 

phosphorylation event is required for subsequent GSK-3 phosphorylation (Gwack et al., 

2006). Very recently, DYKR2 has been shown to phosphorylate and mediate the 

proteasome-dependent degradation of the Hedgehog pathway regulated transcription factor 

GLI2 (Varjosalo et al., 2008). 

 

DYRK3 expression is high in cells of the erythroid lineage and inhibited upon GATA1-

induced differentiation (Zhang et al., 2005). DYRK3 has been proposed as a regulator of late 

erythropoiesis, retarding erythropoiesis completion, and as a survival factor for hematopoietic 

progenitor cells (Geiger et al., 2001; Li et al., 2002; Lord et al., 2000). The analysis of null 

Dyrk3 mutant mice supported this role because after induction of erythropoyesis by a stress 

situation, null mice showed an increase in mature reticulocytes (Wojchowski et al., 2006). 

DYRK3 induces the phosphorylation and activation of the transcription factor CREB, an effect 

that is independent of its kinase activity and dependent on the activity of PKA, thus 

suggesting functional interactions between both kinases (Li et al., 2002).  

DYRK3 has been identified as a pro-survival kinase in a global screening of human 

kinases (MacKeigan et al., 2005). Moreover, it has been proposed as a prognosis factor in 
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malignant glioma patients; short-term survival related to low levels of DYRK3 expression, and 

long-term survival with high expression levels (Yamanaka et al., 2006). Increased expression 

and copy number of Dyrk3 has also been observed in a mouse lung adenocarcinoma cell line 

associated with a highly invasive phenotype (Sargent et al., 2008). 

  

DYRK4 is the most unknown member of the family. Although it has been found 

overexpressed in a human neuronal precursor cell line upon retinoic-acid-induced-

differentiation (Leypoldt et al., 2001), only significant expression levels have been reported in 

the testes (Becker et al., 1998). The analysis of null Dyrk4 mutant mice confirmed the 

restricted expression in testis and in particular to stage VIII spermatids. Despite, Dyrk4-/- mice 

are perfectly viable and fertile (Sacher et al., 2007). 

 

 

2.5- DYRK1A 

DYRK1A gene 

The complete human gene is composed by at least 17 exons expanding around 150 

Kb. Different authors have reported the alternative usage of distinct exons in the 5’ 

untranslated region (UTR) (Guimera et al., 1999; Maenz et al., 2008; Wang et al., 1998). A 

schematic representation of the 5’ UTR region of human DYRK1A gene is shown in Figure 

I3. According to the last study by Maenz et al. (2008) only two alternative non-coding 5’ 

exons (1A and 1B) exist upstream the initiation codon located in exon 2. Both transcripts, 

although controlled by independent and differentially regulated promoters, are identical within 

their coding regions and do not present tissue-specific expression. The promoter region 

controlling the expression of the transcript initiated at exon 1B, is activated by the 

transcription factor E2F1, suggesting that DYRK1A may play a role in cell cycle regulation or 

apoptosis (Maenz et al., 2008). The activator protein 4-transcription factor (AP-4) has been 

reported to negatively regulate the expression of DYRK1A in non-neural cells (Kim et al., 

2006b). These two reports provide the only data available to date regarding the 

transcriptional regulation of DYRK1A. 
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Figure I3. Organization of the 5’-region of human DYRK1A gene. Schematic representation of the exon-intron 
organization in the 5’ region of human DYRK1A gene according to the current knowledge. The black dashed 
empty boxes represent the non-coding regions reported in Wang et al. (1998) but not in Maenz et al. (2008). The 
grey dashed empty boxes represent the non-coding regions reported in Guimera et al. (1999) but not in Maenz et 
al. (2008). Grey boxes are non-coding regions and black boxes represent the coding sequences according to 
Maenz et al. (2008). Exons are numbered (1A, 1B, 2 and 3) and drawn to scale. The transcription start site (TSS) 
is indicated, as well as the nucleotide position and the distance between exons.  

 

Another alternative splicing event has been described within the coding region by the 

usage of an alternative splicing acceptor site in exon 6. In this case, the alternatively spliced 

transcripts generate two different protein isoforms of 763 aa and 754 aa respectively due to 

the deletion of the first 27 nucleotides of exon 6 (Guimera et al., 1999). Up to date, the 

analysis of these variants, which are conserved in the orthologous rat and mouse genes 

(Kentrup et al., 1996), does not show differential expression or cellular function. Three weak 

polyadenylation signals and a canonical polyadenylation signal sequence upstream of the 

putative polyadenylation site, have been reported in the 3’UTR region of human DYRK1A 

gene. In addition, seven ATTTA mRNA sequence destabilization motifs were identified, 

suggesting that the turn-over of the protein is very rapid (Guimera et al., 1999).  

The genomic structure is highly conserved between human DYRK1A and mouse 

Dyrk1A genes, and the corresponding nucleotide sequences show a 93% of homology when 

aligned with Clustalw2 (EMBL-EBI).  

 

DYRK1A protein  

DYRK1A encodes a protein of 763-754 amino acids (aa) with an estimated molecular 

weight of around 90 kDa. Different protein motifs have been defined and a particular function 

has been associated to some of them (Figure I4). From the amino- to the carboxy- terminal 

part, the protein contains: a functional nuclear localisation signal (NLS1) (Alvarez et al., 

2003); a DH-box motif of unknown function; a classical kinase domain (aa 159-479) with 

eleven subdomains named from I to XI (Becker and Joost, 1999); a second functional NLS2 

within subdomains X and XI that seems to partially overlap with a putative nuclear export 

signal (NES) (Alvarez, 2004; Alvarez et al., 2003); a PEST motif (aa 482-525) rich in proline, 

glutamic acid, serine and threonine residues, which is commonly associated to protein 



Introduction 
 

 16 

stability although its functionality has not been explored in DYRK1A; a polyhistidine domain 

(aa 599-619) that localizes the protein to the nuclear compartment of splicing factors or 

nuclear speckles (Alvarez et al., 2003; Salichs, 2008) and that mediates protein-protein 

interactions, such the one described with the protein Sprouty2 (Aranda et al., 2008); and, 

finally, a region rich in serine and threonine residues (aa 659-672) with an unknown function. 

The protein is highly conserved between human and mouse with 99% of homology when 

aligned with Clustalw2 (EMBL-EBI). 

 

 

Figure I4. DYRK1A protein structure. Schematic representation of the protein structure where the different 
protein motifs identified are indicated: NLS, nuclear localisation signal; DH-box, DYRK homology box; Kinase, 
Kinase domain; PEST, motif rich in proline, glutamic acid, serine and threonine residues; HIS; polyhistidine 
domain; S/T; motif rich in serine and threonine residues. N-, amino-terminal part; C- carboxy-terminal part.  

 

DYRK1A has been defined as a dual-specificity protein kinase because it has 

autophosphorylation activity on tyrosine residues as well as serine and threonine 

phosphorylation activity on itself and on its substrates (Becker and Joost, 1999; Himpel et al., 

2000; Kentrup et al., 1996). The defined consensus sequence for DYRK1A phosphorylation 

is: RPx(S/T)P, where x corresponds to all amino acids and S/T are the phosphorylable 

residues (Himpel et al., 2000). Despite the definition of this consensus sequence, several 

substrates have been reported where the phosphorylation site is different to the consensus 

sequence.  

Similarly to the related MAPK family, all members of the DYRK family have a 

conserved activation loop between subdomains VII and VIII of the kinase domain, which is 

critical for their kinase activity. MAPKs contain a TxY motif in the activation loop where both 

threonine and tyrosine residues need to be phosphorylated by an upstream kinase to 

become an active kinase. By contrast, DYRK kinases contain an YxY motif in the activation 

loop where only the second tyrosine residue needs to be phosphorylated for complete 

activation. This phosphorylation event does not depend on an upstream kinase but is an 

autocatalytic event (Himpel et al., 2001). An interesting work from Lochhead et al. (2005) 

proposes a novel mechanism of activation for DYRK protein kinases based on studies 

performed with Drosophila DYRKs (Figure I5). The model is the following: during the 

translation of the protein, an active transitory intermediate form catalyzes its own 

autophosphorylation at the second tyrosine in the activation-loop, as well as in other tyrosine 
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residues; the residue specificity of this transitory intermediate form for tyrosine residues is 

lost upon completion of translation; and finally, the mature phosphorylated kinase suffers a 

conformational change that restricts its residue specificity to threonine and serine residues 

(Lochhead et al., 2005). 

 

Figure I5. Model for the activation mechanism of DYRK protein kinases. During translation, the amino-
terminal part of the protein acquires a particular tertiary structure (I). During the folding of the polypeptide, an 
active intermediate kinase is formed and phosphorylates the second tyrosine in the activation loop of the kinase 
domain (II). Protein synthesis is complete and a conformational change restricts the residue specificity of the 
kinase to serine and threonine residues (III). Adapted from Lochhead et al. (2005). 

 

According to this model and to the previous observations, DYRK1A is synthesized as 

a constitutive active kinase, suggesting that other mechanisms than switch kinase activity 

on/off must exist to regulate its activity in the cell. One could envisage several of such 

mechanisms, including the control of protein synthesis and stability, the control of protein 

subcellular localization, the activity of cell phosphatases, and its interaction with other 

proteins. In this direction, DYRK1A translocation to the cytosol has been described during 

cerebellar Purkinje cell differentiation (Hammerle et al., 2003a). It has been recently shown 

that DYRK1A autophosphorylation in serine 520 residue allows binding to 14-3-3ß proteins, 

which in turn stimulates the catalytic activity of the kinase (Alvarez et al., 2007). The only 

known situation, in which this autophosphorylation event is induced in vivo, is upon 

stimulation of PC12 cells with basic fibroblast growth factor (bFGF) (Alvarez et al., 2007).  
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DYRK1A expression 

Human DYRK1A and mouse Dyrk1A are expressed in all tissues analyzed, although 

high levels have been reported in heart, lung, skeletal muscle, kidney, testis and brain 

(Guimera et al., 1999). The description of DYRK1A expression in central nervous system 

(CNS) at different developmental stages was the first indication of a role of this protein in 

CNS development.  

Dyrk1A transcripts are detected at early embryonic stages, particularly in the neural 

tube and otic vesicle of mouse embryos (Fotaki et al., 2002; Okui et al., 1999). Interestingly, 

mouse and chick Dyrk1A mRNAs are expressed in neuroepithelial progenitor cells, and are 

asymmetrically distributed during the mitosis of these cells (Hammerle et al., 2002), pointing 

to a possible role for this kinase in the transition from proliferating to neurogenic divisions of 

neural precursor cells. Recent work proposes that mouse Dyrk1A is specifically expressed in 

sequential phases of CNS development: scattered expression in individual pre-neurogenic 

progenitors; throughout the cell cycle in neurogenic progenitors; down-regulated in post-

mitotic neurons as they migrate radially; and sustained expression in late differentiating 

neurons (Hammerle et al., 2008). These observations indicate that DYRK1A is critical for the 

coupling of the sequential events required for proper neuronal development.  

Later in development, Dyrk1A expression is ubiquitous but most abundant in brain 

grey matter, spinal cord and retina (Song et al., 1996). Studies in late vertebrate embryo 

showed co-localization of the protein with dynamin in the growing dendritic tree (Hammerle et 

al., 2003a), indicating a possible role of Dyrk1A in differentiation processes. This putative 

function in regulating neuritic outgrowth is supported by several reports that will be mentioned 

in detail below (Arron et al., 2006; Gwack et al., 2006; Kelly and Rahmani, 2005; Yang et al., 

2001).  

Time course expression studies showed that rat Dyrk1A protein is expressed in the 

CNS during the embryonic period and the early postnatal period, but its levels of expression 

decreased with postnatal growth (Okui et al., 1999). A detailed expression study performed in 

the mouse adult brain showed a moderate expression of the protein through all the brain, and 

a higher immunoreactivity in some areas such as the olfactory bulb, cerebral cortex, 

cerebellum, pyramidal cell layer of the hippocampus and several hypothalamic nuclei (Marti 

et al., 2003). At the subcellular level, the protein is found in the cytoplasm and nucleus of 

neurons, and mainly restricted to the cytoplasm in astrocytes (Marti et al., 2003). The 

expression pattern of the protein in the brain overlaps with the one described for mouse 

Dyrk1A transcripts (Guimera et al., 1996; Rahmani et al., 1998).  
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In the adult human brain, DYRK1A is expressed in neurons, astrocytes, ependymal 

and endothelial cells (Wegiel et al., 2004). In this study, differences in the amounts of protein 

between cells and differences in its subcellular localisation where proposed to reflect cell 

type- and brain structure- specific trafficking and usage of the kinase in the brain. In the infant 

human brain, the protein is expressed in neurons but not in glial cells (Wegiel et al., 2004).  

The fact that DYRK1A is also expressed in mature brain neurons (Hammerle et al., 

2003a; Marti et al., 2003; Wegiel et al., 2004), and that some of its known substrates, such as 

NFAT (Arron et al., 2006) and CREB transcription factors (Yang et al., 2001), are involved in 

synaptic plasticity, indicate that DYRK1A might also have a role in the maintenance of adult 

brain neuronal activity. 

 

DYRK1A cellular functions 

At the beginning of this work, the cellular function of DYRK1A was unknown and 

inferred from the expression studies, the function of its substrates and interacting proteins, 

and the analysis of the phenotypes of transgenic mouse models. During these years, the list 

of DYRK1A substrates and interacting proteins has increased significantly (Table I4). This list 

includes both nuclear and cytosolic proteins that participate in diverse processes, suggesting 

the involvement of this kinase in different cellular functions and biochemical pathways. 

The multiplicity of functions in the nuclear and cytoplasmic compartments is possible 

thanks to the shuttling capacity of this kinase (Alvarez, 2004), and evidences that the sub-

cellular localisation of the kinase is an important issue to consider when thinking on its 

mechanisms of regulation.  

DYRK1A cytosolic targets include cytoskeleton-associated proteins, synaptic proteins, 

proteins involved in cell metabolism, proteins related to neurodegenerative processes, 

proteins involved in cell proliferation and differentiation, and proteins involved in multiple cell 

signalling pathways. 
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Table I4. List of DYRK1A substrates and partners 

Protein Partner Substrate* Compartment Function Reference 

Histone H3 n.d. Thr45 Nucleus Chromatin (Himpel et al., 2000) 

eIF2Bε n.d. Ser539 Cytoplasm Translation (Woods et al., 2001a) 

tau n.d. Thr212/Ser202
/Ser204 

Cytoplasm Cytoskeleton (Liu et al., 2008; Park et al., 
2007; Woods et al., 2001a) 

CREB YES Ser133 Nucleus Transcription (Yang et al., 2001) 

Stat3 n.d. Ser727 Nucleus Transcription (Matsuo et al., 2001) 

FKHR YES Ser329 Nucleus Transcription (Woods et al., 2001b) 

Gli1 n.d. YES Nucleus Transcription (Mao et al., 2002) 

Dynamin 1 NO Ser857 Cytoplasm GTPase (Chen-Hwang et al., 2002; 
Huang et al., 2004) 

c-Jun n.d. Ser243 Nucleus Transcription (Morton et al., 2003) 

Arip-4  YES n.d. Nucleus Transcription (Sitz et al., 2004) 

Cyclin L2 YES Ser330/Ser338
/Ser369 

Nucleus RNA processing (de Graaf et al., 2004) 

SF2/ASF n.d. Ser227/Ser234
/Ser238 

Nucleus Splicing (de Graaf et al., 2004; Shi et 
al., 2008) 

SFRS4 (SRp40) n.d. YES Nucleus Splicing (de Graaf et al., 2004) 

Glycogen 
synthase 

n.d. Ser640 Cytoplasm Metabolism (Skurat and Dietrich, 2004) 

14-3-3 YES n.d. Cytoplasm Regulatory Protein (Kim et al., 2004)  

Hip-1 YES YES Cytoplasm Apoptosis (Kang et al., 2005) 

PAHX-AP1 YES n.d. Cytoplasm Metabolism (Bescond and Rahmani, 
2005) 

Ras YES n.d. Cytoplasm Cell Signalling (Kelly and Rahmani, 2005) 

B-Raf YES n.d. Cytoplasm Cell Signalling (Kelly and Rahmani, 2005) 

MEK1 YES n.d. Cytoplasm Cell Signalling (Kelly and Rahmani, 2005) 

SF3bI n.d. Thr434 Nucleus Splicing (de Graaf et al., 2006) 

HAN11 YES n.d. Cytoplasm/ 
Nucleus 

Transcription (Morita et al., 2006) 

Synaptojanin1 n.d. YES Cytoplasm Phosphatase (Adayev et al., 2006) 

Amphiphysin I n.d. Ser293 Cytoplasm Endocytosis (Murakami et al., 2006) 

α-Synuclein YES Ser87 Cytoplasm Neurodegeneration (Kim et al., 2006a) 

NFAT1 n.d. Ser270/Ser272 Cytoplasm/ 
Nucleus 

Transcription (Gwack et al., 2006) 

NFAT3 n.d. Ser215 Cytoplasm/ 
Nucleus 

Transcription (Arron et al., 2006) 

14-3-3ß YES NO Cytoplasm Regulatory Protein (Alvarez et al., 2007) 

APP n.d. Thr668 Cytoplasm Neurodegeneration (Ryoo et al., 2008) 

HPV16E7 YES Thr5/Thr7 n.d. Viral Oncoprotein (Liang et al., 2008) 

Sprouty2 YES Thr75 Cytoplasm Cell Signalling (Aranda et al., 2008) 

SEPT4 YES YES Cytoplasm GTPase (Sitz, 2008) 

n.d., not determined. * The residue in the substrate that is phosphorylated by DYRK1A is indicated, if known. 
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DYRK1A nuclear targets include transcription factors and splicing factors, which, 

together with the localisation of the protein to nuclear speckles (Alvarez et al., 2003; Sitz et 

al., 2004), support that DYRK1A regulates the synthesis and processing of RNA. In fact, a 

very recent report shows that DYRK1A phosphorylates alternative splicing factor (ASF) 

driving it to nuclear speckles and preventing ASF-mediated inclusion of the alternatively 

spliced exon 10 in tau (Shi et al., 2008). It has also been reported that DYRK1A enhances 

the transcriptional activity of CREB (Yang et al., 2001) and Gli1 (Mao et al., 2002) in a 

kinase-dependent manner; and of FOXO1a (von Groote-Bidlingmaier et al., 2003) and Arip4 

(Sitz et al., 2004) in a kinase-independent manner. Two different groups reported that 

DYRK1A directly phosphorylates the nuclear factor of activated T-cells (NFAT) transcription 

factors leading to its nuclear export and thus inhibition of its transcriptional activity (Arron et 

al., 2006; Gwack et al., 2006). Very recently, DYRK1A-dosage imbalance has been shown to 

severely modify the levels of neuron-restrictive silencer factor (NRSF or REST), a key 

regulator of pluripotency and neuronal differentiation gene expression programs (Canzonetta 

et al., 2008). All this observations support the involvement of DYRK1A in the regulation of 

transcription and gene expression programs.  

The most relevant findings related to the phenotypes associated to human DYRK1A 

dosage imbalance disorders are summarized below. 

As mentioned before, DYRK1A phosphorylates both NFAT1 and NFAT3 transcription 

factors (Arron et al., 2006; Gwack et al., 2006), involved, among many other functions, in 

neurotrophin- and netrin- dependent neuronal differentiation (Graef et al., 2003). The 

exhaustive phenotypic analysis of mice deficient in different members of the NFAT family 

showed high similarities with the phenotypes described for DS mouse models (Arron et al., 

2006). The evidences presented in both papers suggest a model in which DYRK1A is acting 

as an antagonist of the phosphatase calcineurin in the regulation of NFAT phosphorylation. 

According to the model, increased DYRK1A dosage leads to decreased transcription of 

genes dependent on the calcineurin-NFAT signalling pathway, and decreased DYK1A 

dosage results in accumulation of NFAT into the nucleus and increased transcription, which 

underlies many features of DS (craniofacial abnormalities, duodenal stenosis, etc).  

Different data have also indicated a role of DYRK1A in neuronal differentiation. First, 

DYRK1A is expressed in the neurites of differentiating neurons in the chick where it 

colocalizes with dynamin (Hammerle et al., 2003b). Second, DYRK1A is involved in fibroblast 

growth factor (FGF)-induced neurite outgrowth in the hippocampal H19-7 cell line (Yang et 

al., 2001). Very recently, DYRK1A has been shown to interact and phosphorylate Sprouty2, 

an antagonist of receptor tyrosine kinase (RTK)-mediated signalling, disrupting its inhibitory 
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activity on bFGF-induced Erk signalling (Aranda et al., 2008). Third, overexpression of 

DYRK1A potentiates neuron growth factor (NGF)-mediated neuronal differentiation in PC12 

cells (Kelly and Rahmani, 2005). In this situation, DYRK1A overexpression potentiates NGF-

induced PC12 neuronal differentiation by upregulation of the Ras/MAPK signalling in a 

kinase-independent manner by facilitating the formation of a Ras/B-Raf/MEK1 complex that 

maintains a sustained activation of Erk. These reports highlight the importance of DYRK1A 

as a modulator of intracellular signalling pathways essential during development and cell 

homeostasis.  

Two very recent reports from the same group propose an anti-apoptotic role of 

DYRK1A in viral-related oncogenesis: first, DYRK1A expression levels are upregulated in 

keratinocytes immortalized by infection with human papillomavirus type 16 (HPV16), and in 

samples from cervical cancer (Chang et al., 2007); and second, DYRK1A phosphorylates the 

HVP16 oncoprotein E7 and stabilizes the protein levels by inhibiting its proteasomal-

mediated degradation, which increases the transformed potential of infected cells (Liang et 

al., 2008). 

It has been suggested that DYRK1A participates in the neuropathology of early onset 

Alzheimer (AD)-like dementia in DS individuals. α-Synuclein, a major component of the Lewy 

bodies found in many neurodegenerative disorders including AD, is phosphorylated by 

DYRK1A. This event enhances its intracytoplasmic aggregation and results detrimental for 

neuronal cell viability (Kim et al., 2006a). In addition, DYRK1A phosphorylates the protein tau 

at several positions (Liu et al., 2008; Park et al., 2007; Ryoo et al., 2007; Woods et al., 

2001a). Interestingly, the characteristic neurofibrillary tangles (NFTs) of AD are insoluble 

deposits of abnormally hyperphosphorylated tau. Moreover, as mentioned before, a very 

recent report shows that increased DYRK1A dosage alters ASF-regulated alternative splicing 

of tau and results in increased NFTs formation (Shi et al., 2008). Finally, DYRK1A 

phosphorylates the amyloid precursor protein (APP), a key protein involved in the 

pathogenesis of AD and encoded by another HSA21 gene (Park et al., 2007; Ryoo et al., 

2008). These observations, together with the increased amounts of phospho-APP and total 

APP (Ryoo et al., 2008) in DS brains, and with the observed imbalance of tau isoforms in DS 

brains (Shi et al., 2008), support a model in which overexpression of DYRK1A accelerates 

AD pathogenesis in DS individuals.  
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DYRK1A transgenic mouse models 

The analysis of the phenotypes of transgenic mouse models of gain- and loss-of-

function has demonstrated that DYRK1A is a gene sensitive to dose and that alterations in 

gene dosage compromise the normal development and function of the brain. These were the 

first observations leading to the proposal that changes in the number of functional copies of 

DYRK1A could be causing some of the neurological alterations in individuals with DS and the 

microcephaly associated to some monosomies of HSA21. 

 

Loss-of-function mouse models 

V. Fotaki generated a Dyrk1A loss-of-function mouse model by gene targeting in the 

laboratory of Dr. Mariona Arbonés (Fotaki et al., 2002). Null Dyrk1A embryos (Dyrk1A-/-) 

present a severe developmental delay and die between embryonic day (E) 10.5 and E13.5. 

Targeted disruption of one Dyrk1A allele in mice results in an abnormal development and 

anomalous morphology of the brain analogous to the phenotype of mnb mutant flies. These 

mice (Dyrk1A+/-) show decreased neonatal viability and a significant and generalized body 

size reduction from birth to adulthood that is around 30% compared with control littermate. 

The effect of Dyrk1A dose reduction influences differentially the growth of the different 

organs: while the brain and heart show a decrease in weight proportional to the general 

decrease in body weight, the liver presents a disproportionate decrease in weight. Similarly, a 

disproportionate reduction in weight and size is observed in the cerebellum, the 

mesencephalum, and other postero-ventral brain areas compared with anterior structures 

such as the cerebral cortex and olfactory bulbs. Although the cytoarchitecture of the brain is 

normal, cell counts have shown a reduction in the number of cells in certain brain structures, 

like the superior colliculus (SC) and the mesencaphalic raphe nuclei. Moreover, some other 

brain structures, like the somato-sensorial cortex and the ventral posterior medialis thalamic 

nucleus, presented increased cellular densities. No gross alterations in cell body sizes were 

observed in the somato-sensorial cortex and in the SC of the mesencephalic tectum. 

A detailed analysis of neocortical pyramidal cells revealed important alterations in 

Dyrk1A+/- mice. An increase in cell density was confirmed in the second motor area-layer III 

of the cortex. In addition, pyramidal cells were considerably smaller, less branched and with 

less number of spines per branch (Benavides-Piccione et al., 2005). This result indicates that 

DYRK1A influences the complexity of pyramidal cells and thus their capability to integrate 

information, which is relevant in the context of DYRK1A gene-dosage imbalance diseases 

because it may contribute to mental retardation. 
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The initial general neurobehavioural analysis of Dyrk1A+/- mice revealed a significant 

delay in eyelid and ear opening, and in the appearance of the righting reflex, which depends 

both on muscular strength and neuromotor development (Fotaki et al., 2002). A more 

detailed evaluation of the motor phenotypic alterations revealed impairment of motoneuron 

development and marked hypoactivity in adult Dyrk1A+/- mice (Fotaki et al., 2004). These 

results, together with the significant expression of Dyrk1A in structures related to motor 

function (Marti et al., 2003), supported a role of DYRK1A in the control of motor function. The 

brain dopaminergic system is very important for the control of motor behaviour. Aged 

Dyrk1A+/- mice showed reduced number of dopaminergic (DA) neurons in the substantia 

nigra (SN), reduced levels of dopamine in the striatum, and altered responses to dopamine 

agonists and antagonists (Martinez de Lagran et al., 2006), indicating that a deficiency in the 

dopaminergic system may underlie the motor alterations in Dyrk1A+/- mice.  

Very recently, the cognitive function of mice deficient in Dyrk1A has been explored 

(Arque et al., 2008). Dyrk1A+/- mice showed reduced execution of a spatial learning task and 

impaired performance in an hippocampal-dependent memory task. These alterations are also 

observed in different mouse modes overexpressing DYRK1A (Altafaj et al., 2001; Branchi et 

al., 2004; Smith et al., 1997), strengthening the idea that dosage of DYRK1A is critical for 

correct learning and memory formation.  

All the observations support that DYRK1A is important for the control of cell number 

and cell morphology in the brain, and that decreased dosage of this gene in mice leads to 

severe functional and behavioural alterations. 

 

Gain-of-function mouse models 

In addition to the trisomic mouse models mentioned in the Introduction section 1, a 

second approach for the study of human Trisomy 21 in mice is the generation of poligenic 

and monogenic transgenic mice. Poligenic transgenic mice contain a large HSA21 DNA 

piece introduced on yeast artificial chromosomes (YAC). Monogenic transgenic mice are 

those animals overexpressing single HSA21 genes or the orthologous genes of MMU16. 

 

TgYAC152f7 mouse 

In 1995, Smith and co-workers (Smith et al., 1995) generated an in vivo library with 5 

different lines of transgenic mice expressing YACs covering the whole DSCR with a length 

ranging from 1100 Kb to 430 Kb.  
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YAC clone 152f7 contains a 570 Kb length HSA21 segment that includes five genes: 

DSCR5, TTC3, DSCR9, DSCR3 and DYRK1A (ordered from most centromeric to telomeric). 

DSCR5 has recently been annotated as a phosphatidylinositol glycan anchor byosynthesis 

protein (PIGP) and proposed as the first candidate involved in the pathophysiology of tongue 

malformation observed in DS (Choi et al., 2001). TTC3 encodes for a protein containing 

tetratricopeptide repeat (TTC) domains (Ohira et al., 1996; Tsukahara et al., 1996), is 

ubiquitously expressed in mouse embryonic brain (Tsukahara et al., 1998), and has been 

recently shown to inhibit NGF-induced neuronal differentiation in PC12 cells via a RhoA-

Citron kinase pathway (Berto et al., 2007). DSCR9 is a non-protein coding gene that is not 

present in the corresponding MMU16 region (Toyoda et al., 2002). DSCR3 is expressed in 

most tissues examined and encodes for a protein with significant homology to a mouse and 

yeast proteins that are essential for embryogenesis (Nakamura et al., 1997).  

Transgenic line expressing YAC clone 152f7 (hereafter TgYAC152f7) has been 

extensively studied as it presents a clear neurological phenotype including 

neurodevelopmental delay, motor abnormalities and cognitive deficits (Smith et al., 1997). As 

DYRK1A was the only gene of this line not contained in the overlapping centromeric and 

telomeric YAC lines, the authors attributed the observed phenotype to overexpression of the 

kinase (Smith et al., 1997). Despite TgYAC152f7 mice have normal weight, a significant 

increase in brain size, that is more significant in the mesencephalic tectum and in ventral 

structures, has been reported (Branchi et al., 2004). In addition, these mice show increased 

cell body size in granule neurons of the hippocampus and in pyramidal neurons of parietal 

cortex, which might contribute to the cognitive alterations reported (Branchi et al., 2004). Very 

recently, an exhaustive analysis of the volumetric brain alterations in TgYAC152f7 mice using 

magnetic resonance imaging showed a general increase in brain volume, with the strongest 

increase seen in the thalamus-hypothalamus area, thus confirming the region-specific effects 

of DYRK1A overexpression (Sebrie et al., 2008). 

 

TgDyrk1A mouse 

The first mouse model overexpressing DYRK1A was generated by expression of the 

full-length cDNA of rat Dyrk1A under the control of an inducible and heterologous promoter, 

the sheep metallothionein-Ia (sMt-Ia) promoter (Altafaj et al., 2001). These mice (hereafter 

TgDyrk1A), do not present gross anatomical alterations in brain compared with controls. 

However, neurobehavioral analysis showed severe impairment in spatial learning and 

memory task performance, delayed motor acquisition, alterations of the organization of 

locomotor behaviour and hyperactivity (Martinez de Lagran et al., 2004), which agree with 
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reported clinical observations in subjects with DS. Very recently, the motor phenotypic 

alterations in TgDyrk1A mice have been shown to be reversible and strictly dependent on 

Dyrk1A overexpression in adult animals (Ortiz-Abalia, 2008). The authors showed that 

stereotaxic injection into the striatum of an adeno-associated vector (AAV) driving the 

expression of a short-hairpin RNA (shRNA) to silence Dyrk1A expression, attenuated motor 

alterations in TgDyrk1A mice. Another recent report shows alterations in the expression of 

NMDA receptor subunits and in NMDA-induced calcium responses in TgDyrk1A cerebellar 

neurons (Altafaj et al., 2008), suggesting a role for DYRK1A in the modulation of the 

excitatory transmission in the brain. These results indicate a new possible mechanism by 

which DYRK1A gene dosage imbalance could participate in the pathophysiology of HSA21 

aneuploidies.  

 

TgBAC-DYRK1A mouse 

During the course of this work, another DYRK1A overexpression mouse model 

(TgBAC-DYRK1A) has been generated using a bacterial artificial chromosome (BAC) clone 

that contains the complete human DYRK1A genomic DNA fragment including the 

endogenous promoter (Ahn et al., 2006). This model presents important advantages in front 

of the TgDYRK1A mice: first, only one copy of DYRK1A is integrated into the genome in front 

of the 2 to 20 copies of the transgene integrated in TgDyrk1A mice; and second, transgene 

expression is driven by its own promoter, thus one would expect it to be spatial and 

temporally more similar to the endogenous gene expression.  

As for TgYAC152f7 mice, TgBAC-DYRK1A mice show no differences in body weight 

but do present a significant increase in brain weight. Remarkably, TgBAC-DYRK1A mice 

show deficits in learning and hippocampal-dependent memory acquisition, and alterations in 

hippocampal long-term potentiation (LTP) and long-term depression (LTD), suggesting 

alterations in cognition and synaptic plasticity. However, and in contrast to TgDyrk1A mice, 

this model does not show locomotor abnormalities. A detailed morphologic analysis of the 

brain of these mice has not been published to date. However, increased levels of 

phosphorylated tau, total APP and phosphorylated APP have been reported in TgBAC-

DYRK1A brain lysates (Ryoo et al., 2008; Ryoo et al., 2007), supporting other data (see page 

24 in the Introduction Section) indicating a functional link between DYRK1A overexpression 

and early-onset AD development in DS individuals. 

 

 



Introduction 

 27 

3- The mammalian retina  

Proliferation, differentiation and apoptosis are fundamental cellular processes for the 

development of central nervous system (CNS) structures. These processes need to be tightly 

regulated and coordinated during neurogenesis to produce the correct number of each of the 

many neuronal cell types of the mature CNS (Hidalgo and ffrench-Constant, 2003). 

Alterations in these processes lead to an altered neuronal circuitry, and are the bases 

underlying many human neurodevelopmental diseases. The phenotype of transgenic 

DYRK1A mouse models and the list of DYRK1A substrates and interactors, suggest that this 

kinase plays an important role in the development of the CNS and that it is relevant in human 

genetic diseases. Despite, the molecular mechanisms underlying the impact of DYRK1A 

gene-dosage imbalance in vivo remain largely unknown. 

Because of its accessibility and relatively low cellular complexity, compared to the 

brain, the retina has long been used as a model system to study CNS development 

(Donovan and Dyer, 2005; Livesey and Cepko, 2001). The generation and differentiation of 

distinct neuronal subtypes from neuroepithelial progenitor cells in the retina is driven by 

molecular mechanisms that are analogous to that in other brain areas such as the developing 

cortex or cerebellum (Pearson and Doe, 2004). 

Many have shown DYRK1A expression in the developing retina of mouse embryos 

(Fotaki et al., 2002; Hammerle et al., 2008; Song et al., 1996), which would be compatible 

with a role of this kinase in the development of this CNS structure. Interestingly, infants and 

adults with DS show reduced visual acuity and contrast sensitivity when tested with 

conventional techniques (Courage et al., 1994; Little, 2007; Woodhouse et al., 1996), and by 

recordings of visual-evoked potentials (John et al., 2004). These impairments are 

independent of other ophthalmic anomalies, suggesting that visual deficits in DS individuals 

have a neurosensorial component. 

 

3.1- Retina organization  

The retina is the photoreceptor organ residing in the posterior segment of the eye. 

The mature retina is composed of seven major cell types (rod and cone photoreceptors, 

bipolar, horizontal, amacrine, ganglion, and glial Müller cells), with cell bodies distributed in 

three layers (Figure I6). The outer nuclear layer (ONL), the most external layer of the retina, 

is composed of neurosensory cells that receive the light stimuli and transform it into an 

electrical signal. The inner nuclear layer (INL) has second order neurons, bipolar cells, which 
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transmit the stimuli to third-order neurons in the ganglion cell layer (GCL), the most internal 

layer of the retina. Other interneurons in the INL, horizontal and amacrine cells, and in the 

GCL, displaced amacrine cells, modulate the transmission of the electrical signal down to 

ganglion cells in the GCL, whose axons form the optic nerve and send the visual information 

to the brain. Two synaptic layers separate the three cellular layers of the retina: the outer 

plexiform layer (OPL), where photoreceptors contact bipolar and horizontal cells, and the 

inner plexiform layer (IPL), where bipolar and amacrine cell contact ganglion cells (Masland, 

2001). 

 

 

Figure I6. Histology of the adult mammalian retina. (Left) Schematic representation to illustrate the different 
layers of the retina (OS/IS; outer and inner segments of photoreceptors; ONL, outer nuclear layer; OPL, outer 
plexiform layer; INL, inner plexiform layer; IPL, inner plexiform layer; and GCL, ganglion cell layer) and their 
relative position from the retina pigmented epithelium (RPE) and the optic nerve (ON). The main retina cell types 
distributed in the different layers are indicated. The different exiting subtypes are not distinguished. Adapted from 
Livesey and Cepko (2001). (Right) Section of an adult mouse retina stained with cresyl violet to illustrate the 
laminated structure of the retina.  

 

Photoreceptors, rods and cones, are the neurosensory cells of the retina. The 

mouse retina is composed of a 97% of rods and only a 3% of cones (Jeon et al., 1998), 

opposite to the primate retina that is cone dominated. A photoreceptor consists of i) an outer 

segment, filled with stacks of membranes containing the visual pigment molecules; ii) an 

inner segment containing mitochondria, ribosomes and membranes; iii) a cell body containing 

the nucleus; and iv) a synaptic terminal where neurotransmission occurs. A normal rod 

synaptic terminal contains a single ribbon site where glutamate is released onto the 

postsynaptic elements, horizontal cell and rod bipolar cell dendrites. These postsynaptic 

elements invaginate into the rod terminal and form a triadic configuration adjacent to the 
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ribbon site that is called a rod spherule. A dyadic configuration is formed when the 

postsynaptic element only consists of rod bipolar dendrites. A normal cone synaptic terminal 

is called a cone pedicle and contains several ribbon sites, horizontal cell processes and 

many cone bipolar cell dendrites. At low light intensity levels, only rods have sufficient 

sensitivity to capture the few photons available, but cannot discriminate colour vision. At 

higher light intensity levels, cones are able to respond selectively to photons in different 

regions of the visible spectrum. Primates have three types of cones (L, red o long-

wavelength; M, green or middle-wavelength; and S, blue or short-wavelength), while other 

mammals, including rodents, have only L- and S- cones (Wassle, 2004). 

Bipolar cells are the neurons responsible for light transmission from photoreceptors 

into the IPL. There are two main types of bipolar cells in the mouse retina, one associated to 

rod photoreceptors and the other associated to cone photoreceptors, and each represents 

half of the total population of bipolar cells. Another way of classifying bipolar cells is 

according to their response upon light stimulus: ON cells hyperpolarize upon light stimulation 

and are associated to both cones and rods; and OFF cells become depolarized and are only 

associated to cones (Wassle, 2004). More than ten subtypes of bipolar cells have been 

described according to their morphological properties, one associated to rods and nine to 

cones (Ghosh et al., 2004). Their cells bodies are located in the outermost part of the INL 

and represent 40% of cells in the layer (Jeon et al., 1998). Their dendrites contact 

photoreceptors and horizontal cells, and their axons extend radially through the INL and IPL 

layers to contact ganglion and amacrine cell dendites in the IPL.   

Horizontal cells are retina interneurons that provide lateral interactions in the OPL. 

Cell bodies reside in the outermost part of the INL and represent 3% of cells in this layer 

(Jeon et al., 1998). Between one and three different types of horizontal cells have been so far 

identified in the mammalian retina. The dendrites of horizontal cells contact cone pedicles 

and their axons contact rod spherules.  

Amacrine cells are inhibitory interneurons, they represent 40% of cells in the INL 

(Jeon et al., 1998), and there are as many as 50 different morphological subtypes according 

to i) dendritic tree size, ii) branching characteristics, and iii) stratification of their dendrites in 

the IPL.  

Ganglion cell dendrites collect the signals of bipolar and amacrine cells and their 

axons transmit these signals to the visual centres of the brain. They represent half of the cells 

in the GCL, and at least 25 morphological subtypes have been described according to the 

above criteria. The other half of the cells in the GCL are displaced amacrine cells.  
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Müller cells are the only glial cell type derived from the common pool of retinal 

progenitor cells. Their cell bodies are located in the middle part of the INL, they represent 

16% of cells in this layer (Jeon et al., 1998), and their processes extend radially up to the 

photoreceptor outer segments and down to the GCL. They have several functions including i) 

guide for neuron migration during retinogenesis; ii) architectural support in the mature retina; 

iii) removal of neural waste products; iv) protection against an excess in neurotransmitter 

contents; v) release of neuroactive substances and retinoic acid; and, iv) control of ion 

homeostasis (Reichenbach et al., 1995). Two other types of glial cells are present in the 

retina, astroglia and microglia (Hollander et al., 1991). Astrocytes enter the developing 

retina from the brain along the developing optic nerve and are almost restricted to the nerve 

fiber layer, adjacent to the GCL (see Figure I6), in the mature retina (Chan-Ling and Stone, 

1991). They adopt a flattened morphology and are arranged around ganglion cell axons in 

close contact with blood vessels, suggesting that they function as support glial sheets and as 

part of a blood-brain barrier. Microglial cells enter the retina coincident with the 

mesenchymal precursors of retinal blood vessels and occupy every layer of the retina. 

Consistent with their supposed mesodermal origin, they can be stimulated into a 

macrophagic function upon trauma and in degenerative processes (Chang et al., 2006). 

Although the retina has a simple laminar organization and a reduced number of cell 

types compared to the enormous complexity of the brain, between 50-100 different cell 

subtypes have been identified, and a complex circuitry of vertical and lateral pathways exist 

within the retina to process and filter the electrical response upon light stimuli (Wassle, 2004). 

Therefore, the retina is a complex microcircuit whose functional integrity depends, not only on 

the presence, but also on the number, proportion, and function of all the individual 

components.  

 

3.2- Retina projections to the brain  

As already mentioned, retinal ganglion cells are the only cell type that project and 

transmit visual information from the retina to the brain. The pathfinding of the retinal 

projection reflects the stereotypic orientation of the somas of ganglion cells whithin the retina. 

The establishment of retinal polarity is achieved during retina development and influenced by 

several transcription factors (Hatini et al., 1994; Schulte and Cepko, 2000; Yuasa et al., 

1996), gradient expression of axon-guidance molecules (Brown et al., 2000) and other cell-

to-cell communication molecules (Sakuta et al., 2001; Zhang and Yang, 2001). Ganglion cells 

extend their axons within the eye towards the optic nerve head in the central retina, where 
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they form the optic nerve and project to two main areas in the mouse brain, the superior 

colliculus (SC) in the mesencephalic tectum (retinotectal projection), and the dorsal lateral 

geniculate nucleus (dLGN) in the thalamus (retinogeniculate projection). The series of events 

from the retina to the brain involve the processes of axon initiation, axon outgrowth, 

navigation, target recognition, and innervation, which are regulated by complex signalling 

mechanisms (Inatani et al., 2003; Oster and Sretavan, 2003). 

 

 

Figure I7. Organization of retina projections to brain areas. Schematic representation of the projections from 
the retina to the Superior Colliculus and dorsal Lateral Geniculate Nucleus of the Thalamus, and from there to the 
visual cortex. The temporal part of the retina projects ipsilaterally and the nasal projection crosses the midline at 
the level of the optic chiasm and projects contralaterally. The map of retinotectal projections in the Superior 
Colliculus is schematized: anterior (A) and medial (M) for the ipsilateral projection, and posterior (P) and lateral (L) 
for the contralateral projection. Adapted from Kahle (2003). 

 

As schematized in Figure I7, the axons from ganglion cell in the temporal retina avoid 

the midline and project to the ipsilateral SC and dLGN (Jeffery, 2001). In mouse, less than 

5% of axons remain uncrossed, but in humans they represent almost 50% of the projecting 

axons. The axons from ganglion cells in the nasal retina cross the midline at the level of the 

optic chiasm and project to the contralateral SC and dLGN. Axons from the retinotectal tract 

project according to a precise topographic map that responds to gradients of ephrin ligands in 
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the SC: axons from the nasal retina project posterior and lateral in the contralateral SC, and 

axons from the temporal retina project anterior and medial to the ipsilateral SC. Axons from 

the retinogeniculate tract also segregate into specific dLGN layers (Godement et al., 1984). 

The precise topographic organization of retinal projections is based on the graded expression 

of axonal guidance molecules during development and is refined later by a process that is 

activity-dependent (Lemke and Reber, 2005; McLaughlin and O'Leary, 2005). 

The SC is involved in the control of the visio-motor behaviour, the orientation of visual 

stimuli, the direction of ocular movements, the response to novel sensorial stimuli, and the 

locomotion exploratory behaviour. Reciprocal connections between sensory nuclei of the 

dLGN and visual cortical areas of the neocortex are essential for the relay and processing of 

visual information (Garel and Rubenstein, 2004).  

 

 

3.3- Retina development 

Eye formation 

The eye is a complex sense organ, where the different components are derived from 

four embryonic structures: the forebrain neuroectoderm differentiates into the retina, iris and 

optic nerve; the surface ectoderm gives rise to the lens and the corneal epithelium; the 

mesoderm originates the extraocular muscles and the fibrous and vascular coats of the eye; 

and the neural crest becomes the corneal stroma and the corneal endothelium (Figure I9).  

 

Figure I9. Embryonic lineages that contribute to the eye. Blue, the forebrain neuroectoderm in the optic cup 
fuses to form the retinal pigmened epithelium (RPE) and the neural retina, and extends anterior to form the cilliary 
body and iris; Green, the surface ectoderm gives rise to the lens and corneal epithelium; Yellow, the mesoderm 
originates the extraocular muscles and the fibrous and vascular coats of the eye; Pink, the neural crest becomes 
the corneal stroma (Sclera) and the cornea endothelium (Choroid). Adapted from Harada et al. (2007). 
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The optic vesicles originate from an extension of the anterior neural plate in the 

telencephalum at embryonic stage (E) 9 in the mouse. The optic vesicles contact the surface 

ectoderm to induce lens formation. When the lens placode invaginates to form the lens 

vesicle, the distal part of the optic vesicle begins to invaginate to form the optic cup (E10.5). 

As the optic vesicles grow, the proximal ends expand and their connections with the forebrain 

constrict to form optic stalks. Two layers can be distinguished within the optic cup: an 

external layer that will originate the pigmented epithelium (RPE), and an internal layer that 

will give rise to the neural retina. The axons of retinal ganglion cells in the innermost part of 

the neural retina, grow proximally into the wall of the optic stalk to the brain and gradually 

form the optic nerve (Chow and Lang, 2001; Harada et al., 2007; Kaufman, 1999; Kondoh, 

2002). 

 

Neural retina development 

The process from an undifferentiated neural retina to a mature retina is known as 

retinogenesis, and in the mouse expands from E10.5 to postnatal day (PND) 11. During 

retinogenesis, the seven major cell types of the retina are generated from a pool of common 

precursors, the retina progenitor cells (RPCs), in a precise spatial and temporal order that is 

generally conserved in vertebrates (Cepko et al., 1996; Marquardt and Gruss, 2002; Turner 

and Cepko, 1987; Turner et al., 1990; Young, 1985). Lineage analysis experiments have 

showed that RPCs are multipotent cells that retain their ability to generate different cell types 

up to the final cell division (Turner and Cepko, 1987; Turner et al., 1990). According to the 

accepted model of retinogenesis, RPCs change their competence to generate different 

subtypes of neurons as development proceeds, and, the proper intrinsic and extrinsic cues 

are critical to acquire the correct neuronal identity. A RPC expands through cell division until 

intrinsic factors give the competence to become a specific cell type, and the ability to respond 

to extrinsic factors that act as determination cues. At this precise moment, which is different 

for each cell type, the RPC exists the cell cycle and commits to a particular cell fate. After, 

the balance between positive/negative extrinsic cues determines the execution of the 

differentiation program for the committed cell type (Cepko, 1999; Harris, 1997; Livesey and 

Cepko, 2001). The different retina cell types are sequentially generated in overlapping waves 

in the following order: first ganglion cells, then cones, horizontal cells, amacrine cells, rods, 

bipolar cells, and, finally, Müller cells (Figure I10).  
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Figure I10. Retina neurogenesis proceeds in a precise and fixed order. Retinal ganglion cells (blue) and 
horizontal cells (red) differentiate first, followed in overlapping phases by cone photoreceptors (yellow), amacrine 
cells (orange) rod photorecetors (light yellow), bipolar cells (green), and finally, Müller cells (purple). The curves 
do not reflect the absolute number of cells produced for each cell type. The numbers in the axis correspond to 
embryonic and postnatal days of mouse development. Adapted from Marquardt and Gruss (2002).  

 

Intrinsic factors 

An increasing number of transcription factors have been identified in particular, those 

of the basic helix-loop-helix (bHLH) and homeobox families, as important regulators of 

mammalian retinal development (Akagi et al., 2004; Hatakeyama et al., 2001; Marquardt, 

2003; Wang and Harris, 2005). At early stages, the transcriptional repressors Hes genes 

maintain undifferentiated RPCs proliferating to ensure adequate progenitor pool size 

(Deneen et al., 2006). The expression of different combinations of homeobox factors, to 

regulate layer specificity, and of bHLH factors, to determine cell fate within a specified layer, 

determine the neuronal specification of RPCs (Table I5). The analysis of mice deficient in 

different transcription factors has highlighted the relevance of those for the proper 

specification of retinal cell types, as well as for the proper cellular composition of the mature 

retina (Ohsawa and Kageyama, 2008; Yan et al., 2005). 

Additional studies have shown that the expression of transcription factors after cell 

fate specification are important for maturation and diversification of retina cell types. For 

example, the POU domain Brn3b transcription factor acts downstream of Math5 in 

differentiating ganglion cells to ensure their survival (Gan et al., 1999; Gan et al., 1996; Pan 

et al., 2008; Xiang, 1998). The bHLH factors, Bhlhb5 and Bhlhb4, and the homeobox factors 

Irx5 andVsx1, are required for the diversification of cone and rod bipolar cells (Bramblett et 

al., 2004; Cheng et al., 2005; Chow et al., 2004; Feng et al., 2006; Ohtoshi et al., 2004), 
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while the bHLH factors, Bhlhb5 and Barhl2, promote the formation of different sybtypes of 

amacrine cells (Feng et al., 2006; Mo et al., 2004). 

 

Table I5. Expression of Homeobox and bHLH transcription factors in RPCs 

Retina Cell type Homeobox bHLH References 

Photoreceptors Crx/Otx2 NeuroD /Mash1 (Chen et al., 1997; Furukawa et al., 1997; 
Furukawa et al., 2000; Morrow et al., 1999; 
Nishida et al., 2003; Tomita et al., 1996b) 

Horizontal Cells Pax6/Six3/Prox1 Math3/Ptf1a (Dyer et al., 2003; Fujitani et al., 2006; 
Inoue et al., 2002; Marquardt et al., 2001; 

Oliver et al., 1996; Tomita et al., 2000) 

Bipolar Cells Chx10 Mash1/Math3 (Burmeister et al., 1996; Hatakeyama et al., 
2001; Liu et al., 1994; Tomita et al., 2000; 

Tomita et al., 1996b) 

Müller Cells Rax Hes1/Hes5/Hesr2 (Furukawa et al., 2000; Hojo et al., 2000; 
Satow et al., 2001; Tomita et al., 1996a) 

Amacrine Cells Pax6/Six3 NeuroD/Math3/Ptf1a (Fujitani et al., 2006; Inoue et al., 2002; 
Marquardt et al., 2001; Morrow et al., 1999; 

Oliver et al., 1996; Tomita et al., 2000) 

Ganglion Cells Pax6 Math5 (Brown et al., 2001; Marquardt et al., 2001; 
Wang et al., 2001) 

 

Extrinsic factors 

Other important modulators of retina development are extrinsic cues and the 

intracellular signalling pathways they trigger (reviewed in Belliveau and Cepko, 1999; Yang, 

2004). These extrinsic cues that act as cell-to-cell communication molecules include: growth 

factors, such as insulin and insulin-like growth factor (IGF), growth and differentiation factor 

11 (GDF11), transforming growth factor (TGF) -α and –ß, members of the FGF family, 

neurotrophins - brain derived neurotrophic factor (BDNF), NGF, neurotrophin 3 (NT-3) and 

neurotrophin 4/5 (NT4/5)-; vascular-endothelial growth factor (VEGF), and cilliary 

neurotrophic factor (CNTF); other molecules initially described as morphogens, like sonic 

hedgehog (Shh) and bone morphogenetic proteins (BMP); Notch ligands; and others, like 

leukaemia inhibitory factor (LIF). 

Many studies have addressed these issues and distinct modes of action can be 

distinguished: 1/ factors that control the timing of progenitor cell competence by directly 

influencing the expression of transcription factors in RPCs; 2/ factors that act as mitogenic 

factors on RPCs and as inductors of neural differentiation of particular cell types; 3/ factors 

that maintain the progenitor state of RPCs and influence their cell fate choices; 4/ soluble 
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factors produced by postmitotic neurons that provide feedback inhibition to RPCs to regulate 

their proliferation and cell fate choices; 5/ factors that act on postmitotic cells to influence cell 

fate; and 6/ factors that support the survival of retina cells. The precise sequence of 

expression and action of all the existing cell-to-cell communication molecules in the retina is 

not yet fully understood, and the comprehension of how the combination of such factors 

affects retina development through space and time is far from being complete. 

 

Cell cycle exit and cell division mode 

Appropriate terminal exit from cell cycle is important for determining the size of 

organisms, the size of their individual organs and their cellular composition. From the 

knowledge on intrinsic and extrinsic determinants of cell fate acquisition and cell 

differentiation in the retina, it is clear that RPCs proliferation must be precisely regulated in 

the retina as it is in other CNS structures (Cremisi et al., 2003; Cunningham and Roussel, 

2001; Dyer and Cepko, 2001a; Ohnuma and Harris, 2003).  

Several studies have addressed the role of proteins involved in cell cycle regulation in 

retina development and their major conclusions can be summarized as follows: i) RPCs are 

heterogeneous in terms of the proteins they express and this might reflect distinct 

proliferative capacities (Levine et al., 2000; Dyer and Cepko, 2001; Sicinski, 1995); ii) these 

proteins promote the acquisition of different cell fates, for instance, p57kip2 of amacrine cells 

(Dyer and Cepko, 2001b) and p27kip1 of Muller and Bipolar cells (Dyer and Cepko, 2000b; 

Ohnuma et al., 1999); and iii) several compensatory mechanisms exist to prevent minor 

perturbations in cell-cycle exit (Geng et al., 2001; Tong et al., 2001).  

The orientation of the mitotic spindle plays an important role in the outcome of cell 

divisions in some CNS structures (Martin, 1967). In the case of the retina, asymmetric cell 

divisions have been observed in rats (Cayouette and Raff, 2003), although no direct 

evidences exist yet that link precise orientation of the mitotic spindle to acquisition of cell fate. 

Despite, the field of cell polarity and positional polarity within the retina neuroepithelium are 

emerging as new areas of research in the field (Malicki, 2004). 

 

Programmed cell death 

Correct execution of programmed cell death (PCD) is also a crucial event in retina 

development, as cells are produced in excess during neurogenesis and are eliminated 
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afterwards in a series of ordered apoptotic waves to maintain the structure size and function 

(Cellerino et al., 2000; de la Rosa and de Pablo, 2000; Young, 1984).  

Retina developmental PCD can be classified into three categories according to the 

developmental phase in which they occur: 1/ morphogenetic cell death, related with optic 

vesicle evagination, optic cup invagination and optic fissure closure; 2/ early neural cell 

death, affecting mitotically active cells and newly postmitotic neuroblasts; and, 3/ 

neurotrophic cell death, affecting differentiated neurons. Morphogenetic cell death is involved 

in retina shape and in facilitating the exit of optic fibers through the optic stalk (Morcillo et al., 

2006; Ozeki et al., 2000). In early neuronal cell death, PCD is a way of regulating the size of 

the RPC population and as a quality control of errors during cell division and specification 

(Boya and de la Rosa, 2005; de la Rosa and de Pablo, 2000; Yao et al., 2006). Finally, 

neurotrophic cell death is necessary for the selective removal of neurons that have migrated 

to an ectopic position, have innervated inappropriate targets, or have not established correct 

axonal connections (Bahr, 2000; Pettmann and Henderson, 1998; Young, 1984).  

PCD of retinal ganglion cells has been extensively studied, mainly because they are 

the first-born cell type in the retina and the only ones projecting to the brain (Farah, 2006; 

Farah and Easter, 2005; Galli-Resta and Ensini, 1996; Guerin et al., 2006; Isenmann et al., 

2003). More than half of the generated ganglion cells are lost at one point, either at 

embryonic stages coinciding with the onset of neurogenesis, neuronal migration and initial 

axon outgrowth, or at postnatal stages coinciding with the phase of tectal and thalamic 

innervation, and with the time of synapse formation within the retina. Regarding other inner 

retina cell types, waves of cell death have been described following the ordered waves of 

generation for each cell type and associated to cell differentiation and neuronal networks 

refinement (Young, 1984). The formation of the OPL at PND5 divides the rod population in 

two: one residing in the outer part of the ONL that show sporadic and very rare cell death, 

and another that migrates towards the inner part of the retina where the majority of cells die 

(Young, 1984). This percentage of rods that die by developmental PCD represents a small 

minority within the photoreceptor population. The maximum period of photoreceptor death is 

associated to their metabolic activation and function, starting at PND10 (Mervin and Stone, 

2002).  

The phenotypic analysis of genetically modified mice has highlighted the relevance of 

many transcription factors, neurotrophic factors, cell-death regulating factors, and caspases 

for developmental PCD in the mouse retina (reviewed in Boya and de la Rosa, 2005; 

Cellerino et al., 2000; Farah and Easter, 2005; Guerin et al., 2006; Isenmann et al., 2003; 

Vecino et al., 2004). These mutant mice and their retina phenotype are listed in Table I6. 
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Table I6. Alterations in Developmental PCD of genetically modified mice  

Gene Apoptosis Retina Phenotype Reference 

Caspase-3-/- Decreased  Increased number of cells at PND but normal 
retina size in adults 

(Kuida et al., 1996; Zeiss et 
al., 2004) 

Caspase-1-/- Decreased  No alterations in basal conditions, decreased after 
retinal injury 

(Arai et al., 2006) 

Apaf-1-/- Decreased  Increased number of cells (E12.5-E14.5) (Cecconi et al., 1998; 
Yoshida et al., 1998) 

Dlx1-/- Dlx2-/- Increased  Increased number of apoptotic cells (E13.5-
E16.5) and decreased number of ganglion cells 

(E18.5-PND0) 

(de Melo et al., 2005) 

Phosphatidylserine 
receptor -/- 

Increased  Increased number of apoptotic cells (E17.5) (Li et al., 2003) 

Tlx-/- Increased  Increased number of apoptotic cells (E16.5-
PND7) and increased GCL size at PND0, but 

decreased retina thickness at PND28 

(Miyawaki et al., 2004) 

Bax-/- Decreased  Increased number of inner retina cells (PND2-
adult) and optic nerve fibers  

(Pequignot et al., 2003) 

Bax-/- Bak-/- Decreased  Increased number of inner retina cells in adults 
and ectopic rods in the INL  

(Hahn et al., 2003; Mosinger 
Ogilvie et al., 1998) 

Bim-/- Decreased  Increased number of inner retina cells (PND0-8) 
but normal numbers in adults  

(Doonan et al., 2007) 

Bcl2-/- Increased  Decreased numbers of ganglion cells after PCD 
period (PND10-15)  

(Cellerino et al., 1999) 

Nestin-cre; 
survivinlox/lox 

Increased  Increased TUNEL+ cells (E17.5) (Jiang et al., 2005) 

Tg bcl-2  Decreased Increased numbers of ganglion, bipolar, amacrine 
and horizontal cells (adult)  

(Bonfanti et al., 1996; 
Strettoi and Volpini, 2002) 

Tg bax  Normal Normal numbers of ganglion cells  (Bernard et al., 1998) 

p75NTR -/- Decreased  Decreased number of apoptotic cells (E15.5) but 
normal retina size at birth 

(Frade et al., 1999; Harada 
et al., 2006) 

NGF -/- Decreased  Decreased apoptotic levels (E15.5) by the 
nucleosome assay 

(Frade and Barde, 1999) 

BDNF-/- Increased  Normal ganglion cell numbers, reduced size of 
the optic nerve and hypomyelination 

(Cellerino et al., 1997) 

BDNF-/- NT4-/- Increased  Increased number of apoptotic ganglion cells 
(PND2) 

(Harada et al., 2005; Pollock 
et al., 2003) 

TrkB-/- Increased  No alterations in ganglion cell axons, but altered 
numbers of cell types in adults  

(Pollock et al., 2003; Rohrer 
et al., 2001; Turner et al., 

2006) 

Bhlhb4-/- Increased Increased number of Casp3+ cells (PND8-10), 
decreased INL thickness in adults 

(Bramblett et al., 2004) 

BMPR1b-/- Increased Increased number of apoptotic cells in the INL 
(PND7), decreased bipolar cell numbers in adults 

(Liu et al., 2003) 

Brn3b-/- Islet1-/- Increased Increased number of Casp3+ cells (E17.5), 
decreased number of ganglion cells and optic 

nerve thickness in adults 

(Pan et al., 2008) 

Wt1-/- Increased  Increased number of apoptotic ganglion cells 
(PND2) 

(Wagner et al., 2002) 

FasL-/- Decreased  Decreased number of apoptotic cells (PND2-15) (Pequignot et al., 2003) 
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but no alterations in cellularity in adults  

Rb-/- Increased  Increased number of Casp3+ cells (E18.5) and 
decrease number of ganglion cells in adults 

(MacPherson et al., 2004) 

TGFßII-/- TGFßIII-/- Reduced Decreased number of TUNEL+ cells (E14.5) and 
increased INL cellularity (E14.5) 

(Dunker and Krieglstein, 
2003) 

IRS-2-/- Increased  Increased number of apoptotic cells (PND7-21) 
and decrease number of photoreceptors in adults 

(Yi et al., 2005) 

E, embryonic day; PND, postnatal day; INL, inner nuclear layer; GCL, ganglion cell layer; Casp3, caspase-3 
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Hypothesis and Objectives 

The main objective of this Doctoral Thesis project was to gain insight into the 

molecular mechanism underlying the impact of DYRK1A gene dosage imbalance in central 

nervous system development, and into the roles of DYRK1A in the nervous system.  

As a working hypothesis, it was proposed that alterations of DYRK1A dosage, either 

due to truncating mutations or to the presence of extra-copies, severely disturb the 

development of the nervous system, and that these disturbances might contribute to the 

clinical manifestations of chromosome 21 aneuploidies. 

The hypothesis was raised based on the following evidences: first, DYRK1A is located 

in the Down syndrome critical region in human chromosome 21, and is expressed in the 

developing brain; second, Dyrk1A null embryos and hemizygous mutant adult mice show 

severe morphological alterations in several central nervous system structures; and third, loss- 

and gain-of function Dyrk1A mice show altered brain functions, demonstrating that this is a 

dosage-sensitive gene.  

The mouse retina has been used as a model system to address the hypothesis. The 

particular objectives are detailed below; some of them were formulated during the process of 

this work according to the results obtained and to the data published by other groups.  

i) To define the expression pattern of DYRK1A in the developing and adult mouse 

retina. 

ii) To analyse the effects of DYRK1A gene dosage variation in adult and developing 

retina using transgenic mouse models of loss- and gain-of DYRK1A function. 

iii) To identify the cellular and molecular mechanism underlying the structural and 

functional alterations found in retinas from Dyrk1A mutant mice. 
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1- Mouse handling 

 

1.1- Mouse breeding  

Five different genetically modified mouse lines have been used in this study. Four of 

them are gain-of-function models overexpressing DYRK1A, either alone (TgBAC-Dyrk1A), 

with other four genes from HSA21 (TgYAC152f7), or in combination with around 150 genes 

from MMU16 (Ts65Dn). The Dyrk1A loss-of-function model was generated in the laboratory 

by gene targeting (Fotaki et al., 2002). The different breeding conditions for each mouse line 

are described in detail below. 

To analyze the impact of Dyrk1A loss-of-function in the retina, mice heterozygous for 

the mutation (Dyrk1A+/-) were chosen for this work because Dyrk1A knockout mice die 

between E9.5 and E13.5, at the onset of retinogenesis. Mice were maintained in a 

C57BL/6Jx129S2/SvHsd (C57-129) mixed genetic background and in a CD-1 background. 

Experiments were done using Dyrk1A+/- mice and wild-type (Dyrk1A+/+) littermates obtained 

by crossing F1: C57-129 wild-type females (Harlan Ibérica, S.L.) with C57-129 Dyrk1A+/- 

males. Additional studies were also done using siblings from crosses between CD-1 wild-type 

females (Charles River) and Dyrk1A+/- males. The experiments performed in both sets of 

mice show similar results independently of the genetic background.  

The generation of the transgenic line expressing the full-length cDNA of rat Dyrk1A 

gene (TgDyrk1A) under the control of the inducible sheep metallothionein-Ia (sMt-Ia) 

promoter, has been described previously (Altafaj et al., 2001). Dr. Cristina Fillat at the CRG 

kindly provided this transgenic line for this work. The retina phenotype was analyzed in the 

progeny resulting from crosses between heterozygous TgDyrk1A males (line 33) and F1: 

C57B6/6 x SJL wild-type females (Charles River). Males from line 33 were used as this line 

shows severe learning and memory impairments that agree with the reported clinical 

observations in subjects with DS (Altafaj et al., 2001). The inbreed SJL strain is homozygous 

for the recessive rd1 mutation in the rod cGMP phosphodiesterase 6B gene (Pde6b) that 

causes early retina degeneration in mice (Chang et al., 2002). Therefore, and as the founder 

transgenic male used was not previously analyzed for the presence of the rd1 mutation, we 

genotyped all mice for this mutation by PCR analysis followed by DdeI enzyme digestion 

(Pittler and Baehr, 1991), and mice homozygous for the rd1 mutation were excluded from the 

analysis. 
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Dr. Jean Maurice Delabar (Université Paris Diderot, Paris, France) has generated 

mice expressing the full-length mouse Dyrk1A gene under the control of its endogenous 

promoter (TgBAC-Dyrk1A). These mice were obtained after microinjection of an ES cell line 

carrying a BAC that contains the entire Dyrk1A gene (Mao et al., 2007), into C57BL/6 

blastocyts. Dr. Delabar kindly provided this transgenic line for this work. The retina phenotype 

of these mice was analyzed in the F9 progeny resulting from crosses between TgBAC-

Dyrk1A mutant males and C57BL/6 wild-type females (Charles River). 

The generation of transgenic lines expressing the YAC clone 152f7 (TgYAC152f7), 

which contains a region of HSA21 including DYRK1A and other four genes, has been 

described previously (Smith et al., 1995). Two different TgYAC152f7 lines were used in this 

study: line A containing 3 copies of the YAC DNA and line B containing only one copy 

(Branchi et al., 2004). Line A was obtained from the European Mouse Mutant Archive 

(EMMA), and line B was kindly provided by Dr. Delabar. Both lines were generated in the 

inbred FVB strain, which is homozygous for the recessive rd1 mutation. In order to 

circumvent this alteration, the analysis of the visual phenotype of these mice was done in the 

progeny resulting from crosses between FVB TgYAC152f7 males and C57BL/6 wild-type 

females (Charles River). To generate mice transgenic for the YAC clone 152f7 and disomic 

for the DYRK1A gene, crosses were performed between line B FVB TgYAC152f7 

(TgYAC152f7-B) males and CD-1 Dyrk1A+/- females.  

The generation of Ts65Dn mice has been described previously (Reeves et al., 1995). 

Ts65Dn mouse are the most commonly used and best-characterized mouse model of DS, 

and carries a segmental trisomy of MMU16 of around 150 genes that has conserved 

syntheny with a region of HSA21 that includes the DSCR. These mice are maintained by 

crossing Ts65Dn females with F1: C57BL/6JEixC3H/HeSnJ (B6EiC3Sn) (Charles River) wild-

type males. Dr. Carmen Martinez-Cue (Universidad de Cantabria, Santander, Spain) sent us 

fixed trisomic and wild-type eyes to study their retina phenotype. To obtain Ts65Dn mice 

disomic for the Dyrk1A gene, crosses were performed between Ts65Dn females and C57-

129 Dyrk1A+/- males. 

To collect embryos and postnatal animals at the appropriate developmental stage for 

our experiments, controlled matings were set up. Two females (6 weeks to 4 months of age) 

were placed in one cage with a single male. In the morning after the mating, females were 

checked for the presence of a copulation plug in the vagina and were then removed from the 

male cage. The day on which the plug was detected was considered embryonic day 0 (E0), 

and the day of birth as postnatal day (PND) 0. Additional litters of OF-1 wild-type mice 

(Charles River) were used for the experiments with freshly isolated PND5 whole-retinas. 
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 Genotyping was performed by PCR analysis using tail genomic DNA as described 

bellow (see 3.2 in DNA manipulation techniques). The phenotype of the mutant mice in the 

different models was compared to that of the corresponding wild-type littermates as controls. 

All animals were maintained in the PRBB-Parc de Recerca Biomèdica de Barcelona 

animal facility. The housing conditions were under a 12:12 hour light-dark schedule (lights 

one at 8:00 a.m.) in controlled environmental conditions of humidity (60%) and temperature 

(22ºC ± 2ºC) with food and water ad libitum. All experimental procedures were carried out 

following protocols approved by the IMIM or PRBB ethic committees. 

 

1.2- In vivo labelling of retinal projections  

To analyze the neuronal projections from the retina to the target structures in the 

brain, in vivo injections of the anterogradely transported neuronal tracer cholera toxin B 

subunit (CTB) were performed into the eyes of adult Dyrk1A+/- and Dyrk1A+/+ mice. First, mice 

were deeply anesthetized with an intraperitoneal (I.P.) injection of a solution of ketamine (100 

mg/Kg) and xylazine (10 mg/Kg) at a dose of 0.02 ml/g body weight. With the help of a 

magnifying glass, a little hole was made in the cornea with a 26G needle and 3 µl of the CTB 

conjugated to Alexa Fluor 488 or Alexa Fluor 594 (1 mg/ml; Molecular Probes) were injected 

to the right or left eyes, respectively, with a 5µl syringe (Hamilton #75). The injection of 

different fluorochromes to each eye allows the analysis of both the ipsi- and contralateral 

projection of each eye into the superior colliculus (SC) in the mesencephalic tectum, and in 

the dorsal lateral geniculate nucleus (dLGN) in the thalamus. Animals were kept on a heating 

pad maintained at 37°C until they recover from the anesthesia. Alter 24 hours, animals were 

transcardially perfused and the retinotectal projections in the brain analyzed as described 

bellow. 

 

1.3- Histology techniques 

Tissue preparation 

To obtain optic cup sections at embryonic stages, pregnant females were sacrificed 

by cervical dislocation and the embryos removed from the uterus. Embryo heads were then 

dissected and fixed by immersion in 4% (w/v) paraformaldehyde (PFA) in 0.1 M phosphate 

buffer (PB) (pH 7.4) for 24 h at 4ºC. After rinsing in PBS, they were cryoprotected in 30% 

(w/v) sucrose in PBS for 24 h at 4ºC, embedded in 7.5% (w/v) gelatine from bovine skin 
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(Sigma) – 15% (w/v) sucrose for 24 h at 37ºC and frozen at -40ºC with isopentane (Panreac), 

previously cooled with dry ice. To obtain embryo head series, frozen samples were placed on 

an OCT-base and 14 µm cryostat horizontal sections were obtained with a Leica CM3050S 

cryostat. Sections were collected on Starfrost precoated slides (Knittel Glasser) and 

distributed serially such that adjacent sections within a series were 168 µm apart. Each 

series comprised between 6 and 12 head sections, depending on the developmental stage, 

and covered the complete optic cup.  

To obtain eye sections from PND0 to PND3 mice, animals were sacrificed with an 

overdose of isofluorane, and then the eyecups dissected and fixed by immersion in 4% PFA 

for 24 h at 4ºC. Mice from PND6 to old adults were deeply anesthetized and transcardially 

perfused with 4% PFA in PB at room temperature (RT). Brains and eyecups were removed 

and post-fixed by immersion in the same fixative for 24 h at 4ºC, and after fixation, rinsed 

twice in PBS. Eyecups were dehydrated in an ethanol gradient (70% (v/v) ethanol (Panreac) 

in distilled water for 3 h, 96% for 12h and 100% for 4h), and embedded in paraffin (Merck). 

Transversal sections (5 µm) were obtained using a rotary microtome Leica RM2135 and only 

sections containing the optic nerve were collected on 10% (v/v) poly-L-lysine (Sigma) coated 

slides.  

To obtain optic nerve semithin sections, nerves from adult mice were removed from 

fixed enucleated eyes, cut into 2-3 pieces, postfixed for 1 h in 2% (w/v) OsO4, dehydrated in 

graded concentrations of ethanol and finally embedded in Epon 812. Serial semithin sections 

(0.5 µm) were obtained using a rotary microtome Leica RM2135 and collected on 10% (v/v) 

poly-L-lysine (Sigma) coated slides. 

To obtain adult brain sections, mice were deeply anesthetized and transcardially 

perfused with 4% PFA in PB at RT, then brains were removed and post-fixed as indicated 

above. After fixation, brains were cryoprotected in 30% (w/v) sucrose in PBS for 24-48 h at 

4ºC and frozen at -40ºC with previously cooled isopentane (Panreac). Frozen samples were 

placed on an OCT-base and coronal free-floating 40-50 µm cryostat sections were collected 

in 48-well plates with a cryoprotective solution (40% v/v gylcerol – 40% v/v etylenglycol in 

PBS) that allowed long-term storage at -20ºC.  

 

Immunostaining  

Prior to the immunohistochemical procedure, paraffin sections were dewaxed and 

gelatine cryosections were incubated in PBS at 37ºC for 15 min. Immunohistochemistry was 

done using the avidin-biotin-peroxidase method (Vectastain ABC kit, Vector Labs). Briefly, 



Experimental Procedures 
 

 47 

endogenous peroxidase activity was blocked with 3% H2O2 (v/v) and 10% (v/v) methanol in 

PBS for 30 min at RT. The immunoractivity of some antibodies was enhanced in sections 

after boiling for 10 min in sodium citrate buffer (2 mM citric acid monohydrate, 8 mM tri-

sodium citrate dihydrate, pH 6.0) before blocking and incubation with primary antibodies. 

Sections were incubated in blocking buffer (BB: 0.2% Triton-X100 and 0.25% (w/v) gelatin 

from bovine skin (Sigma) in PBS) containing 10% fetal bovine serum (FBS, Invitrogen) for 2 h 

at RT. Sections were then incubated with the primary antibody in BB containing 1% FBS 

overnight at 4ºC. After washing in PBS, sections were incubated with the corresponding 

biotinylated secondary antibody (1:200; Vector Labs) in BB containing 1% FBS, washed and 

incubated with an avidin-biotin-peroxidase solution (Vectastain ABC kit, Vector Labs) 

according to manufacturer’s indications. Peroxidase activity was visualized with 0.03% 

diaminobenzidine (Sigma) and 0.003% hydrogen peroxide. All samples were counterstained 

with Mayer’s Hematoxilin (Merck) to visualize non-immunopositive cells, dehydrated and 

mounted in Eukitt mounting medium (Sigma). 

For double immunofluorescence in tissue sections, 5% (w/v) BSA (Fraction V, 

Calbiochem) and 0.5% (w/v) glycine (Sigma) were added to BB to reduce background 

fluorescence. Incubations with primary and secondary antibodies and washings were done 

as described above.  

Immunofluorescence on whole-mount retinas was done as follows: after fixation in 4% 

PFA for 1 h at RT, retinas were permeabilized and blocked in 0.5% Triton X-100 – 10% FBS 

in PBS, the primary antibody was incubated for 48 h at 4ºC in 0.5% Triton X-100 and 1% 

FBS in PBS, and the secondary antibody for 2 h at RT in 0.5% Triton X-100 and 1% FBS in 

PBS.  

For immunofluorescence assays in cell lines, cells were plated on 35- mm dishes 

(7x105 cells) containing 10-mm round glass coverslips, transfected and processed 48h post-

transfection. Cells were fixed with 4% PFA in PBS for 15 min at RT, permeabilized with 0.1% 

Triton X-100 in PBS for 10 min, blocked with 10% FBS in PBS for 30 min, incubated with the 

primary antibody diluted in 1% FBS in PBS for 1 h at RT, and incubated with the secondary 

antibody diluted in 10% FBS in PBS for 45 min at RT in darkness conditions.  

Secondary antibodies used for immunofluorescence were Alexa Fluor 555-conjugated 

donkey anti-mouse, anti-goat or anti-rabbit IgG, and Alexa Fluor 488-conjugated donkey anti-

mouse or anti-rabbit IgG (1:400; Molecular Probes). Cell nuclei were stained with 4'6’-

diamidino-2-phenylindole (DAPI; 0.2 µg/µl; Vector Labs) or TOPRO-3 Iodide (1:1000; 

Molecular Probes). Samples were mounted using Vectashield or Mowiol mounting mediums. 
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In all cases, the specificity of the immunoreaction was tested by omitting the primary 

antibody. No immunoreaction was detected in these samples. Samples from animals of 

different genotype were processed in parallel to avoid day-to-day variations in the 

immunostaining.  

Epifluorescence images were viewed under a Leica DMR microscope, and acquired 

with a Leica DC500 camera (bright-field images) or a Leica DFC300 FX camera 

(fluorescence images). Confocal images were taken at the Confocal Service Unit of the 

Universitat Pompeu Fabra (Barcelona, Spain) in a sequential mode with an inverted Leica 

TCS SP2 confocal microscope, using a HCX PI APO 40x 1.32 oil Ph3 CS objective and the 

Leica Confocal Software (LCS). Whole-retina immunofluescence images were viewed under 

a Zeiss Observer.Z1, using a Pan-APO 63x 1.4 oil objective, and acquired with an AxioCam 

MRm camera and ApoTome technology. 

 

Table 1. List of primary antibodies used for immunostaining 

Antibody  Host 
Species 

Working Dilution Citrate 
buffer 

Source 

Bassoon mAb mouse 1:500 YES Stressgen 

Brn3b pAb goat 1:200 YES Sta Cruz Tech. 

Calbindin pAb rabbit 1:10000 NO Swant 

Calretinin pAb rabbit 1:3000 NO Swant 

Active Caspase-3 mAb (C92-605) rabbit 1:1000 YES BD Pharmigen 

Active Caspase-9 pAb rabbit 1:500 YES Cell Signaling 

Chx10 pAb sheep 1:200 YES Exalpha Biologicals 

Cyclin D3 pAb rabbit 1:200 YES Sta Cruz Tech. 

DYRK1A pAb rabbit 1:100*/1:50** YES In-house generated 

DYRK1A mAb (7D1O) mouse 1:500*/1:100** YES Abnova Corporation 

Pax6 mAb (P3U1) mouse 1:50 YES DSHB 

PCNA mAb (PC10) mouse 1:250 YES DAKO 

PhosphoHistoneH3 pAb rabbit 1:500 YES Upstate 

PKCα  mAb (MC5) mouse 1:500 YES Sigma 

PKCα  pAb rabbit 1:250 YES Oxford Biomedical 

Synaptophysin mAb (SVP-38) mouse 1:3000 NO Sigma 

Syntaxin mAb (HPC.1) mouse 1:1000 NO Sigma 

Antibody dilution used for *cultured cells immunofluorescence and for **tissue section immunostaining. 
mAb, monoclonal antibody; pAb, polyclonal antibody. 
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Morphometry and cell number counts  

Retina 

Paraffin sections from adult eyes stained with 0.5% (w/v) cresyl violet acetate (Sigma) 

were used to obtain quantitative data on morphological parameters of the retina by means of 

stereological techniques. Only medial sections, which were defined as transversal sections 

containing a complete section of the optic nerve opposed to the cornea, were considered for 

the analysis. For each section we estimated: i) the density of cells in both nuclear layers; ii) 

the total number of cells in the ganglion cell layer; iii) the size of each layer relative to the 

total length of the retina; and iv) the mean soma diameter of cells in each nuclear layer.  

Cell densities in retina nuclear layers were calculated by counting the cells included in 

a dissector. Approximately forty and eighty dissectors were counted in the ONL and in the 

INL, respectively, in 2-3 half-retina sections per animal, giving a coefficient of error (CE) of 

less than 10%. The numerical density of cells in the retina was estimated by dividing the total 

count (SQ-), in the uniformly sampled dissectors, by the total number of dissectors (F) that 

occurred in the reference space multiplied by the area of the dissector (147.8 µm2). 

Dissectors whose upper right corner was not within the sampled area were not included in 

the total number of dissectors. Nuclei touching either of two predetermined adjacent sides of 

the rectangular dissector frame were not included in the count. To obtain a more accurate 

measurement of cell density (N) we applied the Abercrombie correction (Wygnanski et al., 

1995), which considers the thick of the section and the mean diameter of sampled cells. The 

mean section thickness was estimated from the microcator readings, performed by focusing 

from top to bottom surfaces of the tissue.  

At embryonic stages, sections from one complete series covering the complete optic 

cup were stained with cresyl violet acetate. The thickness of the retina was measured 

systematically in different regions from peripheral to medial retina, and averaged. In each 

section, the area of the neuroretina was calculated with the “Area” tool in the CAST GRID 

software after the observer had delimitated the area of interest with the drawing tool.  

Retina measurements and cell counts were performed using a Olympus BX51 

microscope, with a JVC digital colour video camera and an interactive computer system 

consisting of a high-precision motorized microscope stage, a microcator for reading z-

positions (Heidenhain MT-12 gauge microcator) and a high resolution video monitor. The 

objectives used were planachromatic 40x (S-Plan 40, Olympus) and a planachromatic 100x 

oil immersion lens with a numerical aperture of 1.4 (S-Plan Apo 100, Olympus). The 
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interactive test grids and control of the monitorized stage were provided by the CAST GRID 

general stereological software package (Olympus) for PCs running Microsoft® WindowsTM. 

The total number of immunopositive cells for PKCα, cyclin D3, calbindin, calretinin 

and Brn3b in the retina of adult mice was counted in 2-3 complete medial retina sections per 

animal. The relative number of immunopositive cells for PKCα, cyclin D3, calbindin, calretinin 

and Brn3b in the retina of adult mice was estimated by counting immunopositive cells and 

total cells (stained with hematoxylin) within a layer on 10 fixed sample areas (154 µm x 116 

µm) distributed systematically from peripheral to medial retina from 2-3 sections per animal.  

To estimate the number of Brn3b positive cells in E14.5 retinas we calculated the area 

immunostained with the Brn3b antibody relative to the total nuclear (hematoxilin stained) 

retina area measured using the colour-threshold function in ImageJ software from medial 

retina sections. The numbers of active caspase-3 (Casp3), active caspase-9 (Casp9), 

phospho-HistoneH3 and Brn3b positive retina cells from E14.5 and E18.5 embryos and from 

PND1 animals were calculated by counting the immunopositive cells in one complete series 

and multiplying by the number of series that completely covered the optic cup (6 for E14.5, 

12 for E18.5, and 12 for PND1). The numbers of active caspase-3, phospho-HistoneH3 and 

Brn3b positive cells in retinas from PND3, PND6 and PND16 animals were estimated from 

the number of immunopositive cells in at least 3 medial sections per animal. The numbers of 

active Casp3 and active Casp9 positive cells in whole-mount retinas were estimated from the 

number of immunopositive cells in at least 4 fields around the optic nerve head per retina. 

 

Optic Nerve 

The morphometrical evaluation of optic nerves was performed in collaboration with Dr. 

Eduardo Fernández (Universidad Miguel Hernández, Elche, Spain). Eight to ten microscopic 

fields in serial semithin sections stained with toluidine blue were analyzed for each nerve. 

Each field spanned approximately 50 x 50 µm and represented about 15–20% of the cross-

sectional area of the nerve. Estimation of optic nerve cross-sectional areas and axon 

numbers were done as follows: image fields were digitalized using a COHU high-resolution 

camera and then processed using the NIH Image Program (http://rsb.info.nih.gov/nih-image) 

and a modified version of a software program designed to study axonal morphometry 

(Branner et al., 2001; Fernandez et al., 1991). Axonal counts were performed using the 

Cavalieri 3.0 macros (Glen MacDonald, Virginia Merril Bloedel Hearing Research Center, 

University of Washington). 
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Brain areas of retinotectal projection  

To analyze the retinal projections into the brain after their in vivo labelling with 

fluorochrome conjugated-CTB, coronal brain cryosections from the SC to the dLGN were 

mounted on gelatinized slides and a solution of Mowiol with DABCO (25 mg/ml; Sigma) was 

used as mounting medium. Labelled retinotectal projections in the mesencephalum were 

visualized in a Leica TCS SP5 confocal microscope. The comparison of the projection areas 

between Dyrk1A deficient mice and wild-types was performed on the taken images and 

considering: i) the distribution of the fluorescent signal within the normal areas corresponding 

to ipsi- and contralateral projections; ii) the presence of ectopic projections; iii) the 

segregation of ipsi- and contralateral axons within the SC and the dLGN; and, iv) the 

estimated extension of the projection in the rostro-caudal axis, as a function of the number of 

sections showing fluorescent signal, and the extension of projection in the lateral-medial axis, 

as a function of the distance between the limit of the projection of the limit of the brain 

section, both laterally and medially.   

 

Transmission electron microscopy 

The analysis of adult mouse retina and optic nerve by transmission electron 

microscopy (EM) was done at the laboratory of Dr. Eduardo Fernández. For EM experiments, 

2% (v/v) glutaraldehyde (Sigma) was added to the 4% PFA fixative solution. Eyes were then 

enucleated and the eyecups and optic nerves post-fixed overnight in the same fixative 

solution. Several retina strips (1 x 2 mm) were dissected from the central vertical meridian 

with a sharp blade, and the optic nerves were cut into 2-3 pieces. Retina strips and optic 

nerve pieces were osmicated for 1 h in 2% (w/v) OsO4, stained with 1% (w/v) uranyl acetate, 

dehydrated in graded concentrations of ethanol, and embedded in Epon 812. Thin sections 

(60-80 nm thick) were obtained with a Reichert Ultracut ultramicrotome equipped with a 

diamond knife. Sections were stained with uranyl acetate and lead citrate, and examined with 

a Zeiss EM10 electron microscope.  

 

1.4- Functional studies 

The optomotor test 

The behavioural optomotor tests were done at the laboratory of Dr. Pedro de la Villa 

(Universidad de Alcalá, Alcalá de Henares, Spain) essentially as described in Abdeljalil et al. 
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(2005) and Stahl (2004). Briefly, mice were dark-adapted and placed on a platform at the 

centre of a rotating drum. After 1 minute of adaptation, the drum was rotated clockwise and 

anticlockwise for 2 minutes each with a 10 second break in between. The test was reiterated 

with black and white stripes of different spatial frequencies (0.125, 0.25, 0.375, 0.5, 0.75) 

covering the whole drum. The test was first completed under dim red illumination to maintain 

the animal in the dark-adapted state, and then repeated under photopic conditions to get 

mice adapted to light conditions. The animal behaviour was recorded on an infrared sensitive 

camera (Sony Digital Handycam, DCR, TRV16E), and the number of head trackings counted 

on a large video monitor as a measure of the animal response to changes in its surrounding 

environment, and thus, its visual capacity.  

 

Electroretinogram recordings 

The electroretinogram (ERG) experiments were done at the laboratory of Dr. Pedro 

de la Villa. Prior to ERG recording, and after being dark-adapted overnight, mice were 

anesthetized under dim red light with an I.P. injection of a solution of ketamine (95 mg/Kg) 

and xylazine (5 mg/Kg) and kept on a heating pad maintained at 37°C. The pupils were 

dilated by applying a topical drop containing 1% Tropicamide (Alcon Cusí). To optimize 

electrical recording, a topical drop of 2% Methocel (Ciba Vision G) was instilled in each eye 

immediately before placing the corneal electrode. Anesthetized animals were placed in a 

Faraday cage and all experiments were performed in absolute darkness. Eyelids were 

separated to optimize electrode application and light stimulation. Bipolar recordings were 

performed between an Ag:AgCl electrode fixed on a corneal lens (Burian-Allen electrode, 

Hansen Ophthalmic Development Lab) and a reference electrode located on the head skin. 

Ground electrodes were located in the tail and the nozzle.  

Flash-induced ERG responses were recorded from the left eye in response to light 

stimuli produced with a Ganzfeld stimulator. Intensities of light stimuli ranged from -4 to 1.52 

log cd·s·m-2, as measured with a photometer (Mavo Monitor USB) at eye level. For each light 

intensity, 4 to 64 consecutive light stimuli presentations were averaged. Rod mediated 

responses were recorded under dark adaptation and flashes ranged from -4 to -1.52 log 

cd·s·m-2. Mixed rod- and cone- mediated responses were recorded with light flashes that 

ranged from -1.52 to 0.48 log cd·s·m-2. Oscillatory potentials (OP) were isolated using white 

flashes of 0.48 log cd·s·m-2 at a recording frequency range of 100 to 1000 Hz. Cone 

mediated responses were recorded with light flashes that ranged from -0.52 to 2 log cd·s·m-2 

on a rod saturating background of 30 cd/m2. Flicker responses (20 Hz) were recorded under 

rod-saturating background with light flashes of 1.48 log cd·s·m-2. The ERG signals were 
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amplified and band filtered between 0.3 and 1000 Hz with a Grass CP511 AC amplifier 

(Grass Instruments). Electrical signals were digitized at 10 kHz with a Power Lab data 

acquisition board (ADI instruments). Recordings were saved on a PC and analyzed off-line. 

The amplitude of the a-wave was measured from the baseline to the trough of the a-wave, 

and b-wave amplitude was measured from the trough of the a-wave to the peak of the b-

wave.  

 

 

2- Generation and purification of antibodies  

Two in-house-generated rabbit polyclonal antibodies were purified and used in this 

wok: the anti-DYRK1A antibody, and a phospho-specific anti-DYRK1A antibody. 

The anti-DYRK1A antibody used for immunofluorescence staining is an in-house-

generated polyclonal antibody raised by immunizing rabbits with the carboxy-terminal region 

of rat DYRK1A protein (aminoacids 620 to 763) fused to glutathione S-transferase (GST) 

protein as described in Alvarez et al. (2007). Anti-DYRK1A immunoglobulins (Igs) were 

affinity purified from the rabbit serum using a column of GST beads where the fusion protein 

GST-DYRK1A, used in the immunization process, was covalently crosslinked. After several 

rounds of washes, only anti-DYRK1A Igs remain bound to the column and can be recovered 

after elution with an appropriate elution buffer, in this case, a pH 2.8 buffer provided by the 

manufacturer (GST Orientation kit, Pierce). Purified anti-DYRK1A immunoglobulins (Igs) 

were dialyzed into PBS and stored at -80ºC after addition of 1% BSA (bovine serum albumin, 

Fraction V). Considering high homology sequence (99%) between human and rodent 

DYRK1A proteins, the anti-DYRK1A antibody could recognize the protein from various 

organisms (see Figure R1 in Results section).   

The anti-DYRK1A phospho-specific antibody (PiS520) used to recognize 

phosphorylated DYRK1A at serine residue 520 is an in-house-generated polyclonal antibody 

generated as described in Alvarez et al. (2007). Briefly, rabbits were immunized with a 

synthetic phosphopeptide (SNSGRARpSDPTHQHR, where pS is a phospho-serine residue) 

conjugated to keyhole limpet hemocyanine. Anti-PiS520 DYRK1A Igs were purified from the 

rabbit serum using immunoaffinity using a column in which the phosphopeptide used as 

antigen was linked through a cysteine residue (SulfoLink kit, Pierce). Anti-PiS520 DYRK1A 

Igs were eluted in a buffer with pH 2.8 provided by the manufacturer, and dialyzed into PBS 

for long-term storage at -80ºC after addition of 1% BSA. 



Experimental Procedures 
 

 54 

3- DNA manipulation techniques 

  3.1- Transformation of plasmid DNA 

To prepare competent cells, we used the method described in Cohen (1972). The 

transformation efficiencies obtained with this method are around 106-107 colonies/µg of DNA. 

The competent bacteria cells used were from the Escherichia coli strain XL1-blue F’ (supE44 

hsdR17 (rk-mk+) recA1 endA1 gyrA96 thi-1 relA1 lac [F’ proAB+ laclqZDM15 Tn10 (Tetr)]) 

(Stratagene).  

 Frozen competent cells were thawed and kept for 20 min on ice; 1-10 µl of DNA were 

added to 50 µl of cells and kept for 20 min on ice. Cells were incubated for 90 s at 42ºC, put 

on ice for 5 min, resuspended in 200 µl of SOC media (20 g/l triptone, 5 g/l yeast extract, 10 

mM NaCl, 10 mM MgCl2, 10 mM MgSO4, 20 mM glucose) and incubated for 30-45 min in a 

shaker at 220 rpm and 37ºC. Finally, cells were plated on LB (Luria Broth medium)-agarose 

plates containing the appropriate antibiotic (ampicillin 100 µg/ml or kanamycin 30 µg/ml) and 

grown overnight at 37ºC. Transformation of DNA after site-directed mutagenesis was done 

with the bacteria supplied by the manufacturer and following its indications (Stratagene).  

Glycerol stocks from the transformed bacteria were prepared by adding 250 µl of 80% 

(v/v) glycerol (Sigma) in distilled water to 750 µl of bacterial culture, and frozen immediately 

at -80ºC. 

3.2- DNA extraction and purification  

Genomic DNA 

Genomic DNA was obtained from mice tail or embryo tissue using a phenol-

chlorophorm-based extraction method (Hogan, 1986) or the Extract-N-AmpTM Tissue PCR 

Kit (Sigma) for conventional PCR analysis. A NaOH-based extraction method from The 

Jackson Laboratory was used for real time PCR analysis and genotyping of Ts65Dn mouse. 

Mouse genotyping was done by conventional PCR amplification from genomic DNA 

as described and summarized in Table 2 (see references in Table 2), except for Ts65Dn 

mouse. In these mice, genotyping was done by a semi-quantitative PCR protocol based on 

the simultaneous amplification of two genes in the Ts65Dn chromosome (App and Mx1) and 

a control gene on another chromosome (ApoB), using specific primer oligonucleotides and 

Taqman probes (see Table 2 for sequences and reaction conditions) in a 7900 HT Fast Real-

Time PCR System apparatus (Applied Biosystems).  
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Table 2. List of oligonucleotide primers and PCR conditions used for genotyping  

Usage Primer 
Name Primer Sequence 5’-3’ Tº 

Annealing 
Nº 

Cycles 
Size* 
(bp) Reference 

Dyrk1A+/- NeoT-F ATTCGCAGCGCATCGCCTT
CTATCGCC 

58ºC 35 287 bp (Fotaki et al., 
2002) 

 MnbIV-V-R CGTGATGAGCCCTTACCTA
TG 

    

 MnbIV(3)-F AGAGTGGAGCAAGAA 
TGGGTC 

58ºC 35 146 bp  

 MnbIV-V-R CGTGATGAGCCCTTACCTA
TG 

    

TgDyrk1A TgDyrk1A-F GTCCAAACTCATCAATGTA
TC 

54ºC 32 500 bp (Altafaj et al., 
2001) 

 TgDyrk1A-R CTTGAGCACAGCACTGTTG     

TgBAC-
Dyrk1A 

3’Dyrk-I TGGGCCAAGCAGTTAGGA
GTTT 

66ºC 35 200 bp (Personal 
communication) 

 3’ Bac11-r CCATGATTACGCCAAGCTA
TTTAGG 

    

 5’ Dyrk-r ACCCCAGCTAACCAACATC
CAT 

66ºC 35 200 bp  

 5’ Bac11-u CCGGGGATCCTCTAGAGT
CG 

    

Rd1 
mutation 

W149-F CATCCCACCTGAGCTCACA
GAAAG 

58ºC 35 298 bp (Pittler and Baehr, 
1991) 

 W150-R GCCTACAACAGAGGAGCT
TCTAGC 

    

Ts65Dn ApoB-F CACGTGGGCTCCAGCATT 60ºC 40 74 bp The Jackson 
Laboratory 

 ApoB-R TCACCAGTCATTTCTGCCT
TTG 

    

 App1 TGCTGAAGATGTGGGTTC
GA 

60ºC 40 79 bp  

 App2 GACAATCACGGTTGCTATG
ACAA 

    

 Mx1 TCTCCGATTAACCAGGCTA
GCTAT 

60ºC 40 75 bp  

 Mx2 GACATAAGGTTAGCAGCTA
AAGGATCA 

    

 ApoB-Vic Vic-
CCAATGGTCGGGCACTGC

TCAA-Tamra 

    

 App-FAM 6FAM-
CAAAGGCGCCATCATCGG

ACTCA-Tamra 

    

 Mx1-FAM 6FAM-
TGGCTTTCCTGGTCGCTGT

GCA-Tamra 

    

All primers were used at 10 µM concentration. *Indicates the size of the amplicon in base pairs (bp). 
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Plasmid DNA 

DNA was extracted and purified from bacterial cultures using the Plasmid Mini Kit 

(Quiagen) for small-scale purification and the Plasmid Maxi Kit (Quiagen) for large-scale 

purification following manufacturer’s indications. Purified DNA was maintained in H2O for 

sequencing and other enzymatic applications, and in TE buffer (10 mM TrisHCl, 1mM EDTA 

pH 7.5-8.0) for its use in cell culture transfection experiments.  

 

3.3- DNA sequencing  

DNA samples were sequenced using the Big-Dye Terminator v3.1 kit (Applied 

Biosystems) and specific oligonucleotide primers (Sigma).  

PCR conditions used were the following: one cycle 94ºC 1’; and 28 cycles 94ºC 30’’, 

50ºC 30’’, 60ºC 4’. PCR reactions were purified using Sephadex G-50 columns (Pharmacia), 

dried in a Speed-vac without heat, and analyzed with an Abi 3100 Automatic Sequencer 

(Applied Biosystems) at the Sequencing Service of the Universitat Pompeu Fabra. 

 

Table 3. List of oligonucleotides used for sequencing reactions  

Target Primer Name Primer Sequence 5’-3’ 

pGEM-T T7 TAATACGACTCACTATAGGG 

 SP6 CGATTTAGGTGACACTATAG 

pGEX-4T3 GEX 5’ GGCTGGCAAGCCACGTTTGGTG 

 GEX 3’ CGGGAGCTGCATGTGTCAGAGG 

pOTB7 M13 F GTAAAACGACGGCCAGT 

 M13 R CCTTTGTCGATACTGGTAC 

pEGFP-C1 EGFP C CATGGTCCTGCTGGAGTTCGTG 

 EGFP R GATTATGATCAGTTATCTAGA 

All primers were used at 3.2 µM. 

 

3.4- Construction of recombinant expression plasmids  

The expression plasmids used for DYRK1A were previously described and are 

summarized in Table 4. 
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Table 4. DYRK1A expression plasmids 

Plasmid Description Reference 

pHA-DYRK1A Human isoform of 754 aa (Marti et al., 2003) 

pHA-DYRK1A/K179R Null kinase activity mutant by substitution of Lys 179 by Arg (Alvarez et al., 2003) 

pGFP-DYRK1A Human isoform of 754 aa (Alvarez et al., 2003) 

pGFP-DYRK1A/K179R Null kinase activity mutant by substitution of Lys 179 by Arg (Alvarez et al., 2003) 

pGST-DYRK1A Human isoform of 754 aa (Alvarez et al., 2007) 

pGST-DYRK1A/K179R Null kinase activity mutant by substitution of Lys 179 by Arg (Alvarez et al., 2007) 

 

The expression plasmids for Casp9 were generated using as template an IMAGE 

clone purchased from the RZPD German Resource Center for Genome Research. For the 

GFP-CASP9 and the GST-CASP9 expressing plasmids, the human Casp9 open reading 

frame was amplified by PCR using the IMAGE clone IRAUp969DO29D6 and specific 

oligonuleotide primers in order to create BamHI restriction sites at both ends. Taq 

polymerase from the Expand High Fidelity PCR System (Roche) was used in the PCR 

reactions. The PCR product was directly ligated to a pGEM-T Easy vector (Promega) 

following manufacturer’s indications. After BamHI digestion, the insert was purified using the 

QIAquick Gel Extraction Kit (Quiagen) according to manufacturer’s indications. Expression 

vectors, pEGFP-C1 (Clontech) and pGEX-4T3 (Amersham, GE Healthcare), were digested 

with BamHI, dephosphorylated by shrimp alkaline phosphatase (Roche) treatment and 

purified by phenol-chloroform (1:1 (v/v); Sigma) extraction. Ligations were carried out using a 

molar ratio of 1:3 (vector:insert) with T4 DNA ligase (Roche) overnight at 16ºC.  

To generate the GST-CASP9108-173 expression plasmid, a DNA fragment encoding 

amino acids 108-173 of human Casp9 was amplified by PCR using the same IMAGE clone 

as template with specific oligonucleotide primers. The PCR product was ligated in-frame into 

the BamHI site of pGEX-4T3 as previously described.  

Because the transfection of minimal amounts of Casp9-expressing plasmids into cells 

resulted in massive cell death, a catalytically inactive Casp9 mutant form was generated. A 

mutation at the active site of Casp9 (Cys287Ala) was introduced in the pGFP-CASP9 

expression plasmid by site-directed mutagenesis with CASP9C287A oligonucleotide and using 

the QuickChange Site-Directed Mutagenesis Kit (Stratagene) according to manufacturer’s 

instructions. Plasmids expressing GFP-CASP9/T125A, GST-CASP9/T125A and GST-

CASP9108-173/T125A, in which the Thr residue 125 in Casp9 has been replaced by an 

unphosphorylatable Ala residue, were generated by site-directed mutagenesis with 
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CASP9T125A oligonucleotide on the corresponding wild type vectors. Oligonucleotides for 

mutagenesis were all phosphorylated at their 5’-ends. 

All the plasmids generated by PCR or site-direct mutagenesis, as well as all the in-

frame fusions, were verified by DNA sequencing. 

 

Table 5. List of primers used for caspase-9 expression plasmids construction  

Plasmid Primer 
Name Primer Sequence 5’-3’ Tº 

Annealing Nº Cycles Amplicon 
Size (bp) 

CASP9 CASP9 F2 GGATCCATGGACGAAGCGGATC
GGCGG 

60ºC 30 1300 

 CASP9 R2 CTTTAAAACATCATAAGGCCAGG
GATCC 

   

CASP9108-173 CASP9 F1 GGATCCCCAGTGGTGCTCAGAC
CAGAG 

60ºC 30 204 

 CASP9 R1 GGATCCGGACTAACGGCAGAAG
TT 

   

CASP9C287A CASP9-
C287A 

CTTTTTCATCCAGGCCGCTGGTG
GGGAGCAGAAAGACC 

55ºC 30 - 

CASP9T125A CASP9-T125A GGTTCTCAGACCGGAAGCACCC
AGACCAGTGGACATTG 

55ºC 30 - 

All the oligonucleotides used for PCR and for site-directed mutagenesis are from Sigma 

 

 

4- RNA manipulation techniques 

4.1- Preparation of RNA samples 

Isolated retinas from E15.5, PND0 and adult mice were dissected out, immediately 

frozen in dry ice and stored at -80ºC. In order to obtain sufficient amount of RNA for the 

analysis, 10 retinas isolated from 5 E15.5 wild-type embryos were pooled before RNA 

extraction. For the case of PND0, to pool the 4 retinas of 2 animals was sufficient, and in 

adults, the extraction was enough efficient to be done from the 2 retinas of single mice. 

Mouse testis and whole-brain were dissected out, immediately frozen in dry ice and stored at 

-80ºC. 

To prepare total retina RNA, samples were homogenized with a Polytron PT-1200C 

(Kinematica AG) and RNA extracted with the RNAeasy kit (Quiagen) following 

manufacturer’s indications. For testis and brain RNA preparation, samples were 

homogenized with a Polytron and RNA extracted with the TriPure Isolation Reagent (Roche) 
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following manufacturer’s indications. The RNA was dissolved in RNase-free water, treated for 

30 min at 37ºC with DNAse (Ambion) to degrade remaining DNA, and stored at -80ºC. The 

quality of the RNA was assessed by the RNA Integrity Number (RIN) through the Agilent 

Bioanalyzer 2100, and quantified using Nanodrop (Agilent).  

 

4.2- RT-PCR analysis 

cDNA was generated from 1 – 0.5 µg of total RNA by using the Superscript First 

Strand Synthesis System (Invitrogen) following manufacturer’s instructions. Gene products 

were analyzed by conventional RT-PCR using the oligonucleotides specified in Table 6. The 

expression of Gdx was used as a control for PCR amplification and for the presence of 

genomic DNA in the prepared cDNA. PCR conditions used were the following: one cycle 

96ºC 3 min; 30 cycles 96ºC 30 sec; 58-65ºC 30 sec; 74ºC 45 sec; and a final extension at 

74ºC 10 min. 

 

Table 6. List of oligonucleotide primers used for RT-PCR  

Gene Primer Name Primer Sequence 5’-3’ Amplicon Size (bp) 

Dyrk1A Mnb IV (2)  CTTATGACAGAGTGGAGCAA 416 

 Mnb V(R1) CCAACTGACAAGAGCTGCCA  

Dyrk1B Dyrk1B F1 GCTGCGCATGCTGGAATATG 360 

 Dyrk1B R1 GGCTTGATGTGTCTTGTGGG  

Dyrk2 Dyrk2 F1 CGATACTGCACAGTTACGACTC 402 

 Dyrk2 R1 GCAACACTGTCCTCTGCTGA  

Dyrk3 Dyrk3 F1 GCAACACTGTCCTCTGCTGA 432 

 Dyrk3 R1 CACATGAATATAGGCCCCATCC  

Dyrk4 Dyrk4 F1 AGCCTTCTCTGCGCATGACC 393 

 Dyrk4 R1 GGTGGTAAGATGTTTGTGCTC  

Gdx Gdx F GGCAGCTGATCTCCAAAGTCCTGG 350* / 150** 

 Gdx R AACGTTCGATGTCATCCAGTGTTA  

All primers were used at 10 µM concentration. * Genomic DNA; ** cDNA 

 

5- Cell culture and transfection 

All the cell lines used in this work were obtained from the American Type Culture 

Collection (ATCC). Cells were grown at 37ºC, in a 5% CO2 atmosphere and relative humidity 

of 70-80%. Culture medium was Dulbecco’s Modified Eagle Medium (DMEM) with D-glucose, 
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L-glutamine and sodium pyruvate (#41966, Invitrogen), supplemented with 10% SFB 

(Invitrogen) and antibiotics (100 U/ml penicillin and 100 µg/ml streptomycin, Invitrogen). The 

cell lines used are as follows: 

 

- U2-OS cells, epithelial cell line derived from human osteosarcoma 

- HeLa cells, epithelial cell line derived from human cervix carcinoma 

- HEK-293T cells, epithelial cell line derived from human embryonic kidney transformed 

with SV40 T antigen 

- NIH-3T3 cells, derived from primary mouse embryonic fibroblasts spontaneously 

transformed 

- RGC-5 cells, derived from primary rat retinal ganglion cells and transformed with 

adenovirus E1A protein (Krishnamoorthy et al., 2001) 

 

U2-OS and HeLa cell lines were used for immunofluorescence experiments because 

their shape and morphology allows easily the visualization of ectopically expressed proteins.  

HEK-293T cell line was used because its high efficiency of transfection and because it 

allows the episomic replication of the transfected plasmids, thus increasing the expression of 

the proteins of interest. This cell line was transiently transfected using the calcium phosphate 

method based on Graham (1973). Calcium phosphate and DNA precipitates are formed in 

the presence of 125 mM CaCl2 (stock solution 2.5M), 140 mM NaCl, 25 mM acid Hepes and 

0.75 mM Na2HPO4 (HBS, pH between a range 6.8 - 7.1 depending on the cell line) at a DNA 

concentration of 20 µg/ml. Cells were seeded one day before transfection at the densities 

indicated in Table 7, DNA precipitates are washed after 16 h, and cells harvested 48 h after 

transfection.  

NIH-3T3 cell line was used because its mouse origin was convenient to set up the 

conditions for the experiments of mouse Dyrk1A RNA interference with MISSIONTM shRNAs 

(Sigma). RGC5 cell line was used because it maintains certain characteristics of retinal 

ganglion cells and because its sensitivity to serum / trophic factor deprivation. Both cell lines 

were transfected using LipofectamineTM Reagents (Invitrogen), a liposome-based method, 

and following manufacturer’s indications. Cells were seeded one day before transfection at 

the densities indicated in Table 7.  Lipid-DNA complexes were allowed to form for 15 min at 

RT. Before addition to the cells, culture medium was changed to OPTIMEM medium 
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(Invitrogen). Medium was replaced 24 h after DNA addition and cells are harvested 48 h after 

transfection. 

 

Table 7. Cell transfection conditions 

Cell Line Plate Diameter (mm) Cell density (cell/plate) DNA (µg) 

HEK-293T 35 2.5 x 105 3 

HEK-293T 60 7.5 x 105 5-6 

HEK-293T 100 2.0 x 106 10-15 

NIH-3T3 35 2.0 x 105 1 

NIH-3T3 60 6.0 x 105 3 

RGC5 35 2.5 x 105 1 

 

 

6- Protein manipulation techniques 

6.1- Expression of GST-fusion protein in bacteria 

Plasmids expressing GST-DYRK1A and GST-CASP9 fusion proteins were 

transformed into Escherichia coli BL21(DE3)pLysS strain (Stratagene). Expression and 

purification of GST-fusion proteins was according to the protocol detailed in the GST Gene 

Fusion System (Amersham). This protocol is based on the fact that the expression vectors 

from the pGEX series have an inducible promoter that drives the expression of the protein of 

interest after the addition of 0.1 mM isopropyl-β-D-thiogalactoside (IPTG) to the bacterial 

growing medium. Induction with IPTG was for 3 h at 37ºC for unfused GST, GST-CASP9, 

GST-CASP9-T125A, GST-CASP9108-173 and GST-CASP9108-173/T125A, and for 8 h at 20ºC 

for GST-DYRK1Awt and GST-DYRK1A-K179R. Bacterially expressed proteins were affinity 

purified by binding to glutathione-SepharoseTM 4B beads (Amersham) for 1 h at RT. Protein 

concentration was determined with either a colorimetric assay (BCA Protein Assay Kit, 

Pierce) and/or by Coomassie blue staining (0.25% (w/v) Brilliant Blue R (Sigma), 45% (v/v) 

methanol, 10% (v/v) acetic acid) of SDS-PAGE gels and comparison with a standard (2 

mg/ml BSA, Pierce). 
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6.2- Cell and tissue extracts preparation 

Whole cell-extracts cells were prepared in sodium dodecyl sulphate (SDS)-buffer (25 

mM Tris-HCl pH 7.4, 1 mM EDTA, 1% (w/v) SDS, 10 mM sodium pyrophosphate, 20 mM β-

glycerol phosphate, 2 mM sodium orthovanadate, 2mM phenylmethylsulphonyl fluoride and a 

protease inhibitor cocktail [Roche Applied Science]). Buffer volumes were 100 µl, 150-200 µl 

and 400-500 µl for 35-mm, 60-mm and 100-mm plates, respectively. Samples were boiled for 

15 min at 98ºC and centrifuged for 5 min at 16,000xg at RT.  

Soluble cell-extracts for co-immunoprecipitation experiments were prepared by 

resuspending cell pellets from 2x106 transfected HEK-293T cells in lysis buffer A (50 mM 

Tris-HCl pH 7.4, 150 mM NaCl, 1 mM EDTA, 1% (v/v) NP-40, 10% (v/v) glycerol, 30 mM 

sodium pyrophosphate, 2 mM sodium orthovanadate and a the protease inhibitor cocktail for 

30 min at 4ºC, followed by a 10 min centrifugation at 16,000xg at 4ºC.  

Whole-tissue extracts from isolated mouse brain and retina were prepared by 

resuspending the tissue in SDS-buffer. Isolated brains were mechanically homogenized 

using a Dounze homogenizer (Afora) in 10 volumes of SDS-buffer (1 ml buffer/100 mg 

tissue), sonicated with 3 pulses of 15 sec each pulse with an intensity of 1 in a Branson 

Sonifier 250, boiled for 15 min at 98ºC and centrifuged for 10 min at 800xg at RT. Isolated 

retinas were mechanically homogenized with a pipette tip in SDS-buffer (40 µl/retina of PND5 

mice and 80 µl/retina of adult mice), sonicated with 5 pulses of 1 min each in a bath 

sonicator, boiled for 15 min at 98ºC and centrifuged for 5 min at 16,000xg at RT. 

Protein concentration was determined using a colorimetric assay (BCA Protein Assay 

Kit, Pierce) according to the manufacturer’s indications.  

 

6.3- Immunoprecipitation 

Soluble cell extracts were incubated overnight at 4ºC with protein G-Sepharose beads 

(GE Healthcare) prebound with 1 µg of anti-GFP antibody (Molecular Probes) or anti-HA 

antibody (Covance). Beads were washed four times with lysis buffer A, without NP-40 for the 

two final washes. Samples were resolved by SDS-PAGE and analyzed by immunoblot. 
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6.4- Western blot 

Protein extracts (30 to 80 µg) were mixed with 6X Laemmli buffer (0.5 M Tris-HCl pH 

6.8, 12% (w/v) SDS, 60% (v/v) glycerol, 0.6 M DTT, 0.06% bromofenol blue), heated for 5 

min at 98ºC and resolved on SDS-PAGE gels of different acrylamide percentage, depending 

on the molecular weight of the protein, at 30mA in 1x running buffer (25 mM Tris-base, 200 

mM glycine, 0,1% (w/v) SDS). Proteins were transferred onto a nitrocellulose membrane 

(Hybond-ECL, Amersham Biosciences) at 400 mA for 1 h at 4ºC in 1x transfer buffer (25 mM 

Tris-HCl pH 8.3, 200 mM glycine, 20% (v/v) methanol) and protein transfer was checked by 

staining with Ponceau S (Sigma). Transferred membranes were blocked for 2 h at RT in 10% 

(w/v) skimmed milk in TBS-T (10 mM Tris-HCl, pH 7.5, 100 mM NaCl, and 0.1% Tween-20), 

and then incubated overnight at 4ºC with the corresponding primary antibody diluted in 5% 

skimmed milk in TBS-T, except for the indicted antibodies (* in Table 8), when BSA replaced 

skimmed milk for both blocking and antibody incubation. After two washes of 20 min with 

TBS-T, membranes were incubated for 45 min at RT with a rabbit anti-mouse or a goat anti-

rabbit IgG conjugated to horseradish peroxidase (1:2000; Dako) diluted in 5% skimmed milk 

in TBS-T. After two washes of 20 min with TBS-T, protein detection was by enhanced 

chemiluminiscence with ECLTM Western blotting detection reagents (Amersham Life 

Sciences). Chemiluminiscence was determined with a LAS-3000 image analyzer (Fuji Photo 

Film). Quantifications were done using the Image Gauge software (Version 4.22; Fuji Photo 

Film). 

 

Table 8. List of primary antibodies used for Western blot 

Antibody Target Protein 
Host 

Species 
Working 
Dilution 

Source 

Actin Actin (42 kDa) Rabbit 1:5000 Sigma 

Akt Akt (60kDa) Rabbit 1:1000 Cell Signaling 

PiAkt Phospho Ser473 Akt (60kDa) Rabbit 1:1000 Cell Signaling 

Bad Bad (23 kDa) Rabbit 1:500 Cell Signaling 

Bax Bax (23kDa) Rabbit 1:500 Sta Cruz Biotech. 

Bcl-2 Bcl-2 (26 kDa) Rabbit 1:250 Sta Cruz Biotech. 

Bim Bim (23/15/12 kDa) Rabbit 1:500 Cell Signaling 

PiT125 Phospho Thr125 Casp9 (49 kDa) Rabbit 1:250* Cell Signaling 

CASP9 caspase-9 (51/37 kDa) Mouse 1:1000 Cell Signaling 
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DYRK1A DYRK1A (90 kDa) Rabbit 1:200 In-house generated 

DYRK1A DYRK1A (90 kDa) Mouse 1:500 Abnova Corporation 

PiS520 Phospo Ser520 DYRK1A (90kDa) Rabbit 1:400* In-house generated 

PiErk Phospho ERK1/ERK2 

(Thr202/Tyr204) MAPK (44/42 kDa) 

Mouse 1:1000 Cell Signaling 

Erk ERK2 MAPK (42 kDa) Rabbit 1:10000 Sta Cruz Biotech. 

GFP GreenFluorescentProtein Mouse 1:1000 Molecular Probes 

HA HA epitope tag Mouse 1:2000 Covance 

PiCREB Phospho Ser133 CREB (43 kDa) Rabbit 1:500 Upstate  

CREB CREB (43 kDa) Rabbit 1:1000 Cell Signaling 

* Diluted in 5% (w/v) BSA in TBST 

 

6.5- In vitro kinase assays 

In Vitro kinase assays were done at the laboratory of Dr. Susana de la Luna at the 

CRG. Unfused GST, GST-CASP9 wild-type (wt) or GST-CASP9-T125A immobilized on 

glutathione-SepharoseTM 4B beads (Amersham) were incubated for 20 min at 30ºC in 40 µl of 

kinase buffer (50 mM Hepes pH 7.4, 0.5 mM DTT, 5 mM MgCl2, 5 mM MnCl2) containing 50 

µM ATP, [γ32P]-ATP (1x10-3 µCi/pmol) and 50 ng of purified GST-DYRK1A or GST-DYRK1A-

K179R. Reactions were stopped by addition of 6X Laemmli buffer, and samples were 

resolved by SDS-PAGE and then stained with Coomassie blue. 32P incorporation was 

detected by autoradiography of gels dried in a 583 Gel Dryer (BioRad). 

 

 

7- Whole retina treatments 

Freshly isolated retinas from OF1 wild-type PND5 pups were maintained in 4 well- 

plates (Invitrogen) with 500 µl/well of DMEM:F12 medium (Invitrogen), in an incubator at 

37ºC for 90 min, with or without the different inhibitors at the concentrations indicated. For the 

experiments of whole-retinas treated together with harmine and Casp9 inhibitor, Casp9 

inhibitor and DMSO as vehicle were added to the medium 30 min before the addition of 

harmine or water as vehicle, as described in Cunningham et al. (2002). After the treatment, 

retinas were washed in PBS and used to prepare whole-tissue extracts or for 

immunofluorescence analysis. 
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- Harmine (TCI Europe): alkaloid of the β-carboline family that inhibits DYRK1A 

kinase activity in vitro and in vivo (stock 50 mM in distilled water, -20ºC).  

- Norharmane (Sigma): alkaloid of the β-carboline family that does not inhibit 

DYRK1A kinase activity in vitro and in vivo (stock 50 mM in distilled water, -

20ºC). 

- PD98059 (Calbiochem): selective and cell-permeable inhibitor of MAP kinase 

kinase (MEK) that then inhibits the activation of MAP kinase (ERK) and 

subsequent phosphorylation of MAP kinase substrates (stock 40 mM in 

DMSO, -20ºC). 

- Casp9 inhibitor Z-LEHD-FMK (Calbiochem): potent, cell-permeable and 

irreversible inhibitor of Casp9 (stock 15 mM in DMSO, -20ºC). 

- Casp8 inhibitor Z-IETD-FMK (Calbiohem): potent, cell-permeable and 

irreversible inhibitor of Casp8 (stock 10 mM in DMSO, -20ºC). Also inhibits 

granzyme B. 

  

 

8- Statistical analysis 

The significance of differences between groups was evaluated by analysis of variance 

followed by a two-tailed Student’s t-test. The significance of differences between groups of 

different genotypes and of different ages was evaluated by multivariable lineal model using 

the SPSS software. A minimum of three animals or independent experiments per condition 

was included in the analysis. Data are presented as the mean ± standard deviation (SD). 

Differences were considered significant at p-values <0.05: *p<0.05, **p<0.001 and 

***p<0.0001.  
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DYRK1A expression in the mouse retina 

Dyrk1A expression in the optic vesicle and the developing neuroretina has been 

previously shown in mouse embryos by in situ hybridization (Fotaki et al., 2002; Hammerle et 

al., 2008; Rahmani et al., 1998; Song et al., 1996).  

To study the distribution of DYRK1A in the retina, immunostainings in retina sections 

from mice at different developmental stages and in the adult were performed. Different 

available anti-DYRK1A commercial antibodies were tested: Transduction Laboratories, 

Calbiochem, Abgent, and Santa Cruz Biotechnology. None of them gave a reliable 

immunostaining pattern for DYRK1A, either because no signal above background levels was 

detected or because different staining patterns for each antibody were observed. For that 

reason, an anti-DYRK1A polyclonal antibody was generated in-house. The antibody was 

raised by immunizing rabbits with the carboxy-terminal region of rat DYRK1A protein 

(aminoacids 620 to 763) fused to glutathione S-transferase (GST) and subsequently affinity 

purified as described in Experimental Procedures and in (Alvarez et al., 2007). This purified 

rabbit anti-DYRK1A polyclonal antibody has been used to analyze the expression of 

DYRK1A (Figure R1, R3, R4). During the course of this work, a new commercial mouse 

monoclonal anti-DYRK1A antibody became available. This antibody recognizes DYRK1A 

both in immunoblotting and immunohistochemistry (Figure R1), and has been used along this 

work for Western blot analysis.  

To demonstrate that both antibodies recognized DYRK1A, total protein extracts 

obtained from wild-type (Dyrk1A+/+) embryos were analyzed by Western blot. As shown in 

Figure R1 A, both antibodies recognize a characteristic triplet of bands of around 90 kDa 

corresponding to DYRK1A (arrow in each panel) in Dyrk1A+/+ embryos. To confirm that the 

bands observed with both antibodies are indeed DYRK1A, the immunoreactive signals were 

compared in immunoblots between wild-type Dyrk1A+/+, hemizygous (Dyrk1A+/-) and knock-

out (Dyrk1A-/-) lysates from embryos of the same litter collected at embryonic day (E) 9.5, 

right before the embryonic lethality of Dyrk1A null embryos (Fotaki et al., 2002). As expected, 

the level of protein detected was reduced in Dyrk1A+/- embryos and at the background level 

in Dyrk1A-/- embryos, compared to wild-type littermates. Although the rabbit polyclonal 

antibody recognized other nonspecific bands by Western blot, in addition to that 

corresponding to DYRK1A, those nonspecific bands have higher electrophoretic mobility in 

extracts from all three genotypes (asterisk in Figure R1 A). This allowed clearly the 

discrimination between the band corresponding to DYRK1A and the nonspecific bands. 
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Figure R1. Specificity of anti-DYRK1A antibodies. (A) Western blots comparing expression of DYRK1A in total 
lysates prepared from wild-type Dyrk1A+/+ (+/+), hemizygous Dyrk1A+/- (+/-) and homozygous null Dyrk1A-/- (-/-) 
Dyrk1A mutant E9.5 embryos of the same litter. Both anti-DYRK1A antibodies detect three bands of around 90 
kDa that correspond to DYRK1A in wild-type embryos (arrow in each panel). Note that the amount of protein 
detected is significantly lower in Dyrk1A+/- extracts than in the controls, and that no band corresponding to 
DYRK1A is detected in Dyrk1A-/- extracts with none of the antibodies. The purified rabbit anti-DYRK1A antibody 
recognizes other nonspecific bands of higher electrophoretic mobility in Western blots of extracts from all three 
genotypes (asterisk). The position of protein markers (in kDa) is indicated. (B) HeLa cells (upper panels) or U2OS 
cells (lower panels) were transfected with a plasmid encoding full-length human DYRK1A protein fused to GFP 
and processed for immunofluorescence with a purified rabbit polyclonal anti-DYRK1A antibody or a commercial 
mouse monoclonal anti-DYRK1A antibody as indicated. Note that the immunostaining pattern obtained with both 
anti-DYRK1A antibodies (red) coincides with the fluorescence signal of the GFP-DYRK1A fusion protein (green). 
Cells nuclei are stained with DAPI (blue). (C) Confocal images of sagital sections from telencephalic vesicles of 
Dyrk1A+/+ and Dyrk1A-/- E10.5 embryos immunostained with the purified rabbit polyclonal anti-DYRK1A antibody 
or the mouse monoclonal anti-DYRK1A antibody as indicated. Note that the immunoreactive signal obtained with 
both antibodies (green) is significantly lower in Dyrk1A-/- sections compared with Dyrk1A+/+ sections. The asterisks 
in each image indicate a layer of various cells with high levels of auto-fluorescence in both green and red 
channels, and thus are not DYRK1A immunopositive cells. Scale bar corresponds to 50 µm. 

 

Next, to test whether these antibodies recognized DYRK1A by immunofluorescence, 

fixed transiently transfected cells expressing exogenous DYRK1A fused to the green 

fluorescent protein (GFP) were used (Figure R1 B). The immunostaining pattern obtained 

with both anti-DYRK1A antibodies coincides with the fluorescence signal of the GFP-

DYRK1A fusion protein. As previously published, exogenous expression of DYRK1A in cells 

results in the accumulation of the protein in nuclear speckles (Alvarez et al., 2003). To prove 

the specificity of the antibodies, the immunoreactivity between wild-type and knock-out 

Dyrk1A embryo sections was compared. As shown in Figure R1 C, DYRK1A 

immunoreactivity in sagital sections from E10.5 embryos is distributed throughout the 

neuroepithelium and most intense in the cytoplasm of cells. The immunoreactive signal 

obtained with both antibodies is significantly lower in Dyrk1A-/- sections compared with 

Dyrk1A+/+ sections.  

All these observations validate the usage of both rabbit and mouse purified anti-

DYRK1A antibodies for the detection of DYRK1A in immunostaining and immunoblot 

experiments. 

Time course expression studies showed that rat DYRK1A protein is expressed in 

large amounts in different tissues. In the brain, DYRK1A is abundantly expressed during the 

embryonic period and the early postnatal period, but its levels of expression decrease with 

postnatal growth (Okui et al., 1999). To see whether the expression of DYRK1A change 

during retina development, the amounts of DYRK1A protein in lysates prepared from isolated 

retinas of wild-type E16.5 embryos, postnatal day (PND) 5 pups and adult mice were 

compared.Similarly to what has been described for the brain, DYRK1A protein levels in the 

retina are high at embryonic and postnatal stages and decrease in the adult period (Figure 

R2). 
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Figure R2. DYRK1A protein expression levels in the developing and adult mouse retina. (A) Representative 
Western blot comparing expression of DYRK1A in total lysates prepared from isolated retinas of wild-type E16.5 
embryos, wild-type PND5 pups, and wild-type adult (Ad) mice. Note that the amount of protein detected decrease 
gradually between embryonic (100%), postnatal (75%) and adult (40%) stages. The percentages at each stage 
were calculated from the average of three different samples. The corresponding Ponceau S staining of the 
immunoblotted membrane is shown as a loading control. The position of protein markers (in kDa) is indicated.  

 

The distribution of the protein was analyzed from the very onset until the end of 

retinogenesis by immunofluorescence. At E12.5, DYRK1A expression is homogeneously 

distributed throughout the retina neuroepithelium, in the developing lens and in adjacent 

extraocular tissues (Figure R3 A). At E14.5, when the retina neuroepithelium is still highly 

proliferative and the earliest-born cell types are starting to differentiate in the basal vitreal 

surface, DYRK1A is still found throughout the retina, and is mainly restricted to the cytoplasm 

of both proliferating and postmitotic retina cells (Figure R3 B). Figure R3 E shows a higher 

magnification of the ventricular zone of the retina at E14.5 to illustrate mitotic profiles where 

clearly DYRK1A co-localizes with the proliferating cell nuclear antigen (PCNA). At E18.5, 

DYRK1A expression is high in the outer part of the retina, where there are still proliferating 

cells, and in the most inner part, where few PCNA positive cells are found as the majority are 

postmitotic cells that have migrated to the vitreal part of the retina (Figure 3R C). A higher 

magnification at this stage shows the cytoplasmic accumulation of the protein in postmitotic 

cells negative for PCNA staining (Figure R3 F). At PND6, DYRK1A expression is high in the 

two emerging plexiform layers (asterisks) and in cell bodies of the GCL (Figure R3 D).  
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Figure R3. DYRK1A expression pattern in the developing mouse retina. (A-F) Confocal micrographs double 
stained with purified rabbit anti-DYRK1A antibody (green) and with an antibody against proliferating cell nuclear 
antigen (PCNA, red) in retina sections from wild-type E12.5 (A), E14.5 (B and E) and E18.5 (C and F) embryos 
and PND6 mice (D). At E12.5 (A) and E14.5 (B) DYRK1A is found through the neuroretina. Some cells in mitosis 
are found in the ventricular zone (dashed square in B shown at a higher magnification in E) where colocalization 
of DYRK1A and PCNA expression is observed. At E18.5 (C), DYRK1A immunoreactvity is high in cells from the 
ventricular site and in cells from the vitreal part (dashed square in C shown at a higher magnification in F) were 
DYRK1A staining is mainly cytoplasmic and concentrated in cell somas. At PND6 (D), DYRK1A immunoreactivity 
is strong in cells and processes of the vitreal part of the retina. Asterisks in D indicate the nascent plexiform 
layers. nr, neuroretina; L, forming lens; ONL, outer nuclear layer; INL, inner nuclear layer; GCL, ganglion cell 
layer. Scale bar corresponds to 40 µm. 

 

In the adult retina, DYRK1A expression is found in the inner and outer segments of 

photoreceptor cells, in neuronal processes of the OPL and IPL layers, in cell bodies of the 

GCL, and, at lower levels, through the INL with increased staining of cell bodies located in 

inner half of this layer (Figure R4 A). At the subcellular level, DYRK1A is predominantly 

distributed in the cytoplasm, both in cell bodies and in neural processes, although a fine 

granular staining throughout the nucleoplasm was also observed (Figure R4 B). The 

proportion of nuclear DYRK1A observed is different between cells, consistent with DYRK1A 

being a shuttling protein and with the nuclear/cytoplasmic functions of the kinase. Double 

immunofluorescence using antibodies specific for cells of the INL and of the GCL show 

expression of Dyrk1A in the soma of all cell types analyzed, which are rod bipolar (Figure R4 

C), amacrine (Figure R4 D) and ganglion cells (Figure R4 E). A faint DYRK1A punctate 

staining is visible in the nuclei of some Pax6 positive amacrine cells and Brn3b positive 

ganglion cells (Figures R4 H and I). In the OPL, DYRK1A is detected in photoreceptor 

terminals (Figure R4 F) and in dendrites of rod bipolar cells (Figure R4 C). In the INL, 

expression is observed in synaptic terminals and neural processes of amacrine cells (Figures 

R4 F and G), and in axon terminals of rod bipolar cells (Figure R4 C). This temporal and 

spatial expression pattern of DYRK1A suggests a role for this protein both during 

development and in the mature retina.  
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Figure R4. DYRK1A expression pattern in the mature mouse retina. (A-B) Confocal micrographs of retina 
sections from wild-type adult mice stained with purified rabbit anti-DYRK1A antibody (green) and TOPRO-3 (blue) 
to identify cell nuclei. (A) DYRK1A immunostaining is localized in the inner and outer segments of photoreceptors, 
in neuronal processes of both OPL and IPL, in the GCL, and, although at lower extend, through the INL. (B) 
Higher magnification illustrating that staining in the INL is mainly located in the soma (arrowhead) and neuronal 
processes (asterisk). A punctate nuclear staining can also be appreciated in some cells (arrow). (C-G) Confocal 
micrographs showing in green expression of DYRK1A and in red expression of the rod bipolar cell marker PKCα  
(C), the amacrine cell marker Pax6 (D), the ganglion cell marker Brn3b (E), the synaptic vesicular protein 
synaptophysin (F), and the presynaptic membrane protein syntaxin (G). (H-I) Higher magnifications from confocal 
micrographs showing nuclear DYRK1A punctate staining (green) and colocalization of DYRK1A in some cells with 
the Pax6 (H) and Brn3b (I) transcription factors. S, photoreceptor cells; ONL, outer nuclear layer; OPL, outer 
plexiform layer; INL, inner nuclear layer; IPL, inner plexiform layer; GCL, ganglion cell layer. Scale bars 
correspond to 40 µm in A, 20 µm in B-G and 10 µm in H and I. 

 

 

Expression of the DYRK family members in the mouse retina 

DYRK1A expression is ubiquitous although, as described in (Guimera et al., 1999), 

the level of expression varies depending on the tissue. By contrast, the other members of the 

DYRK family identified in mammals present a more restrictive expression pattern. Regarding 

their expression in the central nervous system (CNS), only DYRK2 expression has been 

shown in the brain (Geiger et al., 2001), and none in the retina.  

With the aim to determine the expression of the different members of the DYRK family 

in the retina, their expression was analyzed by RT-PCR using cDNA prepared from 

embryonic and adult mouse retinas. Brain and testis samples from adult mouse were also 

included in the analysis to compare the expression of the different DYRKs with another CNS 

structure and with a non-neuronal tissue where all the members where shown to be 

expressed (Becker and Joost, 1999).  
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As shown in Figure R5, all DYRKs except Dyrk4 are expressed in adult mouse brain 

and retina, and as expected, all DYRKs are expressed in mouse testis. In addition, all the 

DYRK genes expressed in adult retina are also expressed in embryonic developing retina. 

These results indicate that other DYRKs, in addition to DYRK1A, might have also a role in 

the mammalian CNS, both during development and in the adult. 

 

 

Figure R5. Expression of DYRK family members in mouse brain and retina. (A) RT-PCR amplification of the 
five members of the DYRK family in mammals with specific primers for each sequence. Template cDNA was 
obtained by reverse transcription of 1 µg RNA isolated from adult mouse testis, brain and retina (RT+). Reactions 
to control for the possible amplification of genomic sequences were carried out without the retrotranscriptase (RT-

). A sample without template (H2O) was used as a control for PCR contamination. Amplification of Gdx was used 
as a control of PCR reaction and of genomic contamination. All DYRKs are expressed in the retina, except Dyrk4, 
whose expression is restricted to the testis. (B) RT-PCR amplification of DYRKs in retina samples isolated from 
wild-type embryos (E15.5) and adult mice (Ad). 

 

 

Altered cell numbers in the retina of a DYRK1A loss-of-function mouse model  

Preliminary results from the laboratory (Fotaki, 2002) indicated morphological retina 

alterations in mice with decreased Dyrk1A gene dosage. To characterize these alterations, 

animals heterozygous for the mutation (Dyrk1A+/-) were used because Dyrk1A knockout mice 

die between E9.5 and E13.5, at the onset of retinogenesis.  

To check whether Dyrk1A dose-reduction leads to a decrease in the amount of 

DYRK1A protein in the retina, total protein lysates prepared from retinas of newborn and 

adult Dyrk1A+/+ and Dyrk1A+/- littermates were analyzed by Western blot. As shown in the 
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representative Western blots of Figure R6 A, the amounts of protein detected in Dyrk1A+/- 

lysates is lower than in controls. Quantification by optic densitometry of the signal 

corresponding to DYRK1A and actin was performed, and the ratio between them shows an 

averaged 0.30 and 0.45 fold decrease in newborn and adult Dyrk1A+/- lysates, respectively, 

compared with control lysates. 

 

 

Figure R6. Retina phenotype of adult Dyrk1A+/+ and Dyrk1A+/- mice. (A) Total lysates prepared from retinas of 
newborn (PND0) and adult mice were analyzed by Western blot with the indicated antibodies. Immunodetection of 
actin was used as loading control. The amounts of DYRK1A are markedly reduced in Dyrk1A+/- retina extracts of 
both developmental stages (averaged 0.30 and 0.45 fold decrease respectively; n=3). The differences between 
PND0 and adult lysates in the electrophoretic mobilities of the three bands corresponding to DYRK1A is due to 
the percentage of the SDS-PAGE gel used, 12% for PND0 and 7.5% for the adult lysates. The position of protein 
markers (in kDa) is indicated. (B) Representative medial cross-sections from eyes of adult mice stained with 
cresyl violet acetate. Note the significant eye size reduction in Dyrk1A+/- mice. Scale bar corresponds to 400 µm. 
(C) Representative sections obtained at the level of the central retina from eyes of 2-month old Dyrk1A+/+ and 
Dyrk1A+/- mice stained with cresyl violet acetate. Note the severe alterations in the size of the INL and the IPL 
(arrows) and in the cellularity of the GCL (asterisk) in the mutant retinas compared with the control littermates. 
Scale bar corresponds to 40 µm. Mean values of the quantifications and the statistical significance are included in 
Table R1 and R2. ONL, outer nuclear layer; OPL, outer plexiform layer; INL, inner nuclear layer; IPL, inner 
plexiform layer; GCL, ganglion cell layer. 
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Next, morphometric analysis of the eyes of 2-month old Dyrk1A+/- and Dyrk1A+/+ mice 

was performed. Dyrk1A+/- eyes are smaller in size than those of their corresponding control 

littermates (Figure R6 B) and with a thinner retina (Figure R6 C). Although the lamination of 

this structure is preserved, the relative sizes of the different layers seemed altered. To 

accurately study this phenotype, a stereological based analysis on cresyl violet stained 

sections was performed. As the thickness of the mouse retina and the density of neurons 

vary between central and peripheral retina (Jeon et al., 1998), all measurements were done 

from transverse eye sections through the central retina, defined as those containing a 

complete section of the optic nerve opposed to the cornea. Quantifications show an average 

size reduction of 25% in Dyrk1A+/- mutant mice compared with controls (Table R1). The 

thickness of the ONL and OPL is normal in this mutant, whereas the INL and IPL are thinner 

than those in control mice (Table R1). The size reduction observed in the INL of Dyrk1A+/- 

retinas is due to a decrease in cell number, as cell body diameters and cell densities are not 

significantly different between genotypes (Table R2). In addition, Dyrk1A+/- retinas show a 

decrease of about 40% in the number of cells that compose the GCL (Table R1). These 

results indicate that Dykr1A dose reduction leads to a selective reduction in the number of 

cells of the inner retina.  

 

 
Table R1. Quantitative parameters in the retina of Dyrk1A+/+ and Dyrk1A+/- mice 

 Layer length (µm) Total Neuronsa 

Genotype Total ONL OPL INL IPL GCL 

 
Dyrk1A+/+ 

(n=3) 

 

149.64 ± 4.92 

 

51.92 ± 1.09 

 

10.74 ±1.02 

 

36.28 ± 8.13 

 

43.47 ± 1.62 

 

258.94 ± 13.30  

 
Dyrk1A+/- 

(n=3) 

 

112.13 ± 16.19* 

 

51.47 ± 5.98 

 

11.04 ± 1.28 

 

17.72 ± 2.23* 

 

20.85 ± 2.26** 

 

150.00 ± 13.00* 

All data were obtained using the CAST GRID software as described in Experimental Procedures and are expressed 
as means ± SD. (a) Represents the mean total number of cells in GCL counted per half section with optic nerve. * 
Differs from Dyrk1A+/+; p < 0.05. ** Differs from Dyrk1A+/+; p < 0.001. ONL, outer nuclear layer; OPL, outer plexiform 
layer; INL, inner nuclear layer; IPL, inner plexiform layer; and GCL, ganglion cell layer. 
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Table R2. Quantification of cell soma diameter and cell densities in the retina nuclear layers of Dyrk1A+/+ 

and Dyrk1A+/- mice 

Cell soma diameter (µm) Cell density (cells / µm2) 
Genotype 

ONL INL ONL INL 

Dyrk1A+/+ (n=3) 3.36 ± 0.3 4.82 ± 0.2 0.04 ± 0.003 0.02 ± 0.002 

Dyrk1A+/- (n=3) 3.72 ± 0.1 5.28 ± 0.1 0.03 ± 0.002 0.02 ± 0.001 

All data were obtained using the CAST GRID software as described in Experimental Procedures and are expressed 
as means ± SD. Differences between genotypes are not statistically significant. ONL, outer nuclear layer; INL, inner 
nuclear layer.  

 

 

Altered cell numbers in the retina of DYRK1A gain-of-function mouse models  

Considering that DYRK1A is a gene dosage sensitive gene, the alterations observed 

in Dyrk1A+/- retina made relevant the study of the retina phenotype in DYRK1A gain-of-

function transgenic mouse models. Therefore, a detailed analysis of retina thickness and 

cellularity was performed in different mouse models. The DYRK1A gain-of-function models 

used in this work are schematized in Figure R7 and their analysis is reported below following 

a chronological order.  

 

 

Figure R7. Schematic representation of the exogenous DNA sequences from the different DYRK1A gain-
of-function mouse models used in this study. Ts65Dn mice are trisomic for a region of mouse chromosome 
(MMU) 16 that has around 140 genes, from Gabpa to Znf295, including Dyrk1A (mDyrk1A). TgYAC152f7 mice 
carry a YAC clone of 570 Kb including five human chromosome (HSA) 21 genes: hPIGP, hTTC, hDSCR9, 
hDSCR3 and hDYRK1A (from centromeric to telomeric). TgBAC-Dyrk1A mice carry a BAC clone of 170 Kb 
covering the whole region of mDyrk1A gene including its regulatory sequences. TgDyrk1A mice express a 
transgene with the full-length cDNA of rat Dyrk1A gene (rDyrk1A) under the heterologous control of the sheep 
metallothyonine Ia promoter (psMTIa). Boxes are not drawn to scale for illustrative reasons. 
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At the beginning of this work, the only DYRK1A overexpression mouse model 

available to us was the one described by Altafaj et al. (2001), which express the full-length 

cDNA of rat Dyrk1A gene under the control of an heterologous promoter (TgDYRK1A). 

Although these mice do not present gross brain morphologic alterations (Altafaj et al., 2001), 

its neurobehavioural analysis showed alterations in cognition and motor abilities, which agree 

with reported clinical observations in subjects with DS (Martinez de Lagran et al., 2004). The 

expression of the transgene is detected in the retina by RT-PCR (Figure R8 A). However, 

Western blot analysis performed with the mouse anti-DYRK1A antibody, which recognizes 

both mouse and rat DYRK1A, does not reveal increased amounts of protein in the retina of 

TgDYRK1A mice when compared with that in control littermates (Figure R8 B). Different 

reports have shown a significant increase in the amount of DYRK1A protein in the brain of 

TgDyrk1A mice (Altafaj et al., 2001; Altafaj et al., 2008; Ortiz-Abalia et al., 2008). Therefore, 

transgene expression seems to be different in brain and retina and result in different levels of 

DYRK1A protein expression. The morphometric analysis of those mice does not show any 

significant difference between genotypes in the size of the eye (Figure R8 C) and the 

thickness of the retina (Figure R8 D and Table R3), discarding the usage of this mouse 

model for the current study.  

 

 
Table R3. Quantitative parameters in the retina of wild-type and TgDyrk1A mice 

 Layer length (µm) Total Neurons 

Genotype Total ONL OPL INL IPL GCL 

 
wild-type 

(n=4) 

 

120.35 ± 11.2 

 

39.33 ± 3.6 

 

9.51 ± 0.8 

 

25.14 ± 2.2 

 

34.82 ± 3.4 

 

500.92 ± 163  

 
TgDyrk1A 

(n=3) 

 

105.82 ± 9.2 

 

36.54 ± 3.8 

 

6.88 ± 1.8 

 

22.64 ± 1.1 

 

29.08 ± 3.3 

 

449.78 ± 57.36 

All data were obtained using the CAST GRID software as described in Experimental Procedures and are 
expressed as means ± SD. ONL, outer nuclear layer; OPL, outer plexiform layer; INL, inner nuclear layer; IPL, 
inner plexiform layer; and GCL, ganglion cell layer. 
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Figure R8. Retina phenotype of adult wild-type and TgDyrk1A mice. (A) RT-PCR amplification of a fragment 
of the transgene sequence inserted in TgDyrk1A mice. Amplification of the transgene from genomic DNA was 
used as a control of specific transgene detection. Template cDNA was obtained by reverse transcription of 1 µg 
RNA isolated from wild-type and TgDyrk1A adult mouse brain and retina (RT+). Reactions to control for the 
possible amplification of genomic sequences were carried out without the retrotranscriptase (RT-). A sample 
without template (H2O) was used as a control for PCR contamination. Amplification of Gdx was used as a control 
of PCR reaction and of genomic DNA contamination. The primers used for Gdx detection amplify both the cDNA 
sequence and the genomic sequence with the in-between intron, which gives the increased amplicon size 
observed. (B) Total lysates prepared from adult wild-type and TgDyrk1A mice and analyzed by Western blot with 
the indicated antibodies. Immunodetection of actin was used as loading control. The amounts of DYRK1A do not 
differ between genotypes (n=5). The position of protein markers (in kDa) is indicated. (C) Representative medial 
cross-sections from eyes of adult mice stained with cresyl violet acetate. Scale bar corresponds to 400 µm. (D) 
Representative sections obtained at the level of the central retina from eyes of wild-type and TgDyrk1A mice 
stained with cresyl violet acetate. Scale bar corresponds to 40 µm. Mean values of the quantifications and the 
statistical significance are included in Table R3. ONL, outer nuclear layer; OPL, outer plexiform layer; INL, inner 
nuclear layer; IPL, inner plexiform layer; GCL, ganglion cell layer. 
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In 2004, Branchi et al. described brain morphologic alterations in transgenic mice 

carrying three copies of the YAC clone 152f7 (TgYAC152f7), which contains 5 genes of 

HSA21 including DYRK1A. This prompted us to investigate the possibility of using this model 

of DYRK1A gain-of-function in our study. The expression levels of DYRK1A were analyzed 

by Western blot in total lysates from retinas of PND5 and adult TgYAC152f7 and wild-type 

littermates. As shown in Figure R9 A, the amounts of protein detected are increased in 

TgYAC152f7 compared to wild-type retinas. Quantifications by optic densitometry show an 

averaged 1.5 and 2.2 fold-increase of DYRK1A protein in the mutant PND5 and adult retina, 

respectively. Interestingly, the histological analysis revealed that TgYAC152f7 eyes are 

bigger than those of their corresponding wild-type littermates (Figure R9 B) and with a thicker 

retina (Figure R9 C). Conversely to Dyrk1A+/-, transverse retina sections from TgYAC152f7 

mice show an average size increase of 23% compared with that in their corresponding 

control littermates (Table R4). As with Dyrk1A+/- mice, the size alteration observed in 

TgYAC152f7 mice affects only the INL and the IPL, and ONL and OPL sizes are not 

significantly different from those in controls (Table R4). In addition, a significant increase in 

the cellularity of the GCL is also observed in transgenic animals (Table R4). These results 

suggest that the number of retina inner cells depends on the amount of DYRK1A.  

 

To provide further evidence for this indication, retinas of the progeny of crosses 

between Dyrk1A+/- mice and transgenic mice bearing only one copy of the YAC clone 152f7 

(TgYAC152f7-B) were examined (Figure R10). The retina phenotype of Dyrk1A+/- and 

TgYAC152f7-B is very similar to those described above in Figures R6 and R9, respectively. 

This confirmed the effect of gene dosage variation in the retina in mice with other genetic 

backgrounds (Figure R10 B-D; the genetic background of the different DYRK1A mutant 

strains is indicated in Experimental Procedures). Another interesting observation was made 

when comparing both TgYAC152f7 lines studied. The level of DYRK1A overexpression 

correlates with gene copy number (2.2-fold increase in TgYAC152f7 line containing three 

copies of the YAC and 1.2-fold increase in TgYAC152f7-B line containing one copy of the 

YAC). However, the increase in retina size does not, as both TgYAC152f7 lines show similar 

increases in retina size compared with wild-types littermates (averaged 23% increase in 

TgYAC152f7 and 17% in TgYAC152f7-B).   

These results suggest a model in which overexpression of DYRK1A above a given 

threshold would be responsible for the retina phenotype observed, and that this phenotype 

would not increase in severity with higher overexpression levels. This model strengthens the 
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thought that subtle alterations in the expression levels of DYRK1A are important for the 

appropriate function of this kinase. 

 

 

 

 

Figure R9. Retina phenotype of adult wild-type and TgYAC152f7 mice. (A) Total lysates prepared from retinas 
of postnatal pups (PND5) and adult mice were analyzed by Western blot with the indicated antibodies. 
Immunodetection of actin was used as loading control. The amounts of DYRK1A are markedly increased in 
TgYAC152f7 (YAC) retina extracts of both developmental stages compared with control littermates (wt) (n=4). The 
position of protein markers (in kDa) is indicated. (B) Representative medial cross-sections from eyes of adult mice 
stained with cresyl violet acetate. Note the eye size increase in TgYAC152f7 mice. Scale bar corresponds to 400 
µm. (C) Representative sections obtained at the level of the central retina from eyes of adult wild-type and 
TgYAC152f7 mice stained with cresyl violet acetate. Note the severe alterations in the size of the INL and the IPL 
(arrows) and in the cellularity of the GCL (asterisk) in the mutant retinas compared with the control littermates. 
Scale bar corresponds to 40 µm. Mean values of the quantifications and the statistical significance are included in 
Table R4. ONL, outer nuclear layer; OPL, outer plexiform layer; INL, inner nuclear layer; IPL, inner plexiform layer; 
GCL, ganglion cell layer. 
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Table R4. Quantitative parameters in the retina of wild-type and TgYAC152f7 mice 

 Layer length (µm) Total Neurons 

Genotype Total ONL OPL INL IPL GCL 

 
wild-type 

(n=3) 

 

117.68 ± 16.16 

 

36.44 ± 4.41 

 

10.81 ± 1.35 

 

25.65 ± 3.27 

 

34.50 ± 4.48 

 

479.56 ± 43.1  

 
TgYAC152f7 

(n=4) 

 

145.2 ± 7.48* 

 

34.39 ± 3.4 

 

9.31 ± 0.74 

 

32.93 ± 1.56* 

 

54.75 ± 1.64** 

 

577.50 ± 35.8* 

All data were obtained using the CAST GRID software as described in Experimental Procedures and are 
expressed as means ± SD. * Differs from wild-type; p < 0.05. ** Differs from wild-type; p < 0.001. ONL, outer 
nuclear layer; OPL, outer plexiform layer; INL, inner nuclear layer; IPL, inner plexiform layer; and GCL, ganglion 
cell layer. 

 

Crosses between Dyrk1A+/- mice and TgYAC152f7-B yield the four genotypes of 

interest in the same litters, which are: wild-type mice disomic for Dyrk1A; Dyrk1A+/- mice 

bearing one functional copy of Dyrk1A; TgYAC152f7-B mice trisomic for Dyrk1A; and 

Dyrk1A+/- / TgYAC152f7-B mice that contain the YAC clone 152f7 and are disomic for 

Dyrk1A. As anticipated, Dyrk1A+/- / TgYAC152f7-B mice have normal amounts of DYRK1A 

protein in the retina (Figure R10 A), and, most importantly, the size of their eyes and the 

thickness of the different retina layers is undistinguishable from those of wild-type disomic 

mice (Figure R10 B-D), indicating that the retina size abnormalities found in TgYAC1572f7 

mice are due to DYRK1A overexpression, and not of the other four genes contained in the 

YAC clone. In addition, these results confirm that DYRK1A is a gene dosage sensitive gene 

and that it is essential for the correct generation of CNS structures. 

 

Infants and adults with DS show visual impairments (Chen and Fang, 2005; Courage 

et al., 1997; John et al., 2004; Little, 2007; Woodhouse et al., 1996), but it is not known 

whether these impairments have a neurosensorial origin or not. The retina phenotype 

observed in the two YAC transgenic lines just described, highlighted the possible contribution 

of DYRK1A overexpression to the visual impairments reported in DS. 
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Figure R10. Retina phenotype of mice obtained from crossing Dyrk1A+/- and TgYAC152f7-B mice. (A) Total 
lysates prepared from retinas of adult mice were analyzed by Western blot with the indicated antibodies. 
Immunodetection of actin was used as loading control. Restoration of Dyrk1A gene dosage in Dyrk1A+/- (+/-) / 
TgYAC152f7-B (YAC-B) adult mice leads to DYRK1A protein amounts equivalent to those observed in control 
littermates (wt) (n=2). The position of protein markers (in kDa) is indicated. (B) Representative eye medial cross-
sections from the four genotypes yielded by crossing Dyrk1A+/- and TgYAC152f7-B mice. Scale bar corresponds 
to 400 µm. (C) Representative medial retina sections from mouse of the four genotypes. Notice the alterations in 
INL and IPL size and GCL cellularity (asterisks) in Dyrk1A+/- and TgYAC152f7-B retinas compared with Dyrk1A 
disomic (wild-type and Dyrk1A+/- / TgYAC152f7-B) retinas. Scale bar corresponds to 40 µm. (D) Histograms 
showing the total thickness of the retina, the thickness of each retina layer, and the number of cells in the GCL in 
mice of the four genotypes analyzed. Values correspond to the means ± SD (*p<0.05 and **p<0.001). A minimum 
of three animals per group was included in the analysis (wild-type n= 4; Dyrk1A+/- n=3; TgYAC152f7-B n=4; 
Dyrk1A+/- / TgYAC152f7-B n=4). ONL, outer nuclear layer; OPL, outer plexiform layer; INL, inner nuclear layer; 
IPL, inner plexiform layer; GCL, ganglion cell layer. 
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Therefore, a detailed analysis of the retina in Ts65Dn mice, one of the most widely 

used mouse models for DS, was performed. These mice carry a segmental trisomy of 

MMU16 expanding from Gabpa to Mx1 genes, which is a region of conserved synteny with 

HSA21 and that includes Dyrk1A. DYRK1A expression levels were analysed by Western blot 

in total lysates prepared from isolated retinas of adult wild-type and Ts65Dn mice (Figure 

R11 A). Quantifications by optic densitometry show an averaged 1.6 fold-increase of the 

protein in the trisomic adult retina compared with the wild-type. Although the histological 

analysis revealed no apparent differences in the size of the whole eye (Figure R11 B), the 

retina is clearly thicker in Ts65Dn mice compared to wild-type littermates (Figure R11 C). 

Similar to TgYAC152f7, transverse retina sections from Ts65Dn mice show an average size 

increase of 21% compared with that in their corresponding control littermates (Table R5). As 

with TgYAC152f7 mice, the size alteration observed in Ts65Dn mice affects only the INL and 

the IPL, and ONL and OPL sizes are not significantly different from those in controls (Table 

R5). In addition, a significant increase in the cellularity of the GCL is also observed in 

transgenic animals (Table R5).  
 

 

Table R5. Quantitative parameters in the retina of wild-type and Ts65Dn mice 

 Layer length (µm) Total Neurons 

Genotype Total ONL OPL INL IPL GCL 

 
wild-type 

(n=4) 

 

130.75 ± 5.74 

 

39.2 ± 1.49 

 

11.33 ± 1.04 

 

25.93 ± 3 

 

41.57 ± 1.82 

 

467.58 ± 20.48  

 
Ts65Dn 

(n=5) 

 

158.36 ± 10.61* 

 

40.69 ± 3.07 

 

11.81 ± 1.56 

 

37.33 ± 2.28** 

 

54.73 ± 4.11** 

 

628.13 ± 55.16* 

All data were obtained using the CAST GRID software as described in Experimental Procedures and are 
expressed as means ± SD. * Differs from wild-type; p < 0.05. ** Differs from wild-type; p < 0.001. ONL, outer 
nuclear layer; OPL, outer plexiform layer; INL, inner nuclear layer; IPL, inner plexiform layer; and GCL, ganglion 
cell layer. 
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Figure R11. Retina phenotype of adult wild-type and Ts65Dn mice. (A) Total lysates prepared from retinas of 
adult mice were analyzed by Western blot with the indicated antibodies. Immunodetection of actin was used as 
loading control. The amounts of DYRK1A are markedly increased in Ts65Dn retina extracts compared with control 
littermates (wt) (n=4). The position of protein markers (in kDa) is indicated. (B) Representative medial cross-
sections from eyes of adult mice stained with cresyl violet acetate. Scale bar corresponds to 400 µm. (C) 
Representative sections obtained at the level of the central retina from eyes of adult wild-type and Ts65Dn mice 
stained with cresyl violet acetate. Note the severe alterations in the size of the INL and the IPL (arrows) and in the 
cellularity of the GCL (asterisk) in the mutant retinas compared with the control littermates. Scale bar corresponds 
to 40 µm. Mean values of the quantifications and the statistical significance are included in Table R5. ONL, outer 
nuclear layer; OPL, outer plexiform layer; INL, inner nuclear layer; IPL, inner plexiform layer; GCL, ganglion cell 
layer. 

 

 

The fact that the mean retina size increase in Ts65Dn closely resembles that in 

TgYAC152f7 suggests that the phenotype observed in these mice could be a direct 

consequence of DYRK1A overexpression. To prove this hypothesis, the retinas of the 

progeny of crosses between Dyrk1A+/- mice and Ts65Dn mice were examined. In this 

crosses, the four genotypes of interest are obtained in the same litters (wild-type mice 

disomic for Dyrk1A; Dyrk1A+/- mice bearing one functional copy of Dyrk1A; Ts65Dn mice 

trisomic for Dyrk1A; and Dyrk1A+/- / Ts65Dn mice with the segmental trisomy of MMU16 and 

disomic for Dyrk1A.  
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The retinal phenotype of Dyrk1A+/- and Ts65Dn is very similar to those described 

above, confirming the effect of gene dosage variation in the retina in mice with other genetic 

backgrounds (Figure R12 A-C). Most importantly, the size of the eyes and the thickness of 

the different retina layers in Dyrk1A+/- / Ts65Dn mice are undistinguishable from those of wild-

type mice (Figure R12 A-C), indicating that the retina size abnormalities found in Ts65Dn 

mice are due to DYRK1A overexpression. 

 

 

Figure R12. Retina phenotype of mice obtained from crossing Dyrk1A+/- and Ts65Dn mice. (A) 
Representative eye medial cross-sections from the four genotypes yielded by crossing Dyrk1A+/- and Ts65Dn 
mice. Scale bar corresponds to 400 µm. (B) Representative medial retina sections from mouse of the four 
genotypes. Notice the alterations in INL and IPL size and GCL cellularity (asterisks) in Dyrk1A+/- and Ts65Dn 
retinas compared with Dyrk1A disomic (wild-type and Dyrk1A+/- / Ts65Dn) retinas. Scale bar corresponds to 40 
µm. (C) Histograms showing the total thickness of the retina, the thickness of each retina layer, and the number of 
cells in the GCL in mice of the four genotypes analyzed. Values correspond to the means ± SD (*p<0.05 and 
**p<0.001). A minimum of two animals per group was included in the analysis (wild-type n= 3; Dyrk1A+/- n=5; 
Ts65Dn n=2; Dyrk1A+/- / Ts65Dn n=4). ONL, outer nuclear layer; OPL, outer plexiform layer; INL, inner nuclear 
layer; IPL, inner plexiform layer; GCL, ganglion cell layer. 
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Dr. Jean Maurice Delabar (Université Paris Diderot, Paris, France) has recently 

generated a new transgenic line by microinjecting an ES cell line carrying a BAC that 

contained the entire mouse Dyrk1A gene (Mao et al., 2007) into C57BL/6 blastocyts 

(TgBAC-Dyrk1A). To determine whether the overexpression of DYRK1A alone is sufficient 

for the retina phenotype observed in transgenic and trisomic mouse models, the retina of 

TgBAC-Dyrk1A mice was analyzed. 

Protein extracts prepared from retinas of adult transgenic and wild-type littermates 

were analyzed by western blot to check for DYRK1A overexpression (Figure R13 A). 

Quantifications by optic densitometry showed an averaged 1.3 fold-increase of the protein in 

the transgenic adult retina. Although the histological analysis revealed no apparent 

differences in the size of the whole eye (Figure R13 B), the retina is clearly thicker in TgBAC-

Dyrk1A mice compared to wild-type littermates (Figure R13 C). Similar to TgYAC152f7 and 

Ts65Dn, transverse retina sections from TgBAC-Dyrk1A mice show an average size increase 

of 33% compared with that in their corresponding control littermates (Table R6). Interestingly, 

the size alteration observed in TgBAC-Dyrk1A mice affects only the INL and the IPL, and 

ONL and OPL sizes are not significantly different from those in controls (Table R6). In 

addition, an increase in the cellularity of the GCL is also observed in transgenic animals, 

although it did not reach statistical significance (Table R6). 

 
Table R6. Quantitative parameters in the retina of wild-type and TgBAC-Dyrk1A mice 

 Layer length (µm) Total Neurons 

Genotype Total ONL OPL INL IPL GCL 

 
wild-type 

(n=3) 

 

120.93 ± 12.29 

 

37.81 ± 3.12 

 

8.48 ± 1.51 

 

25.51 ± 3.21 

 

36.92 ± 4.44 

 

816.89 ± 30.12  

 
TgBAC-
Dyrk1A 

(n=3) 

 

179.57 ± 21.6* 

 

42.07 ± 3.65 

 

9.46 ± 1.01 

 

42.66 ± 5.58* 

 

64.01 ± 6.62** 

 

980.44 ± 122.84 

All data were obtained using the CAST GRID software as described in Experimental Procedures and are 
expressed as means ± SD. * Differs from wild-type; p < 0.05. ** Differs from wild-type; p < 0.001. ONL, outer 
nuclear layer; OPL, outer plexiform layer; INL, inner nuclear layer; IPL, inner plexiform layer; and GCL, ganglion 
cell layer. 
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Figure R13. Retina phenotype of adult wild-type and TgBAC-Dyrk1A mice. (A) Total lysates prepared from 
adult wild-type and TgBAC-Dyrk1A mice and analyzed by Western blot with the indicated antibodies. 
Immunodetection of actin was used as loading control. The amounts of DYRK1A are increased in transgenic mice 
compared with wild-type litermates (n=3). The position of protein markers (in kDa) is indicated. (B) Representative 
medial cross-sections from eyes of adult mice stained with cresyl violet acetate. Scale bar corresponds to 400 µm. 
(C) Representative sections obtained at the level of the central retina from eyes of wild-type and TgBAC-Dyrk1A 
mice stained with cresyl violet acetate. Scale bar corresponds to 40 µm. Mean values of the quantifications and 
the statistical significance are included in Table R6. ONL, outer nuclear layer; OPL, outer plexiform layer; INL, 
inner nuclear layer; IPL, inner plexiform layer; GCL, ganglion cell layer. 

 

As a summary, the analysis of different DYRK1A gain-of-function mouse models 

indicates that: i) overexpression of Dyrk1A in the retina above a given threshold (1.2-fold 

increase) results in an increase of retina size (averaged between 17-33%); ii) DYRK1A 

overexpression in a transgenic mouse carrying a YAC with 5 HSA21 genes, including 

DYRK1A, is necessary for the increased retina size observed; iii) Dyrk1A overexpression in a 

trisomic mouse for the region of MMU16 with synteny to HSA21, which includes Dyrk1A, is 

necessary for the increased retina size observed; and iv) the overexpression of Dyrk1A alone 

is sufficient for the increased retina size observed.  

These results demonstrate that DYRK1A is necessary and sufficient for the retina 

phenotypes here described, and, together with the fact that Dyrk1A haploinsufficiency results 



Results 
 

 88 

in decreased retina size, that correct DYRK1A gene dosage is required for the correct 

morphology of the retina. 

 

 

Electroretinogram recordings reveal altered retina function in Dyrk1A+/- and 
TgYAC152f7 mice  

To determine possible functional consequences at the retina level of the morphologic 

alterations observed in DYRK1A gain- and loss-of-function models, a series of 

electroretinogram (ERG) experiments were performed. The mice used for this analysis were 

adult Dyrk1A+/- and TgYAC152f7 mice, and their corresponding Dyrk1A+/+ and wild-type 

control littermates, respectively. Figure R14 shows a representative ERG from each 

genotype and Table R7 summarizes the mean values of all the parameters analyzed. Since 

the availability of Ts65Dn and TgBAC-Dyrk1A mice has been very recent, their 

electrophysiological analysis is not yet completed.  

 
Table R7. Summary of ERG results 

Genotype Rod  Mixed Response  Cone 

 bdim,scot  amix,scot bmix,scot OP bphot Flicker 

 

Dyrk1A+/+ 

(n=7) 

 

458 ± 48 

  

269 ± 52 

 

482 ± 75 

 

198 ± 25 

 

159 ± 28 

 

28 ± 11 

 

Dyrk1A+/-      (n=5) 

 

129 ± 10** 

  

206 ± 31 

 

135 ± 30** 

 

40 ± 18** 

 

22 ± 5** 

 

14 ± 4 

 

wild-type 

(n=12) 

 

271 ± 83 

  

172 ± 31 

 

418 ± 106 

 

141 ± 66 

 

136 ± 31 

 

22 ± 27 

 

TgYAC152f7 

(n=12) 

 

413 ± 118** 

  

242 ± 52*** 

 

699 ± 143*** 

 

215 ± 106* 

 

292 ± 57*** 

 

114 ± 92* 

 

wild-type 

(n=7) 

 

168 ± 82 

  

151 ± 44 

 

115 ± 44 

 

112 ± 47 

 

87 ± 33 

 

34 ± 15 

 

TgYAC152f7-B 

(n=12) 

 

272 ± 84* 

  

224 ± 72* 

 

445 ± 135** 

 

246 ± 95** 

 

199 ± 73*** 

 

96 ± 63* 

All measurements are indicated in µV and expressed as means ± SD. * Differs from control (Dyrk1A+/+ and wild-
type); p < 0.05. ** Differs from control (Dyrk1A+/+ and wild-type); p < 0.01. *** Differs from control (Dyrk1A+/+ and 
wild-type); p < 0.001.. 
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Figure R14. Altered retina activity in Dyrk1A+/- and TgYAC152f7 mice. (A-J) Representative electroretinogram 
recordings obtained from one Dyrk1A+/+ (dark traces) and one Dyrk1A+/- (grey traces) mouse (left column) and 
from one wild-type (dark traces) and one TgYAC152f7 (grey traces) mouse (right column). (A and F) Rod 
responses obtained using white flashes of -2 log cd·s·m-2. (B and G) Mixed rod and cone recordings obtained in 
response to a white light flash of 0.48 log cd·s·m-2. (C and H) Oscillatory potentials obtained in response to a light 
flash of 0.48 log cd·s·m-2, at a recording frequency range of 100–1000 Hz. (D and I) Photopic cone mediated 
responses. Recording traces were obtained using a white light flash of 1.48 log cd·s·m2 under a rod-saturating 
background of 30 cd/m2. (E and J) Photopic flicker responses in response to a 20 Hz white light flash of 1.48 log 
cd·s·m-2. Calibration groups: A-B-F-G, C-D-H-I and E-J. The mean values of all the recordings and the statistical 
significance are included in Table R7 
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The rod-driven circuitry was tested under scotopic conditions (dim light). Under these 

conditions, light stimuli of low intensity evoke a response that arises primarily from rod bipolar 

cells (Pugh, 1998). The amplitude of this scotopic b-wave (bdim,scot) shows significant 

differences between wild-type and mutant mice (Figure R14 A and F): a reduction in the 

bdim,scot in the loss-of-function animals and an increase in the gain-of-function animals. Under 

scotopic conditions, light stimuli of high intensity evoked mixed responses: the a-wave 

amplitude (amix,scot) reflects the functionality of rod photoreceptors, and the b-wave amplitude 

(bmix,scot) the functionality of rod bipolar cells (Pugh, 1998). Figure R14 B shows the retina 

responses to high-intensity light stimuli of Dyrk1A+/- and Dyrk1A+/+ mice; although there are 

no significant differences in the averaged amix,scot between the two genotypes, the averaged 

bmix,scot are significantly lower in Dyrk1A+/- mice. Interestingly, TgYAC152f7 mice show 

significant differences in the mixed response (Figure R14 G) both in the amix,scot and bmix,scot 

amplitudes, which are larger than in the controls. To determine the contribution of third order 

neurons to light-induced ERG, oscillatory potentials (OP) were isolated from the 

electrophysiological recordings. OP reflect extracellular electrical currents generated by 

negative feedback pathways between amacrine, ganglion and bipolar cells at the IPL, 

although their exact cellular origin is not yet known (Wachtmeister and Dowling, 1978). The 

OP recorded in response to high-intensity light stimuli under scotopic conditions show a 

significant decrease in the maximum amplitude (peak to peak OP) in Dyrk1A+/- mice (Figure 

R14 C) and a significant increase in TgYAC152f7 mice (Figure R14 H) compared with their 

corresponding control littermates. 

 The cone-driven circuitry was tested under photopic conditions by measuring the 

ERG response to intense flashes of light in the presence of rod-saturating light stimulation. 

Photopic b-wave responses recorded to light stimuli of very high intensity (bphot) are 

represented in Figure R14 D and I. A significant decrease in the photopic b-wave is 

measured in Dyrk1A+/- animals, whereas, an increase is measured in TgYAC152f7 animals. 

Finally, ERG responses to high frequency flicker stimuli (20 Hz), which are primarily 

generated by cone photoreceptors (Kondo and Sieving, 2001), were tested. While Dyrk1A+/- 

animals present a slight, although not significant, decrease in their flicker responses (Figure 

R14 E), TgYAC152f7 animals present a significant increase compared with their 

corresponding controls (Figure R14 J).  

These results indicate that retina electrical activity is decreased in Dyrk1A loss-of-

function mutants and augmented in TgYAC152f7 mice. As the most significantly altered 

responses in both mouse strains arise from cells postsynaptic to rod and cone 
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photoreceptors, the results suggest that changes in Dyrk1A dosage particularly affect inner 

retina cells functionality. 

The analysis of both TgYAC152f7 lines show similar increases in the different ERG 

measurements compared with their corresponding wild-types littermates. These observations 

support the idea that the severity of the retina phenotype here reported does not increase 

with higher DYRK1A overexpression levels. Hereafter, and only for breeding reasons, the 

TgYAC152f7 line with three copies of the YAC will be used in this work except when 

indicated. 

 

 

Inner retina cells alterations in Dyrk1A+/- and TgYAC152f7 mice 

To further investigate the alterations in cellularity observed in the INL and GCL retina 

layers of both Dyrk1A+/- and TgYAC152f7 mice, all inner retina cell types were analyzed to 

assess if they were present in both mutant strains.  

For this, antibodies against the following cell-type specific proteins were used: anti-

protein kinase C α (PKCα) to label rod bipolar cells (Ghosh et al., 2004), anti-calbindin and 

anti-calretinin for amacrine and displaced amacrine cell subtypes (Haverkamp and Wassle, 

2000), anti-cyclin D3 for Müller glial cells (Dyer and Cepko, 2000), and anti-Brn3b for 

ganglion cells (Xiang et al., 1995). Immunopositive cells for each of the antibodies tested are 

detected in both, loss- and gain-of-function mutant retinas in the same layer position as in 

wild-type retinas (Figure R15). This result indicates that RPCs with altered Dyrk1A dosage 

are able to differentiate into the main cell types that compose the inner retina and migrate 

through the developing retina to their normal final destination in the adult. 

However, in accordance with the significant alterations in cell numbers observed in 

the inner layers of Dyrk1A mutant retinas (Figure R6 and Figure R9), the total number of 

immunopositive cells for each of the retina cell markers tested is significantly decreased, 

between 15% to 62%, in Dyrk1A+/- and increased, between 23% and 62%, in TgYAC152f7 

retinas when compared with those in their corresponding controls (Table R8). 



Results 
 

 92 

 

Figure R15. Immunostaining of Dyrk1A+/- and TgYAC152f7 inner retina cells. (A-T) Retina sections from 
Dyrk1A+/+ and Dyrk1A+/- mice (left columns), and from wild-type and TgYAC152f7 mice (right columns), 
immunostained with antibodies specific for cells of the inner nucear layer (INL) and the ganglion cell layer (GCL), 
and counterstained with hematoxylin: (A-D) anti-PKCα for rod bipolar cells; E-H anti-CyclinD3 for glial Müller cells; 
(I-L) anti-Brn3b for ganglion cells; (M-P) anti-calbindin for horizontal cells; (M-T) anti-calbindin and anti-calretinin 
for amacrine cells in the INL and for displaced amacrine cells in the GCL. Somata of PKCα positive cells 
(arrowhead in B and D), and nuclei of CyclinD3 positive cells (arrowhead in F and H) and Brn3b positive cells 
(arrowhead in J and L) show normal location within the mutant retinas. Note the presence of abnormally located 
PKCα positive cell bodies in tgYAC152f7 retina (asterisk in D). Somata of horizontal cells (arrowhead in N and P), 
and of amacrine and displaced amacrine cells (arrowheads in R and T) show a normal location within the retina of 
mutant mice. Calbindin and calretinin immunostaining in the inner plexiform layer (IPL) of mutant retinas (arrows 
in R and T) follows a strata pattern. The significant alterations in size of the INL and IPL can be appreciated in all 
mutant retina sections shown. Scale bar corresponds to 40 µm. ONL, outer nuclear layer; INL, inner nuclear layer; 
GCL, ganglion cell layer. 
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Table R8. Comparison of inner retina cell populations of Dyrk1A+/+, Dyrk1A+/-, wild-type and TgYAC152f7 

mice  

Cell type Dyrk1A+/+(n=3) Dyrk1A+/-(n=3)  wild-type (n=3) TgYAC152f7 (n=3) 

Bipolar Cells (PKCα) 708 ± 22 386 ± 20** (45%)  812 ± 4 1046 ± 78* (23%) 

Müller Cells (CyclinD3) 480 ± 19 406 ± 20* (15%)  465 ± 94 719 ± 131* (35%) 

Amacrine Cells INL 
(Calbindin) 

188 ± 48 74 ± 9* (60%)  96 ± 35 250 ± 27* (62%) 

Amacrine Cells GCL 
(Calbindin) 

83 ± 25 36 ± 10* (56%)  60 ± 13 112 ± 8* (46%) 

Amacrine Cells INL 
(Calretinin) 

211 ± 42 112 ± 58* (47%)  212 ± 42 421 ± 19** (50%) 

Amacrine Cells GCL 
(Calretinin) 

216 ± 32 126 ± 39* (42%)  216 ± 32 321 ± 47* (33%) 

Ganglion Cells (Brn3b) 116 ± 22 45 ± 3* (62%)  117 ± 35 242 ± 19* (36%) 

Values correspond to the number of immunopositive cells for the specific marker counted in complete medial 
sections and are expressed as means ± SD. The percentage of reduction of Dyrk1A+/- values compared with 
Dyrk1A+/+, and the percentage of increase of TgYAC152f7 values compared with wild-type are indicated between 
brackets. * Differs from control (Dyrk1A+/+ and wild-type); p < 0.05. ** Differs from control (Dyrk1A+/+ and wild-
type); p < 0.001. INL, inner pexiforn layer; GCL, ganglion cell layer. 

 

Next, different inner retina cell types were analyzed in order to check if their reduction 

in absolute numbers was proportional to the reduction observed in the INL and GCL 

cellularity. For that, the ratio of immunopositive cells for different markers relative to the total 

cell number within each layer was estimated (Figure R16). The calculated mean values in 

control animals are consistent with those reported in the mouse retina by Jeon et al. (1998). 

The analysis revealed that despite the absolute numbers of different retina cell types are 

reduced in Dyrk1A+/- retinas, only the relative numbers of rod bipolar and Müller cells are 

increased and the relative numbers of ganglion cells decreased in Dyrk1A+/- retinas compared 

with controls (Figure R16 A). The relative numbers of amacrine and displaced amacrine cells 

remain constant (data not shown). Interestingly, these changes in cell type ratios appear to 

go in opposite directions in TgYAC152f7 retinas (Figure R16 B). Although this analysis does 

not cover all the different subtypes of cells identified so far in the mouse INL and GCL, it 

clearly shows that changes in Dyrk1A dosage do not influence the different cell types that 

form these two cell layers equally.  
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Figure R16. Alterations in the proportion of inner retina cells in Dyrk1A+/- and TgYAC152f7 mice. (A-B) 
Histograms showing the numbers of PKCα and CyclinD3 (CyD3) positive cells relative to the total number of cells 
in the INL, and of Brn3b positive cells relative to the total number of cells in the GCL, in mutant and control 
retinas. Values correspond to the means ± SD (*p<0.05). A minimum of three animals per group was included in 
the analysis. INL, inner nuclear layer; GCL, ganglion cell layer. 

 

The most striking alteration detected in Dyrk1A+/- and TgYAC152f7 mutants was to 

the absolute and relative numbers of Brn3b positive ganglion cells (Table R8 and Figure 

R16). Ganglion cells are the only projecting neurons of the retina and each cell gives rise to a 

single axon that exits the eye as part of the optic nerve (Jeon et al., 1998). Therefore, and as 

an independent measure of ganglion cell number, optic nerve sections from Dyrk1A+/-, 

TgYAC152f7 and their corresponding control littermates were analysed. The mean cross-

sectional area and the average number of axons in mutant nerves are significantly altered 

compared with controls: decreased in Dyrk1A+/- mice and increased in TgYAC152f7 mice 

(Table R9). No differences are found in the distribution of axon diameters and in the 

proportion of myelinated and unmyelinated axons between genotypes. These results confirm 

the altered numbers of ganglion cells found in both Dyrk1A mutant retinas.  

 
Table R9. Optic nerve analysis of Dyrk1A+/+, Dyrk1A+/-, wild-type and TgYAC152f7 mice 

Genotype Mean Axon Density (number/ 
µm2) 

Total Optic Nerve Area (µm2) Total Number of Axons  

Dyrk1A+/+ (n=3) 0.330 ± 0.043 91422 ± 213 29666 ± 464 

Dyrk1A+/- (n=4) 0.328 ± 0.022 49106 ± 879* (46%) 16012 ± 236* (46%) 

wild-type (n=4) 0.368 ± 0.023 68097.78 ± 993 24976.5 ± 358 

TgYAC152f7 (n=4) 0.363 ± 0.023 104888 ± 196* (35%) 38160 ± 803* (35%) 

All data were obtained as described in Experimental Procedures and are expressed as means ± SD. The 
percentage of reduction of Dyrk1A+/- values compared with Dyrk1A+/+, and the percentage of increase of 
TgYAC152f7 values compared with wild-type are indicated between brackets. *Differs from control (Dyrk1A+/+ and 
wild-type); p < 0.05. 
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Retina neural processes and synaptic sites in Dyrk1A+/- mice 

Given that mutant mice with alterations in the connectivity between photoreceptor pre- 

and post-synaptic terminals display retina dysfunctions that resemble those reported here for 

Dyrk1A+/- (Dhingra et al., 2000; Dick et al., 2003; Zhu et al., 2005), the OPL of these mice 

was further examined.  

Electron microscopy experiments do not indicate any gross alteration in the 

morphology of rod and cone photoreceptor terminals, or in the assembly of the synapses 

formed between these cells and their postsynaptic neurons (Figure R17). A normal rod 

synaptic terminal contains a single ribbon site where glutamate is released onto the 

postsynaptic elements, horizontal cell and rod bipolar cell dendrites. These postsynaptic 

elements invaginate into the rod terminal and form a triadic configuration adjacent to the 

ribbon site. A dyadic configuration is formed when the postsynaptic element only consists of 

rod bipolar dendrites. A normal cone synaptic terminal contains several ribbon sites, 

horizontal cell processes and many cone bipolar cell dendrites (Wassle, 2004). As shown in 

Figure R17, both cone (asterisks in C) and rod (asterisks in D-F) terminals in the OPL of 

Dyrk1A+/- retina have synaptic ribbons (asterisks in B-F). Therefore, loss of one functional 

Dyrk1A allele in the retina has no gross effect on the integrity and the assembly of rods and 

cones synaptic terminals. 

 

 
Figure R17. Ultrastructure of the OPL and synaptic sites in Dyrk1A+/- retina. (A) Toluidine blue-stained 
semithin section of Dyrk1A+/- retina. (B) Low-power electron microscopy of the OPL in a Dyrk1A+/- retina illustrating 
the presence of normal connections between rod and cones, vertically running bipolar cells and horizontally 
oriented horizontal cells. (C-F) Ultrastructural appearance of several photoreceptor ribbon synaptic complexes in 
Dyrk1A+/- retina (asterisks). The cone pedicle (C) and rod spherule (D-F) photoreceptor terminals show normal 
triad synaptic complexes with a presynaptic ribbon and three postsynaptic elements, a central element which is a 
dendritic terminal of an invaginating bipolar cell, and two lateral horizontal cell processes. Scale bars, 30 µm in A, 
3 µm in B, and 0.3 µm in C-F. 
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The altered proportions between pre- and postsynaptic cells observed in Dyrk1A 

mutant mice might lead to defects in the connectivity of neural processes in the OPL and IPL 

and can contribute to the impaired retina function described. To investigate this possibility, 

double labelling immunofluorescence was performed using antibodies to bassoon and 

synaptophysin proteins as markers for pre-synaptic structures, and antibodies to calbindin 

and PKCα as markers for postsynaptic components of horizontal and rod bipolar cells 

respectively (Figure R18).  

 

 

 

Figure R18. Morphology of neural processes in Dyrk1A+/- retina. (A-D) Confocal micrographs of Dyrk1A+/+ and 
Dyrk1A+/- retina sections immunostained with antibodies against synaptophysin and bassoon (green), expressed 
in synaptic vesicles and in synaptic terminals respectively, and against PKCα and calbindin, located in rod bipolar 
cells and in horizontal and amacrine cells respectively. A moderate alteration in the alignment of photoreceptor 
terminals in the OPL of Dyrk1A+/- retina can be appreciated with both synaptophysin and bassoon antibodies 
(arrow in B and D). Arrowhead in D indicates dendrites of rod bipolar cells extending into the ONL of Dyrk1A+/- 

retina. Alterations in rod bipolar synaptic terminals (asterisk in D) and in amacrine cell processes (asterisk in B) in 
the IPL of Dyrk1A+/- retina are indicated. The three characteristic calbindin positive strata that appear in Dyrk1A+/+ 

sections are diffuse and disorganized in Dyrk1A+/- sections (A and B). The significant size reduction of INL and IPL 
layers can be appreciated in all Dyrk1A+/- sections shown. Scale bar, 40 µm in J. ONL, outer nuclear layer; OPL, 
outer plexiform layer; INL, inner nuclear layer; IPL, inner plexiform layer; GCL, ganglion cell layer. 
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In mammalian retinas, bassoon immunoreactivity is found in glutamatergic 

photoreceptor ribbon synapses and at conventional GABAergic and glycinergic synapses in 

the IPL, whereas synaptophysin labels synaptic vesicles located along the neural processes 

and accumulated in presynaptic photoreceptors and interneurons terminals (Feigenspan et 

al., 2004). As shown in Figure R18, although immunostained terminals are correctly aligned 

along the OPL, a moderate expansion of the OPL stained with both pre-synaptic markers 

(arrows in B and D) is appreciable in Dyrk1A+/- retinas. Dendritic staining of rod bipolar cells is 

altered and reveales sprouting of processes into the ONL (arowhead in D). Other alterations 

are visible at the level of IPL in the mutant retinas; i) the appearance of only two clear 

calbindin positive strata instead of the normal three strata (arowheads in B); ii) the abnormal 

size and morphology of rod bipolar cell axon terminals in the ON sublaminae of IPL (asterisk 

in D); and iii) the abnormal size of synaptophysin positive puncta in IPL (asterisk in B). These 

defects, although moderate, could lead to alterations in the synaptic connections between 

second order neurons and ganglion cells that take place in the IPL (Wassle, 2004), and thus 

contribute to the visual dysfunction shown by Dyrk1A mutants. 

All together, these data suggest that the visual dysfunction observed in the 

electroretinogram recordings of Dyrk1A mutant mice results from the altered cell numbers 

and the altered proportions of INL and GCL cells here reported. 

 

 

Correct visual response in Dyrk1A+/- and TgYAC152f7 mice 

Our group has previously shown that Dyrk1A+/- mice present a severe reduction in the 

size of the superior colliculus (SC) in the mesencephalic tectum, the main target structure of 

retinal projections in mice (Fotaki et al., 2002). Interestingly, TgYAC152f7 mice show an 

increased size of this structure as well as of other regions in the brain (Branchi et al., 2004). 

Therefore, we hypothesized that the establishment of retinotectal projections could be altered 

in these mice.  

To rule out this possibility, in vivo injections of the anterogradly transported neuronal 

tracer cholera toxin B subunit (CTB) were performed into the eyes of adult Dyrk1A+/- and 

Dyrk1A+/+ mice. CTB was injected in the right and left eye conjugated to Alexa488 and 

Alexa546 fluorochromes, respectively, in order to properly analyze the ipsi- and contralateral 

projections of each eye into the SC and the dorsal lateral geniculate nucleus (dLGN) in the 

thalamus. The map of projecting axons was performed by direct detection of fluorescent 

signal in rostro-caudal coronal slices of the brain (Quina et al., 2005).  
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Figure R19. Innervation of the adult superior colliculus (SC) and the dorsal lateral geniculate nucleus 
(dLGN) in Dyrk1A+/+ and Dyrk1A+/+ mice. CTB conjugated to Alexa 488 was injected into the right eye, and CTB 
conjugated to Alexa 546 to the right eye. Analysis was performed by direct detection of the fluorescent signal from 
brain sections in a confocal microscope (n=3 animals per genotype). Representative images are shown to 
illustrate the innervation of the SC (A-D) and the dLGN (E-H) in both genotypes (10x objective). For the right side 
of the brain, the contralateral projection is shown in red and the ipsilateral in green. For the left side of the brain, 
the contralateral projection is shown in green and the ipsilateral in red.  

 

As described in (Godement et al., 1984), less than 5% of axons project ipsilateraly, 

thus, axons projecting contralateraly are the principal components of the retina projection to 

the SC and dLGN. In the SC, contralateral projections terminate in the superficial layers and 

the minor ipsilateral projections form scattered clusters in the deep layers of the SC (Figure 

R19 A and B). In the dLGN, the contralateral projection occupies superficial and deep layers 

such that the ipsilateral projection is restricted to a circular patch in an intermediate position 

(Figure R19 E and F). The examination of Dyrk1A mutants (Figure R19 C,D,G,H) shows that 

i) both contra- and ipsilateral fibers reach the SC and the dLGN, indicating that ganglion cell 
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axons are able to innervate their targets; ii) contralateral fibers reach the SC and the dLGN, 

indicating no major alterations at the level of the optic chiasm; iii) the general pattern of 

projection is similar to that observed in Dyrk1A+/+ mice, indicating that the segregation of 

contra- and ipsilateral projections is occurring in Dyrk1A+/- mice, although a more accurate 

analysis is needed to exclude more subtle alterations; and iv) the shape of the SC and dLGN 

in consecutive rostro-caudal brain sections is normal, although the number of sections with 

fluorescent signal is reduced, consistent with the decreased brain size of Dyrk1A+/- mice. 

These results indicate that, despite the reduced number of ganglion cells in the retina, 

Dyrk1A+/- mice present no gross morphologic alterations in the retinotectal and 

retinogeniculate projections. 

To evaluate to what extend visual function is affected in mice with altered Dyrk1A 

gene dosage, the optomotor response of adult Dyrk1A+/- and TgYAC152f7 mice, and of their 

corresponding control littermates, was evaluated. The optomotor response is a validated 

functional vision test in mice that evaluates their visual acuity and their visual integration 

capacities, from the retina to the visual cortex (Stahl, 2004). This behavioural test 

discriminates reliably mice with normal vision from animals with severely decreased vision 

(Thaung et al., 2002).  

 

 

Figure R20. Optomotor Response in Dyrk1A+/- and TgYAC152f7-B mice. (A-B) Graphs showing the number of 
head movements per minute scored in Dyrk1A+/- and TgYAC152f7-B mice, and their corresponding control 
littermates (Dyrk1A+/+ and wild-type, respectively). The different light frequencies used in the test are shown in the 
x-axis as cycles per second. Values correspond to the means ± SD. A minimum of ten animals per group was 
included in the analysis. 

 

Mice were inserted in a rotating drum covered with vertical black and white stripes 

(grating) of different spatial frequencies, the drum rotated clockwise and anticlockwise, and 

mouse head movements were video monitored and scored per minute. The experiment was 

performed under photopic conditions as animals make many more head movements than 
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under scotopic conditions. Control animals show head movements at all spatial frequencies 

tested and exhibit the highest responses at a 0.33 spatial frequency (Figure R20). Dyrk1A 

mutants show a similar response at all frequencies tested, indicating that mutant mice can 

see and that their visual acuity is not lower than that of control mice, though, that their 

integration capacities are conserved.The results from both experiments indicate that, 

although the number of cells in the inner retina and the functionality of the retina are severely 

impaired in Dyrk1A mutants, the general visual capacity of those mice is preserved. 

 

 

Normal age-related retinal degeneration in Dyrk1A+/- mice 

DYRK1A has been generally proposed as a key regulator of neurogenesis during 

development. Given its expression in mature neurons (Marti et al., 2003; Wegiel et al., 2004); 

the implication in synaptic activity of two DYRK1A-regulated transcription factors, NFAT 

(Arron et al., 2006) and CREB (Yang et al., 2001); and the fact that it interacts with and 

phosphorylates several proteins involved in neurodegeneration, such as App (Park et al., 

2007; Ryoo et al., 2008) and Tau (Liu et al., 2008; Park et al., 2007; Ryoo et al., 2007); it is 

thought that DYRK1A has additional roles in the maintenance of adult brain neuronal 

structure and activity.  

To check for possible degenerative defects in the retina of Dyrk1A+/- mice, the retina 

phenotype of old animals aged between 22 and 25 months was analyzed. As expected, 

sections from aged Dyrk1A+/+ mice show a dramatic reduction, 45%, in the thickness of the 

retina compared with young Dyrk1A+/+ mice (Figure R21 A and B). This reduction in size 

affects both outer and inner nuclear layers (Figure R21 D). A significant loss of cells with age 

has been extensively reported in the literature and attributed to a primary loss of 

photoreceptors and a secondary loss of postsynaptic neurons (Marc et al., 2003). Dyrk1A+/- 

mice present a similar type of age-related loss of cells as Dyrk1A+/+ mice (dashed lines in 

Figure R21 B-D). However, the number of cells in the GCL is the same in young and old mice 

in both Dyrk1A+/+ and Dyrk1A+/- genotypes (Figure R21 C), indicating that the dramatic 

acellularity observed in the GCL of Dyrk1A+/- mice is not due to an age-related degenerative 

process. All together, these results indicate that the retina size and cellularity alterations 

observed in young Dyrk1A+/- mice do not appear to be caused by a degenerative process but 

probably by a development defect. 
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Figure R21. Retina phenotype of aged adult Dyrk1A+/+ and Dyrk1A+/- mice. (A) Representative sections 
obtained at the level of the central retina from eyes of 22-month old Dyrk1A+/+ and Dyrk1A+/- mice stained with 
cresyl violet acetate. Note the severe alterations in the size of the INL and the IPL (arrows) and in the cellularity of 
the GCL (asterisk) in the mutant retinas compared with the control littermates. Scale bar corresponds to 40 µm. 
(B-D) Histograms showing the total thickness of the retina, the thickness of each retina layer, and the number of 
cells in the GCL in mutant and control mice aged 2 months (young) and aged 22-25 months (old). Values 
correspond to the means ± SD. Differs from Dyrk1A+/+ *p<0.05 and **p<0.001; Dashed lines indicate that old mice 
differ from young mice in both genotypes p<0.05. No significant interaction was observed between the genotype 
and the age of mice when assessed with a multivariate lineal regression model (SPSS software). A minimum of 
three animals per group was included in the analysis. ONL, outer nuclear layer; OPL, outer plexiform layer; INL, 
inner nuclear layer; IPL, inner plexiform layer; GCL, ganglion cell layer. 
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Inner retina cells are generated normally in Dyrk1A+/- and TgYAC152f7 mice 

The phenotypes described above of altered cell type proportions in Dyrk1A mutant 

mice suggest a possible defect in the generation of inner retina cells during development. 

Ganglion cells, which are the first-born cells in the retina (Cepko et al., 1996), are the 

population most severely affected by changes in Dyrk1A dosage. A defect in the generation 

of ganglion cells could explain the changes observed in the other cell populations in Dyrk1A+/- 

retina (Figure R16), as has been described for Math5 null mice (Brown et al., 2001; Wang et 

al., 2001).  

 

Therefore, and with the aim of determining whether these cells are generated properly 

in Dyrk1A mutant mice, the expression of the transcription factor Brn3b was analyzed by 

immunohistochemistry at different developmental stages.  
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Figure R22. Dyrk1A gene dosage alters the number of retina ganglion cells in postnatal mice. (A and B) 
Representative medial retina sections from eyes of embryos (in A) and pups (in B) of the indicated genotypes 
immunostained with anti-Brn3b antibody. At E14.5 (A), the location and number of positive cells are similar in 
mutant and control retinas. Values correspond to the means ± SD of the retina area immunostained with the 
antibody. At PND6 (B), the size of the retina and the number of positive cells are severely altered in the mutants. 
Asterisks in B mark the position of the nascent OPL, which is not visible in the TgYAC152f7 retina due to its 
increased size. Scale bars correspond to 100 µm in A and 20 µm in B. (C) Quantification of Brn3b positive cells 
per section in PND3, PND6 and PND16 mutant and control mice. Values correspond to the means ± SD (*p<0.05 
and **p<0.001). A minimum of three animals per group was included in the analysis. 

 

At E14.5, within the time of ganglion cell specification and differentiation, the 

distribution of Brn3b positive ganglion cells and the area of the neuroretina immunostained 

with the Brn3b antibody are similar in all genotypes (Figure R22 A). An identical situation is 

observed at E18.5, when ganglion cell genesis is almost complete (Cepko et al., 1996). 

Interestingly, it is only after birth that the number of Brn3b expressing cells became markedly 

different in the mutants compared with their control littermates: reduced in the loss-of-function 

model and increased in the gain-of-function model (Figure R22 B and C). Similarly, the 

distribution of cells immunostained with an antibody against Chx10, a transcription factor 

expressed in other differentiating inner retina cells (Liu et al., 1994), is normal at postnatal 

stages, although the number of positive cells seems altered in both mutant mice (Figure 

R23). 

 

 

Figure R23. Correct specification of inner retina cells in Dyrk1A mutants. (A) Representative medial retina 
sections from mutant and control pups of the indicated genotypes at PND6 showing a normal distribution of Chx10 
positive cells in all sections. Note that cells from the ONL are not visible at this magnification in the TgYAC152f7 
retina due to its increased size compared with wild-type retina. Scale bar corresponds to 40 µm. 

 

Accordingly, neuroretina size is normal in both models at embryonic stages (Figure 

R24 A) but is abnormal postnatally (Figure R24 B and C). These results indicate that early 

embryonic retinogenesis, but not postnatal retinogenesis, is apparently normal in Dyrk1A+/- 

and TgYAC152f7 mice, and moreover suggest that changes in Dyrk1A dosage do not affect 

the specification of ganglion and inner retina cells.  
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Figure R24. Altered retina size and cellularity in Dyrk1A mutant postnatal mice. (A and B) Representative 
medial retina sections from eyes of embryos (in A) and pups (in B) of the indicated genotypes stained with cresyl 
violet acetate. At E14.5 (A), the size of the neuroretina is similar in mutant and control retinas. Values correspond 
to the means ± SD x104 of total neuroretina area. At PND6 (B), the size of the retina and the number of cells in the 
GCL are severely altered in the mutants. Asterisks in B mark the position of the nascent OPL, which is not visible 
in the TgYAC152f7 retina due to its increased size. Scale bars correspond to 100 µm in A and 20 µm in B. (C) 
Quantification of total retina length and number of cells in the GCL at PND6 mutant and control mice. Values 
correspond to the means ± SD (*p<0.05 and **p<0.001). A minimum of three animals per group was included in 
the analysis. 
 

 

Correct Dyrk1A dosage is essential for the survival of retina cells during 
development 

To examine whether DYRK1A might regulate cell number through an influence on 

RPC proliferation, the number of phospho-histone H3 positive cells was counted as a marker 

of mitotic cells. Dyrk1A+/- and TgYAC152f7 mice at embryonic and postnatal stages show no 

differences in the number and distribution of immunopositive cells compared with their 

corresponding wild-type littermates (Figure R25). This result thus suggests that alterations in 
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cell death, rather than proliferation, are likely responsible for the altered retina size and cell 

numbers observed in both mutant models. 

 

 

Figure R25. Correct number of proliferating cells during retinogenesis in Dyrk1A mutants. (A and B) 
Representative medial retina sections from embryos (in A) and pups (in B) of the indicated genotypes showing a 
normal distribution of phospho-Histone H3 (pH3) in all sections. Dashed squares represent a 2x magnification of 
pH3 cells. Scale bars correspond to 100 µm in A and 20 µm in B. (C) Quantification of total pH3 positive cells in 
retina sections from E14.5 and E18.5 embryos and PND1 mice, and of pH3 positive cells per section in PND3, 
PND6 and PND16 mice. Values correspond to the means ± SD (*p<0.05 and **p<0.001). A minimum of three 
animals per group was included in the analysis. 

 

Programmed cell death occurs as a physiological process during retina development. 

Although other forms of neural cell death have been described, such as autophagy and 

necrosis (Boya et al., 2008), a body of experimental evidence indicates that apoptotic cell 

death is the most common mechanism occurring during retina PCD. A variety of stimuli can 

lead to apoptotic cell death, and, although caspase-independent apoptotic cell death has 

been reported (Guimaraes et al., 2003), usually all initiate signalling pathways that converge 

in the activation of caspases.  
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Caspases are a family of proteases that have a cysteine at their active site and cleave 

their target proteins at specific aspartic residues. These are synthesized in the cell as inactive 

precursors, or procaspases, which are activated by proteolytic cleavage by another member 

of the caspase family, resulting in an amplifying proteolytic cascade. After activation, 

caspases cleave key cellular substrates that are required for normal cellular function and lead 

to irreversible cell damage and ultimately, cell death. Apoptotic cell death is triggered either 

through the extrinsic pathway, involving death-promoting receptors/ligands and with caspase-

8 (Casp8) as the main initiator caspase, or through the intrinsic pathway, regulated by a 

series of specific death-promoting molecules released from the mitochondrion that control the 

activation of the initiator caspase, caspase-9 (Casp9) (Kumar, 2007; Riedl and Salvesen, 

2007). Both initiator caspases, Casp8 and Casp9, are activated by self-processing on 

aspartate residues. The main effector caspase, Caspase-3 (Casp3), is common for both 

pathways.  

To determine the extent of PCD in Dyrk1A+/- and TgYAC152f7 retinas, the number of 

activated Casp3 immunopositive cells during development was counted, starting from E14.5, 

when the first cell death wave takes place, to PND16, when the retina is already mature and 

developmentally programmed death is almost undetectable (Boya and de la Rosa, 2005; 

Young, 1984).  

At E14.5, the number and distribution of Casp3 positive cells is normal in both models 

(Figure R26 B). In contrast, at perinatal stages (E18.5 and PND1), which coincide with the 

period of differentiating ganglion cell death in the inner neuroblastic layer (Farah and Easter, 

2005), the number of cells expressing active Casp3 is significantly increased in Dyrk1A+/- 

mice and reduced in TgYAC152f7 mice (Figure R26 A and B). Similar alterations in the 

number of cells expressing active Casp3 are observed later in development, at PND3 and 

PND6 (Figure R26 B), when other cell types, mainly amacrine cells and bipolar cells, also die 

by apoptosis in the INL (Farah and Easter, 2005; Young, 1984). No differences in the number 

of active Casp3 immunostained cells are observed between mutant and wild-type mice at 

PND16 (Figure R26 B). These results indicate that abnormal apoptosis in both mutant 

models occurs in the same time frame as developmentally programmed cell death in wild-

type mice. 
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Figure R26. Altered apoptosis during periods of naturally occurring programmed cell death in Dyrk1A 
mutants. (A) Representative medial retina sections from eyes of E18.5 mutant and control embryos showing 
apoptotic cells positive for active Casp3. Scale bar corresponds to 40 µm. (B) Quantification of total active Casp3 
positive cells in retina sections from E14.5 and E18.5 embryos and PND1 mice, and of active Casp3 cells per 
section in PND3, PND6 and PND16 mice. Values correspond to the means ± SD (*p<0.05 and **p<0.001). A 
minimum of three animals per group was included in the analysis. 

 

 

DYRK1A effects on developmental apoptosis are mediated by caspase-9 

activation in the retina  

Data from different mouse models highlighted the relevance of the intrinsic apoptotic 

pathway to retina development (Guerin et al., 2006; Isenmann et al., 2003). For instance, 

transgenic mice overexpressing the anti-apoptotic gene Bcl-2 (Bonfanti et al., 1996; Strettoi 

and Volpini, 2002) and mice lacking the pro-apoptotic proteins Bax, Bak, or Bim (Doonan et 
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al., 2007; Hahn et al., 2003; Mosinger Ogilvie et al., 1998; Pequignot et al., 2003) showed 

hypercellularity of inner retina layers.  

To exclude a possible implication of the extrinsic cell death pathway in the retina, a 

set of experiments were performed in freshly isolated whole-retinas from wild-type PND5 

treated with pharmacological inhibitors of Casp8 and of Casp9 (Figure R27 A). These 

inhibitors are modified synthetic peptides that mimic the aminoacidic sequence of cleavage of 

each caspase, LEHD for Casp9 and IETD for Casp8, and therefore are specific for each 

caspase (Garcia-Calvo et al., 1998; Thornberry et al., 1997). As shown in Figure R27 A, 

inhibition of Casp9 activation, but not that of Casp8, significantly decrease apoptotic cell, 

death further supporting the importance of this apoptotic pathway in retina cell death. 

 

 

 

Figure R27. Altered apoptosis in Dyrk1A mutants is through the intrinsic apoptotic pathway. (A) 
Histograms showing the number of active Casp3 cells in wild-type freshly isolated whole-retinas treated with 
100µM Casp9 inhibitor (LEHD), 100µM Casp8 inhibitor (IETD) or DMSO as vehicle for 90 min at 37ºC. Values 
correspond to the means ± SD (***p<0.0001) from three independent experiments. (B) Representative medial 
retina sections from eyes of E18.5 mutant and control embryos showing apoptotic cells positive for active Casp9. 
Scale bar corresponds to 40 µm. (C) Quantification of total active Casp9 positive cells in retina sections from 
E18.5 embryos. Values correspond to the means ± SD (*p<0.05 and ***p<0.0001). A minimum of three animals 
per group was included in the analysis. 
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 To assess the implication of DYRK1A in Casp9 mediated apoptosis, the number of 

cells expressing the active form of Casp9 was counted in E18.5 Dyrk1A mutant embryos 

compared with their control littermates. The numbers of active Casp9 cells are increased in 

the loss-of-function model and decreased in the gain-of-function model (Figure R27 B and C). 

These differences are equivalent to the differences observed in active Casp3 cells (3.6 fold in 

Dyrk1A+/- and 1.7 fold in TgYAC152f7, with respect to controls respectively), suggesting that 

abnormal apoptosis in Dyrk1A mutants is occurring through the intrinsic apoptotic pathway. 

Furthermore, this finding strongly indicates that DYRK1A exerts its function on the intrinsic 

apoptotic pathway either at the level of Casp9 activation or at upstream steps in the 

activating cascade.  

 

 

DYRK1A interacts with Casp9 and phosphorylates its threonine residue 125  

Casp9 activation is considered to be a crucial link connecting cell signalling and 

apoptotic execution. Several regulatory mechanisms have been reported to act at the level of 

Casp9 precursor activation, or to prevent active Casp9 from reaching its substrates (Callus 

and Vaux, 2007). One of them, phosphorylation of Casp9 on threonine residue 125 (Thr125), 

inhibits Casp9 cleavage and activation (Allan et al., 2003). Thr125 lies within a consensus 

amino acid sequence for DYRK1A phosphorylation (Figure R28 A) (Himpel et al., 2000). To 

test if DYRK1A indeed phosphorylates this Casp9 residue, in vitro kinase assays with 

bacterially expressed proteins were performed. 

The results show that wild-type DYRK1A phosphorylates a Casp9 fragment 

containing Thr125, whereas a kinase-dead mutant, DYRK1A-K179R, in which the ATP 

binding site is inactivated, does not (Figure R28 B). No radioactive phosphate incorporation is 

detected when Thr125 is replaced by an unphosphorylatable alanine residue (Figure R28 B). 

Moreover, in vitro kinase assays performed with the full-length Casp9 protein show that 

Thr125 is the only phosphorylation site for DYRK1A in Casp9, as mutation of this single 

residue to alanine completely abrogates radioactive phosphate incorporation (Figure R28 C). 

These results indicate that DYRK1A directly phosphorylates Casp9 only at Thr125 in vitro. 
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Figure R28. DYRK1A phosphorylates caspase 9 at Thr125 in vitro. (A) Comparison of human (hCASP9, 
amino acids 99-142) and mouse (mCasp9, amino acids 132-180) Casp9 sequences, showing the conservation of 
Thr125 in the human sequence as part of the DYRK1A consensus phosphorylation motif (boxed). (B) Unfused 
GST and the fusion proteins GST-CASP9108-173 wild-type (WT) and GST-CASP9108-173-T125A (T125A) were used 
as substrates in in vitro kinase assays with GST-DYRK1A wild-type (WT) or kinase-dead DYRK1A-K179R (KR), in 
the presence of radio-labelled ATP. Reactions were resolved by SDS-PAGE, and analyzed by autoradiography. 
The gel was stained with Coomassie blue to control for equal loading of the recombinant proteins. No radio-
labelled ATP is incorporated to GST-CASP9108-173 when Thr125 is mutated to alanine. (C) The fusion proteins 
GST-CASP9 wild-type (WT) and GST-CASP9 T125A (T125A) were used as substrates in in vitro kinase assays 
with GST-DYRK1A wild-type in the presence of radio-labelled ATP. Reactions were resolved by SDS-PAGE, and 
analyzed by autoradiography. The gel was stained with Coomassie blue to control for equal loading of the 
recombinant proteins. No radio-labelled ATP is incorporated to full-length GST-CASP9 protein when Thr125 is 
mutated to alanine. The position of protein markers (in kDa) is indicated. 
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DYRK1A-dependent phosphorylation of Casp9 at Thr125 in mammalian cells was 

confirmed by immunoblot using a specific commercial anti-phosphoThr125 Casp9 antibody. 

The exogenous expression of minimal amounts of Casp9 in mammalian cells induced a 

massive cell death of the culture. For that reason, a catalytically inactive mutant form of 

Casp9 (Casp9 C287A) was constructed. Others, (Allan and Clarke, 2007; Allan et al., 2003), 

to express caspase-9 in cells have extensively used this approach. HEK293T cells were 

transiently transfected with full-length Casp9 fused to the green fluorescent protein (GFP). 

PhosphoThr125 signal is markedly increased when Casp9 is co-expressed with wild-type 

DYRK1A, but not when co-expressed with the kinase-death mutant DYRK1A-K179R (Figure 

R29 A). These results demonstrate that Thr125 in Casp9 is a target of the kinase activity of 

DYRK1A in vivo.  

 
Figure R29. DYRK1A phosphorylates caspase 9 at Thr125 in vivo. (A-B) Cell lysates from HEK-293T (A) and 
RGC-5 (B) cells transiently transfected with a plasmid encoding full-length human Casp9 (C287A) fused to GFP, 
and either the wild-type (WT) or the kinase-dead mutant version (KR) of GFP-DYRK1A as indicated, were 
analyzed by Western blot with anti-phosphoThr125 Casp9 (PiT125) and anti-GFP antibodies. Note the increase in 
phosphoThr125 levels when GFP-DYRK1A WT, but not when GFP-DYRK1A KR, is expressed. The position of 
protein markers (in kDa) is indicated. 
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To provide evidences that Casp9-dependent DYRK1A phosphoryation is not cell type 

specific and that Casp9 is indeed a DYRK1A target in retina cells, the same in vivo 

experiments were repeated in the RGC-5 cell line, which is derived from primary retinal 

ganglion cells (Krishnamoorthy et al., 2001). As in HEK293T cells, phosphorylation of Casp9 

at Thr125 is markedly increased when wild-type form of DYRK1A is co-expressed (Figure 

R29 B, lane 3 compared with lane 5). As anticipated, no increase is found when the kinase-

death mutant is co-expressed (Figure R29 B, lane 4). Interestingly, a reduction in the levels 

of phosphoThr125 is observed in this condition when compared with that of single Casp9 

expression (Figure R29 B, lane 5 compared with lane 4), indicating a possible dominant 

negative effect of DYRK1A-K179R mutant.  

As shown in Figure R31 A, RGC-5 cells express endogenous DYRK1A and Casp9 at 

relatively high levels compared with total lysates from PND5 isolated wild-type retinas. To 

determine the physiological relevance of Casp9 phosphorylation at Thr125 by endogenous 

DYRK1A, DYRK1A expression was knock-down in the RGC-5 cell line. For this, the RNA 

interference technology was used and two different sets of short hairpin RNAs (shDYRK1A) 

that silence DYRK1A expression, and their corresponding control short hairpin RNAs 

(shSCR) were transfected into RGC-5 cells.  

The first set of shRNAs (shSCR-1 and shDYRK1A-1) was generated and tested in the 

group of Dr. Cristina Fillat at the CRG, as described in Ortiz-Abalia et al. (2008). The second 

set of shRNAs (shSCR-2 and shDYRK1A-2) was commercially available and tested in human 

and mouse cell lines for DYRK1A gene silencing. Five different sequences were tested by 

transient transfection of the shDYRK1A expression plasmids, and Western blot of the protein 

lysates prepared 48 h after transfection to detect the remaining amount of DYRK1A. 

Quantifications by optic densitometry showed that the sequence of the expression plasmid 

sh-a give the most significant reduction in DYRK1A protein levels in cell lysates after 

transfection, both in human (averaged 0.70 fold-decrease) and mouse (averaged 0.56 fold-

decrease) cell lines (Figure 30 A and B, respectively). The expression plasmid sh-a is the 

one referred here as shDYRK1A-2 in the following experiments.  
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Figure R30. DYRK1A knock-down in cell lines by shRNAs. (A) HEK293T were transfected with a plasmid 
encoding for HA-DYRK1A and with different shDYRK1A plasmids designed to silence DYRK1A expression, and 
their corresponding control plasmids (shSCR). Co-transfection of minimal amounts of a plasmid expressing GFP 
protein was used as a control of transfection. Cell lysates were analyzed by Western blot using antibodies against 
HA tag, to detect exogenously expressed DYRK1A protein, and GFP protein. (B) NIH3T3 cells were transfected 
with different shDYRK1A plasmids designed to silence DYRK1A expression, and their corresponding control 
plasmids (shSCR). Co-transfection of minimal amounts of a plasmid expressing GFP protein was used as a 
control of transfection. Cell lysates were analyzed by Western blot using antibodies against DYRK1A, to detect 
endogenous DYRK1A protein, and GFP protein. Chemiluminiscent signal from Western blots were quantified by 
optic densitometry and represented in histograms as the relative expression of DYRK1A/GFP proteins in the 
knock-down situation (shDYRK1A) referred to its control situation (shSCR). Values correspond to the means ± SD 
from two independent experiments. The shSCR-1 and shDYRK1A-1 plasmids are used as internal experimental 
controls as they have already been tested in Ortiz et al. (2008). The shSCR-2 and the five different shDYRK1A-2 
(from a to e) were purchased from SIGMA.  

 

 

Transfection of the two shDYRK1A plasmids into RGC-5 cells results in efficient 

DYRK1A gene silencing as shown by the reduced DYRK1A protein levels observed by 

Western blot from cell lysates analysed 48h and 72h after transfection (Figure R31 B). Next, 

RGC-5 cells were co-transfected with full-length GFP-Casp9 (C287A) and either the shSCR-

1 or shDYRK1A-1 plasmids, and the levels of phosphoThr125 were assessed by Western 

blot in cell lysates prepared 48 h post-transfection. As shown in Figure R31 C, DYRK1A 

knock-down results in a significant reduction in the phosphorylation levels of Thr125 in Casp9 

when compared to the control situation (lane 3 compared to lane 2). To discard off-target 

effects of the shDYRK1A-1 plasmid, a plasmid expressing HA-DYRK1A that has been 

mutagenized in order to be insenstive to shDYRK1A-1 but that encodes for a wild-type full-

length DYRK1A protein (HA-DYRK1A-RI; (Aranda, 2007)) was used. Co-transfection of the 

plasmid expressing HA-DYRK1A-RI restores the levels of phoshoThr125 on Casp9 (Figure 

R31 C, lane 4). Altogether, these results strongly indicate that phosphorylation of Casp9 at 

Thr125 in retina cells depends on DYRK1A protein levels and kinase activity. 
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Figure R31. DYRK1A knock-down decreases the levels of phosphoThr125 caspase 9 in vivo. (A) Cell 
lysates from wild-type mouse retina (Ret) and RGC-5 cells analyzed by Western blot with the indicated antibodies. 
(B) Cell lysates from RGC-5 cells transfected with two sets of plasmids that specifically knock-down DYRK1A 
(shDYRK1A -1 and -2), and their corresponding scramble plasmids (shSCR -1 and -2), were analyzed by Western 
blot using antibodies against DYRK1A. Cells were harvested at different times after transfection. Immunodetection 
of actin was used as loading control. (C) RGC-5 cells were transfected with a plasmid encoding full-length human 
Casp9 (C287A) fused to GFP, and either the shSCR-1 or the shDYRK1A-1 plasmids. In lane 4, an additional 
plasmid expressing HA-DYRK1A-RI was co-transfected. Cell lysates were analyzed by Western blot with the 
indicated antibodies. Note that the reduction in phosphoThr125 levels upon DYRK1A silencing is abolished by the 
expression of the HA-DYRK1A-RI plasmid. The position of protein markers (in kDa) is indicated. 

 

As indicated in Figure R29 B, the co-expression of GFP-DYRK1A-KR and GFP-

Casp9 in cells suggested a dominant-negative effect of the kinase-dead form of DYRK1A. 

One possible explanation for this effect is that both proteins interact in cells in such a way 

that DYRK1A kinase-dead mutant form would be sequestering Casp9 from being 

phosphorylated by other active kinase molecules. To assess this possibility, co-

immunoprecipitation experiments from transfected cells were performed. GFP-fused Casp9 

and HA-tagged DYRK1A plasmids were transiently transfected in HEK293T cells, and protein 

complexes were immunoprecipitated from soluble cell lysates with anti-GFP antibodies. As 

shown in Figure R32, DYRK1A is present in Casp9 immunocomplexes, indicating specific 

interaction between the two proteins. This interaction is independent of DYRK1A kinase 

activity, as both wild-type (WT) and kinase-mutant (KR) DYRK1A forms are equally present 

in the immunocomplexes associated to Casp9. Moreover, the interaction is also independent 
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of the phosphorylation status of Thr125 in Casp9, as both, wild-type (WT) and 

unphosphorylable Thr125 mutant (TA) Casp9, are able to interact with DYRK1A proteins. 

These results show that DYRK1A and Casp9 can interact in vivo in mammalian cells. 

 

 

Figure R32. DYRK1A interacts with Casp9 in vivo. Cell lysates from HEK-293T cells transfected with the 
indicated plasmids (unfused GFP; GFP-fused Casp9 WT=C287A, TA=C287A+T125A; HA-tagged DYRK1A 
WT=wild-type; KR=K179R), were immunoprecipitated with anti-GFP antibody and samples were analyzed by 
Western blot with anti-HA and anti-GFP antibodies. Input represent 10% of total soluble cell extracts. Note that 
DYRK1A and Casp9 interaction is independent of the kinase activity of DYRK1A and the phosphorylation status of 
Casp9 at Thr125. The position of protein markers (in kDa) is indicated. 

 

 

DYRK1A regulates Casp9 apoptotic activity by phosphorylation at threonine 
residue 125 

To investigate the physiological relevance of DYRK1A-dependent phosphorylation of 

Casp9 in the retina, the levels of phosphoThr125 were determined in postnatal retina extracts 

prepared from both Dyrk1A mutant strains. As shown in Figure R33, Dyrk1A+/- and 

TgYAC152f7 mice have decreased and increased, respectively, levels of phosphoThr125 

when compared with their corresponding wild-type littermates.  

The previous results suggested that DYRK1A could be the kinase responsible for 

Casp9 phosphorylation at the inhibitory Thr125 site in the retina. A pharmacological approach 

was taken to address this possibility in vivo.  
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Figure R33. PhosphoThr125 levels are altered in the retina of Dyrk1A mutant mice. (A) Representative 
Western blots of total lysates prepared from retinas of PND5 Dyrk1A+/- (+/-) and TgYAC125f7 (YAC) pups, and 
their control littermates (+/+ and wt respectively), analyzed with phosphoThr125 (PiT125) and Casp9 antibodies. 
The PiT125 antibody recognizes several bands but only the one indicated with an arrow responds to okadaic acid 
treatment (data not shown). Stabilization of the phosphorylation of Thr125 by the inhibition of phosphatases with 
okadaic acid has been already demonstrated (Allan et al., 2003; Dessauge et al., 2006). (B) Histograms showing 
the phosphorylation levels of PiT125 relative to the total amount of Casp9 in retina lysates from PND5 +/-, +/+, 
YAC and wt pups. Mean values were obtained from three independent pooled litters of a minimum of 2 animals 
per pool. Values correspond to the means ± SD (*p<0.05). The position of protein markers (in kDa) is indicated. 

 

 

Harmine is an alkaloid of the beta-carboline family that has been recently listed as a 

DYRK1A-specific kinase activity inhibitor in vitro (Bain et al., 2007). It has also been used in 

vivo to inhibit DYRK1A in cell lines (Sitz et al., 2008) and in neural progenitor cells (Liu et al., 

2008). A detailed characterization of the inhibitory properties of harmine in DYRK1A-

dependent in vitro kinase assays was carried out by Dr. Sergi Aranda at the CRG that 

showed that harmine acts as an ATP-competitive inhibitor against DYRK1A. To test the 

ability of harmine to inhibit DYRK1A kinase activity in vivo, the autophosphorylation capability 

of DYRK1A on serine residue 520 was exploited. This autophosphorylation event can be 

followed by immunoblot with an in-house generated anti-DYRK1A phospho-specific antibody 

(anti-phosphoSer520) (Alvarez et al., 2007).  

HEK-293 cells were transfected with the indicated plasmids expressing HA-DYRK1A 

wild-type (WT) or a kinase-dead mutant (KR) and after 48 h, cells were treated for 2 h with 10 

µM harmine. Soluble cell extracts were immunoprecipitated with anti-HA antibody and the 

immunoprecipitates analyzed by Western blot. As shown in Figure R34 A, treatment of cells 

with harmine abrogates DYRK1A autophosphorylation on Ser520, as the levels of 

phosphoSer520 after harmine treatment are significantly reduced compared with non-treated 

cells (lane 3 compared with lane 2).  

 



Results 
 

 117 

 

Figure R34. Harmine inhibits DYRK1A kinase activity in vivo. (A) HEK-293 cells were transfected with the 
indicated plasmids encoding for HA-DYRK1A wild type (WT) or a kinase-dead mutant (KR) and after 48 h, treated 
for 2 h with 10 µM harmine. Soluble cell extracts were immunoprecipitated with anti-HA antibody, and the 
immunoprecipitates were analyzed by Western blot using anti-phosphoSer520 DYRK1A (PiS520) and anti-HA 
antibodies as indicated. (B) HEK-293 cells were transfected with HA-DYRK1A wild type (WT) plasmid and after 48 
h, treated for 2 h with harmine or norharmane at the indicated concentrations. Soluble cell extracts were 
immunoprecipitated with anti-HA antibody, and the immunoprecipitates were analyzed by Western blot using anti-
phosphoSer520 DYRK1A (PiS520) and anti-HA antibodies as indicated. 

 

Several members of the beta-carboline alkaloid family have been tested for their 

potential antidiabetic properties and, among them, only harmine showed significant activity 

(Waki et al., 2007). Three members of this alkaloid family (harmaline, norharmane and 

harmanol) showed a decrease in their ability to inhibit DYRK1A activity when assayed in in 

vitro kinase assays at the same conditions as harmine (Dr. Sergi Aranda, personal 

communication). One of these alkaloids, norharmane, was further tested in HEK-293 cells 

transfected with HA-DYRK1A WT. Soluble cell extracts were immunoprecipitated with anti-

HA antibody and the immunoprecipitates analyzed by Western blot. As shown in Figure R34 

B, whereas the levels of DYRK1A phosphoSer520 are markedly reduced by harmine 

treatment, these are not affected by a treatment with the same concentrations of 

norharmane, indicating that this alkaloid does not inhibit DYRK1A kinase activity in cells. 

These results validate the usage of Hharmine as a chemical inhibitor to address the 

physiological implication of DYRK1A activity on Casp9-dependent PCD in the retina. 

Whether inhibition of DYRK1A kinase activity by harmine affected Casp9 apoptotic 

activity in the retina was assayed in wild-type freshly isolated whole-retinas treated with 

increasing concentrations of the inhibitor. As shown in Figure R35 A (upper panel), harmine 

decrease the levels of phosphoSer520 in retina protein extracts in a concentration-dependent 
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manner, indicating that the treatment conditions used are inhibiting DYRK1A 

autophosphorylation ability. Importantly, the levels of phosphoThr125 in whole-retinas 

significantly decrease upon treatment with harmine (Figure R35 A, middle panel), while they 

are unaffected by norharmane treatment (Figure R35 B).  

DYRK1A has been shown to enhance the NGF-extracellular signal-regulated kinase 

(Erk) pathway in PC12 cells (Kelly and Rahmani, 2005). It has been also shown that Erk 

phosphorylates Casp9 at Thr125 (Allan et al., 2003). Therefore it was important to determine 

whether the observed effect of harmine in whole-retinas was mediated directly by DYRK1A or 

indirectly through a reduction of Erk activity in the retina. As indicated in Figure R35 A (lower 

panel), the levels of phosphorylated Erk, as a measure of Erk activation, remain constant at 

all harmine concentrations tested. Furthermore, treatment of whole-retinas with PD98059, an 

specific inhibitor of the activating kinase of Erk, does not affect the phosphorylation levels of 

Thr125 Casp9 and Ser520 DYRK1A, while significantly induced a decrease in the 

phosphoErk levels (Figure R36 A), indicating the Erk activity does not correlate with Casp9 

phosphorylation in the retina.  

Unexpectedly, the levels of phosphoErk in postnatal retina extracts were increased 

and decreased, respectively, in Dyrk1A+/- and tgYAC152f7 mice when compared with their 

corresponding wild-type littermates (Figure R36 B). Although the origin and the 

consequences of these alterations are still not known, this observation argues against Erk 

being the kinase that phosphorylates Thr125 in Casp9 during retina development. Together 

these results indicate that DYRK1A is a major kinase phosphorylating Casp9 in the retina. 

 

 

 

LEFT _ Figure R35. DYRK1A kinase activity is critical for the phosphorylation of Casp9 at Thr125 in the 
retina. (A) Wild-type freshly isolated whole-retinas were incubated at the indicated concentrations of harmine or 
water (-) as vehicle. Total lysates were analyzed by Western blot with antibodies against PiS520, DYRK1A, 
PiT125, Casp-9, PiErk and Erk. (B) Whole-retinas were maintained in the indicated concentrations of harmine, 
norharmane, or water (-) as vehicle. Total lysates were analyzed by Western blot with antibodies against PiT125 
and Casp9. Alterations in the levels of phosphoThr125 are observed when retinas are treated with harmine, but 
not with norharmane, at the concentrations tested. The position of protein markers (in kDa) is indicated. 

 

RIGHT _ Figure R36. Erk kinase activity is dispensable for the phosphorylation of Casp9 at Thr125 in the 
retina. (A) Wild-type freshly isolated whole-retinas were incubated at the indicated concentrations of PD98059 or 
DMSO (-) as vehicle. Total lysates were analyzed by Western blot with antibodies against PiS520, DYRK1A, 
PiT125, Casp-9, PiErk and Erk, as indicated. No alteration in the levels of phosphoThr125 was observed when 
retinas were treated with PD98059 at the concentration tested. (B) Representative Western blots of total lysates 
prepared from retinas of PND5 Dyrk1A+/- (+/-) and TgYAC125f7 (YAC) pups, and their control littermates (+/+ and 
wt respectively), analyzed with PiErk and Erk antibodies. The position of protein markers (in kDa) is indicated.  
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To assess the significance of DYRK1A-dependent phosphorylation of Casp9 on retina 

cell survival, a pharmacological approach combined with an immunofluorescent detection 

and counting of apoptotic cells in treated whole-retinas were used. Inhibition of DYRK1A 

kinase activity with harmine in freshly isolated whole-retinas significantly increases the 

numbers of active Casp3 cells, whereas in the same conditions, norharmane treatment has 

no effect (Figure R37 A and B). Moreover, harmine treatment increases the number of active 

Casp9 positive cells (Figure R37 C and D), indicating that Casp9 processing and subsequent 

activation of Casp3 are induced upon DYRK1A inactivation. Together, these results allow to 

propose that DYRK1A kinase activity is crucial for Casp9-mediated apoptotic activity in the 

retina. 
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Figure R37. DYRK1A kinase activity regulates caspase-9 apoptotic activity in the retina. (A) Wild-type 
freshly isolated whole-retinas were treated with harmine and then processed for immunofluorescence against 
active Casp3. Scale bar corresponds to 20 µm. (B) Histograms showing the fold increase in the number of active 
Casp3 cells in harmine or norharmane treated retinas compared with untreated retinas, at the indicated 
concentrations. Values correspond to the means ± SD (*p<0.05) from three independent experiments. (C) Wild-
type freshly isolated whole-retinas were treated with harmine and then processed for immunofluorescence against 
active Casp9. Scale bar corresponds to 20 µm. (D) Histogram showing the fold increase in the number of active 
Casp9 cells in harmine treated retinas compared with untreated retinas, at the indicated concentrations. Values 
correspond to the means ± SD (*p<0.05) from three independent experiments. 

 

 

Casp9 is the main target of DYRK1A anti-apoptotic activity in the retina  

DYRK1A is a pleiotropic kinase with various known substrates and interacting 

proteins (see Table4 in the Introduction Section). Although so far none of these has been 

directly implicated in the intrinsic apoptotic machinery, some, such as the forkhead (Woods et 

al., 2001b) and CREB transcription factors (Yang et al., 2001), and the huntingtin interacting 

protein-1 (Kang et al., 2005), have been related to apoptosis. Thus, whether Casp9 

phoshorylation and inhibition was the main mechanism mediating DYRK1A-protective effect 

in the retina was assessed.  

For that, the Casp9 inhibitor (LEHD) that efficiently blocked apoptosis in wild-type 

freshly isolated whole-retinas was used (Figure R27 A). As shown in Figure R38, treatment of 

whole-retinas with the Casp9 inhibitor protects retina cells from harmine-induced apoptosis, 

further indicating that DYKR1A kinase activity acting through Casp9 is crucial for the anti-

apoptotic effect of this kinase in the retina.  
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Figure R38. Inhibition of caspase-9 apoptotic activity abolishes harmine-induced apoptosis in the retina. 
Histogram showing the number of active Casp3 cells in whole-retinas treated with harmine (10 µM) or untreated (-
) in the presence of 100 µM Casp9 inhibitor (LEHD) or DMSO as vehicle. Casp9 inhibitor and DMSO were added 
to the medium 30 min before the addition of harmine.  

 

 

Although we cannot completely rule out the contribution of other mechanisms in the 

protective effect of DYRK1A against apoptosis in the retina, altogether, the results here 

presented demonstrate that phosphorylation of Thr125 in Casp9 by DYRK1A is important for 

the apoptotic activity of Casp9. Moreover, the data supports a model in which DYRK1A gene 

dosage alterations lead to abnormal apoptotic rates in specific neural populations, and 

contributes to morphological and functional impairments displayed in DYRK1A gene dosage 

imbalance situations, such as Down syndrome and monosomy 21. 
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1. Impact of DYRK1A gene dosage imbalance  

In this work, DYRK1A protein kinase is shown to be essential for the formation of a 

normal sized retina with correct proportions of the different retina cell types. Altered DYRK1A 

gene dosage leads to changes in the number of retinal cells, with increases in retinas from 

trisomic (Ts65Dn) and transgenic (TgYAC152f7 and TgBAC-Dyrk1A) animals overexpressing 

DYRK1A, and decreases in animals deficient in DYRK1A (Dyrk1A+/-) (Figures R6-R13).  

 

Parallels between the retina phenotype and other consequences of 
DYRK1A gene dosage imbalance 

All major inner retina cell types are present in Dyrk1A mutant retinas. However, their 

absolute numbers are altered: increased in TgYAC152f7 and decreased in Dyrk1A+/-mice. In 

addition, ganglion cells show a disproportionate affectation compared to other cell types like 

rod bipolar cells or glial Müller cells (Figure R16), suggesting that the effect of DYRK1A 

dosage imbalance is more prominent in specific neural cell populations of the inner retina. 

This finding, together with the fact that no differences in the thickness of the outer retina 

layers were observed in any of the mouse models analyzed, strengthens the idea that 

DYRK1A impact is different in distinct neural populations, despite its expression is ubiquitous 

at all stages analyzed (Figures R3 and R4). Similarly, the histological analysis of the 

mesencephalic region from adult Dyrk1A+/- mice revealed a specific reduction in the number 

of dopaminergic neurons but not in the number of serotoninergic neurons, two different 

neural populations generated from ventral neuroepithelial progenitors (results from A. Laguna 

and M.J.Barallobre in the laboratory). These observations support the notion that changes in 

DYRK1A protein levels differentially influence various neural populations of the CNS. These 

differences might explain why Dyrk1A gene dosage imbalance affects differently the 

functionality of CNS circuits, as shown from the behavioural studies in Dyrk1A+/- mice (Arque 

et al., 2008; Fotaki et al., 2002; Fotaki et al., 2004) and of different DS mouse models 

(Rachidi and Lopes, 2007a). 

The analysis of the retina phenotype in different mouse models of DYRK1A 

overexpression presented in this work contributes to an on-going exhaustive analysis of DS 

mouse models performed with the final aim of establishing precise genotype-phenotype 

correlations. Two of the most relevant issues in the field are to narrow down the critical 

regions responsible of particular clinical features, and to elucidate how the presence of 

additional genes in bigger trisomies affects the manifestation of those clinical features. In this 
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sense, the results presented in this work show that overexpression of DYRK1A, alone or in 

the context of a bigger trisomy, is critical for generating the appropriate number of cells 

during retina development.  

When considering eye size, the picture is much more complex. Although quantitative 

eye volume data is not provided in this work, some interesting observations can be made 

after a gross examination of the eye. Mice haploinsufficient for Dyrk1A showed a clear 

reduction of eye size, consistent with the significant reduction observed both in brain and 

body sizes, and with the general growth impairment of Dyrk1A null embryos (Fotaki, 2002). 

However, DYRK1A overexpression does not have the same outcome in the different models. 

For instance, body weight measurements reveal a significant reduction in TgBAC-Dyrk1A 

mice compared with wild-types already at postnatal stages (results from our laboratory), 

although transgenic mice do not show major alterations in eye size. The coincidence 

between both models regarding body growth is very interesting since partial trisomies and 

monosomies of HSA21 regions including DYRK1A have been associated to body growth 

impairments in humans (Chettouh et al., 1995; Delabar et al., 1993). Similarly, Ts65Dn mice 

are significantly smaller in body size than wild-type littermates (Jackson Laboratories), and 

do not show striking alterations in eye size. On the other hand, TgYAC152f7 mice have 

bigger eyes, consistent with the reported increase in brain volume; despite their body weight 

does not differ from that in wild-types (Branchi et al., 2004; Sebrie et al., 2008). These 

observations would indicate that genes in trisomy in the Ts65Dn, other than the five genes 

present in the YAC clone, are modulating the effect on organ size observed in TgYAC152f7 

mice. In agreement, a recent study shows that mice trisomic for the DSCR (Ts1Rhr) have 

increased brain volume compared to Ts65Dn, while mice monosomic for the same region 

show reduced brain volume compared to Ts65Dn (Olson et al., 2007). This study favours the 

hypothesis that, in addition to the contribution of single genes, the existence of complex 

interactions between HSA21 genes is needed to understand the phenotypes observed in DS. 

 

Functional consequences of DYRK1A gene dosage imbalance 

Electrophysiological recordings provide a means to examine retinal function and to 

characterize the functional implications of gene manipulation in the mouse retina (Peachey 

and Ball, 2003). A large number of mutant mice that show altered electroretinogram 

recordings have been described. However, most of them involve degeneration of first-order 

photoreceptor cells (Chang et al., 2002). In this work, two mutant models with severe visual 

impairment mainly resulting from alterations in second and third order retina neurons are 

presented (Figure R14).  
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The severe alterations of ERG b-wave amplitudes and oscillatory potentials observed 

go in opposite directions in the two models: decreased in Dyrk1A+/- and increased in 

TgYAC152f7. The amplitudes of ERG waves are directly related to the number of cells that 

respond to light stimuli (Pugh, 1998). Consistent with the electrophysiological alterations 

observed, the number of retina inner cells, including bipolar and ganglion cells, is severely 

reduced in Dyrk1A+/- and increased in TgYAC152f7 mice. Therefore, it is tempting to 

speculate that the altered cellularity in the INL and GCL accounts for the altered 

electrophysiological response in Dyrk1A mutant mice.  

Aberrant retina synaptic connections due to altered proportions of INL and GCL cells 

and/or to an abnormal neuritic branching of these cells might also contribute to the photo 

transmission deficits in Dyrk1A+/- retinas, despite we have not detected major alterations at 

synaptic ribbon sites (Figure R17). Several evidences account for this possibility: i) 

alterations in the dendritic arbor of Dyrk1A haploinsufficient neurons have been described in 

the cerebral cortex of Dyrk1A+/- mice (Benavides-Piccione et al., 2005); ii) DYRK1A is highly 

expressed in both retina plexiform layers (Figure R4); and iii) DYRK1A interacts with proteins 

involved in synaptic transmission (Adayev et al., 2006; Chen-Hwang et al., 2002; Huang et 

al., 2004; Murakami et al., 2006). Therefore, DYRK1A might play a role in regulating synaptic 

transmission in the mature retina. In fact, DYRK1A expression in different developing and 

mature CNS structures is compatible with functions of this kinase at both periods (Hammerle 

et al., 2003a; Hammerle et al., 2008; Marti et al., 2003). Supporting the relevance of DYRK1A 

for the functionality of mature CNS structures, the normalization of DYRK1A expression in 

the striatum of adult TgDyrk1A mice, by injection of an adeno-associated virus directed to 

silence Dyrk1A expression (AAVshRNA-DYRK1A), significantly attenuates the motor 

dysfunctions observed in this mouse model (Ortiz-Abalia, 2008).  

Our electrophysiological results in Dyrk1A+/- and TgYAC152f7 mice clearly indicate 

attenuation and exacerbation, respectively, of photo transmission through second and third 

order neurons from both rod and cone pathways. Even though, no significant alterations in 

the performance of the optomotor test were found in Dyrk1A mutant mice (Figure R20). In 

fact, the analysis of retina projections performed in Dyrk1A+/- mice showed no gross defects 

(Figure R19), indicating that DYRK1A is not involved in the segregation of crossed and 

uncrossed retinal projections, or in the establishment of retinotectal and retinogeniculate 

projections. Similarly, transgenic mice overexpressing the anti-apoptotic protein bcl-2, which 

show profound morphologic alterations in the inner retina (Bonfanti et al., 1996; Strettoi and 

Volpini, 2002), do not display alterations in retincollicular projections (Yakura et al., 2002) or 

in their optomotor responses (Gianfranceschi et al., 1999). These observations suggest that, 
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although DYRK1A gene dosage imbalance impacts strongly on retina morphology and 

function, the optomotor response in Dyrk1A mutants is unaltered and thus these mice are still 

able to see. 

There are several reports of mutant mice with ERG responses similar to those elicited 

in Dyrk1A+/- mice that also describe defective retina development leading to alterations in cell 

number and structural connectivity. For instance, mice with a null mutation in the gene 

encoding Bhlhb4 transcription factor are depleted of rod bipolar cells, and are characterized 

by loss of the scotopic b-wave and reduced OP amplitudes (Bramblett et al., 2004). Similarly, 

mice deficient in either Reelin and Disabled-1, a gene involved in the Reelin signalling 

pathway, are characterized by a decreased number of rod-bipolar cells and altered patterns 

of interneuronal connections in the retina IPL (Rice and Curran, 2001). Finally, Math5-null 

mice are depleted of ganglion cells and have ERG deficits that very much resemble those in 

the Dyrk1A mutant (Brzezinski et al., 2005). Interestingly, the INL of Math5 mutant retinas is 

thinner than in control retinas and with an altered proportion of cells (Brzezinski et al., 2005). 

These morphological and functional similarities support that ERG deficits in Dyrk1A+/- mice 

are mainly caused by the reduced numbers and altered proportions of inner retina cells 

reported here.  

We are not aware of any report showing exacerbated ERG responses in a mouse 

model with retina hyperplasia, but one could hypothesize that most of the ERG alterations in 

TgYAC152f7 mice might be caused by the increased numbers and altered proportion of inner 

retina cells in these mice. Taken together, our results clearly show that changes in the 

amount of DYRK1A have severe effects on retina function. 

 

Human visual deficits and DYRK1A gene dosage imbalance 

Although no visual deficits have been reported in individuals with partial monosomy 

21 associated to microcephaly and growth retardation, the above observations make worth 

the analysis of the visual phenotype in those individuals. Moreover, Dyrk1A+/- mice, in 

addition to the alterations in retina morphology and function here reported, present a severe 

reduction in the size of the superior colliculus in the mesencephalic tectum, the main target 

structure of retinal projections in mice (Fotaki et al., 2002). This reduction is analogous to the 

reduction observed in the optic lobes of Drosophila mnb mutants (Tejedor et al., 1995). The 

fact that Dyrk1A haploinsufficency in two different organisms results in comparable 

phenotypes in two structures that are functionally similar, suggests that it may have an 

evolutionary conserved role in the development and/or physiology of the visual system. It is 
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thus tempting to speculate that DYRK1A haploinsufficency in humans, reported in individuals 

with partial deletions of HSA21 (Chettouh et al., 1995) and with DYRK1A truncating 

mutations (Moller et al., 2008), might be related to a visual dysfunction in those individuals. 

Visual deficits have been reported in DS individuals (Courage et al., 1994; John et al., 

2004; Little, 2007; Woodhouse et al., 1996). The altered electrophysiological responses 

shown here for TgYAC152f7 mice open the possibility that overexpression of DYRK1A 

contributes to the visual dysfunction in DS. Although the results presented in this work show 

exacerbated retina function in TgYAC152f7 mice, we have found one example in the 

literature, that of Bax null mutant mice, where increased cellularity in the inner retina layers 

leads to impaired electrophysiological responses (Pequignot et al., 2003). Therefore, it is 

important to perform electroretinogram recordings in Ts65Dn mice and determine how the 

increased retina cellularity impacts visual function in the context of a trisomy bigger than that 

in TgYAC1527 mice.  

The most relevant experiment for knowing the impact of Trisomy 21 in retina function 

would be to use non-invasive techniques, like the ones used to characterize the visual 

phenotype of Williams-Beuren syndrome (Castelo-Branco et al., 2007). For that, collaboration 

with the group of clinicians leaded by Dr. Miguel Castelo-Branco (Visual Neuroscience 

Laboratory, Faculty of Medicine Coimbra, Portugal) has been established. The study 

performed in young individuals with DS will provide anatomical and physiological data that 

will characterize the retina neural phenotype in individuals with DS and contribute to the 

understanding of the consequences of DYRK1A dosage imbalance in the retina. 

 

 

2. Role of DYRK1A in retina development 

In the retina, as in other CNS regions, cells are generated in excess and die by 

developmentally regulated PCD. Retina developmental PCD can be classified into three 

categories according to the developmental phase in which they occur: morphogenetic cell 

death (Morcillo et al., 2006; Ozeki et al., 2000), early neural cell death (Boya and de la Rosa, 

2005; de la Rosa and de Pablo, 2000; Yeo and Gautier, 2004), and neurotrophic cell death 

(Bahr, 2000; Pettmann and Henderson, 1998; Young, 1984). Given that cells are generated 

in a series of ordered waves during retinogenesis, early cell death also occurs in a series of 

ordered apoptotic waves that overlap with cell death due to the lack of appropriate trophic 

support (Bahr, 2000; Boya and de la Rosa, 2005; Pequignot et al., 2003; Young, 1984). The 

results presented in this work show severe alterations in the cellularity of the retina in adult 
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Dyrk1A gain- and loss-of function transgenic mouse models as a consequence of an 

abnormal apoptosis occurring during the period of developmental PCD comprising early 

neural and neurotrophic cell death (Figure R26). Because the window of altered apoptosis in 

Dyrk1A mutants is compatible with both, it is hard to know whether DYRK1A is affecting one, 

the other or both types of retina cell death.  

In addition, the processes of cell proliferation, specification, and differentiation are 

highly coordinated during retina development, and alterations in any of them can lead to 

abnormal apoptosis. Considering the pleiotropic activities of DYRK1A kinase, we hypothesize 

that the participation of DYRK1A in any other of these processes could also contribute to the 

altered apoptosis seen in Dyrk1A mutant mice retina (Figure D1). The possible role of 

DYRK1A in the different processes occurring during retina development is discussed below. 

 

  
Figure D1. Schematic representation of the impact that DYRK1A may have on critical processes occurring 
during retina development and that can alter the cellular composition of the mature retina. Proliferation: a 
dysregulation of proliferation can alter the pool size of retinal progenitor cells (RPC) and result in altered number 
of cells in the mature retina. Cell Type Specification: altered cell cycle exit and/or failure to respond to the 
commitment signals can result in the altered acquisition of cell fate by a competent RPC. Differentiation: failure to 
activate the appropriate program of gene expression for terminal differentiation of retinal cells (RC) may lead to an 
altered composition of the mature retina and/or to an altered number of cells due to abnormal apoptosis. Early and 
Late Apoptosis: deregulated apoptosis due to altered balance between survival and death signals in RPCs and 
RCs results in altered retina cell numbers. 



Discussion 
 
 

 

 129 

DYRK1A and cell cycle regulation 

The precise control of RPCs proliferation and the exact timing of cell cycle exit are 

major determinants of the number of cells and the cellular composition of the mature retina 

(Dyer and Cepko, 2001a). An alteration in the control of RPCs proliferation and in cell cycle 

exit mechanisms during development may lead to altered apoptosis, as shown by the retina 

phenotype of mice deficient in cell cycle regulatory proteins, such as retinoblastoma protein 

(MacPherson et al., 2004) and p57kip2 (Dyer and Cepko, 2001b).  

A role for DYRK1A in the regulation of coupling between cell proliferation and cell 

specification could be proposed based on the following evidences: i) DYRK family members 

in lower eukaryotes participate in the regulation of cell cycle progression (Bahler and Nurse, 

2001; Garrett et al., 1991; Souza et al., 1998); ii) the mnb gene in Drosophila plays an 

important role in postembryonic neurogenesis (Tejedor et al., 1995); iii) DYRK1A expression 

in the early chick and mouse embryos is restricted to neuroepithelial progenitor cells in their 

last proliferative division (Hammerle et al., 2008; Hammerle et al., 2002); iv) the paralogous 

protein kinase DYRK1B regulates the G0/G1 cell cycle phase through p27kip1 protein 

phosphorylation (Deng et al., 2006); and v) DYRK1A regulates EGF-induced self renewal of 

mouse adult neural stem cells (results from a collaborative project between the laboratory of 

Dr. Isabel Fariñas (Universidad de Valencia), Dr. Susana de la Luna (CRG) and A.Laguna in 

the laboratory). In addition, DYRK1A positively regulates Gli1 transcriptional activity (Mao et 

al., 2002), which is a mediator of Shh regulation of RPCs proliferation (Wang et al., 2005).  

Our analysis of developing retinas in loss- and gain-of function Dyrk1A mutant mice 

indicates no gross alterations in the number of mitotic cells positive for phospho-HistoneH3 at 

any developmental stage analysed (Figure R25). Therefore, an although subtle alterations in 

cell proliferation cannot be completely excluded, the severe alterations in retina cellularity 

reported for Dyrk1A mutant mice cannot be attributed to proliferation defects.  

 

DYRK1A and transcriptional control of gene expression 

The analysis of mice deficient in different transcription factors has highlighted the 

relevance of multiple transcription factors for proper specification and survival of retinal cell 

types (de Melo et al., 2005; Gan et al., 1999; Mu et al., 2008; Okui et al., 1999; Pan et al., 

2008; Xiang, 1998). DYRK1A has been involved in the regulation of gene expression by 

many reports according to its ability to modulate the activity of several transcription factors 

(Arron et al., 2006; Canzonetta et al., 2008; Gwack et al., 2006; Mao et al., 2002; Shi et al., 

2008; Sitz et al., 2004; von Groote-Bidlingmaier et al., 2003; Yang et al., 2001). Therefore, 
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and considering that in the retina, as in other CNS regions, the kinase is distributed both in 

the nucleus and in the cytoplasm (Figure R3 and R4), DYRK1A may be regulating the 

expression of genes required for the specification, differentiation and survival of retina cells 

through its functional interaction with proteins of the transcription machinery. 

Two experimental evidences suggest that DYRK1A is not required for the early 

specification of the different retina cell types: first, all main inner retina cell types are present 

in the mature retina of Dyrk1A mutant mice; and second, no differences are found in Dyrk1A 

mutant mice both in early ganglion cells expressing Brn3b and in early inner nuclear layer 

cells expressing Chx10, regarding the developmental stage of appearance and the location 

within the neuroepithelium. 

On the other hand, DYRK1A might be involved in the survival and differentiation of 

retina cell types through its functional interaction with different transcription factors. In 

particular, there are two interesting cases that deserve further discussion considering their 

involvement in ganglion cell development. 

Brn3b belongs to the small subfamily of POU domain transcription factors and is 

essential for the early differentiation and survival of ganglion cells (Gan et al., 1999; Gan et 

al., 1996; Pan et al., 2008; Xiang, 1998; Xiang et al., 1995). The decrease here reported in 

the number of ganglion cells in Dyrk1A+/- mice is analogous to the one observed in mice 

deficient in Brn3b, were ganglion cells are correctly specified but 80% of them undergo 

apoptosis before birth (Gan et al., 1999; Gan et al., 1996; Pan et al., 2008; Xiang, 1998). A 

hierarchical genetic analysis has positioned Brn3b downstream of the bHLH transcription 

factor Math5 in the gene regulatory network of ganglion cell development (Brown et al., 2001; 

Wang et al., 2001). Interestingly, a downregulation of Dyrk1A has been reported in Math5-

deficient RPCs (Mu et al., 2005), but not in Brn3b-deficient ganglion cells (Mu et al., 2004). 

Moreover, recent work from the laboratory of Dr. Susana de la Luna (CRG) shows that: i) 

DYRK1A and Brn3b co-localize in the nucleus in cell lines and in retina sections; ii) DYRK1A 

interacts specifically with Brn3b and not with other members of the Brn3 family; iii) DYRK1A 

phoshorylates directly Brn3b; and iv) DYRK1A activates the transcriptional activity of Brn3b in 

cell lines (Salichs, 2008). Considering all these experimental evidences, and the reported role 

of Brn3b in the regulation of genes involved in retinogenesis (Mu et al., 2004; Qiu et al., 

2008), one could hypothethize that DYRK1A is positively regulating the expression of Brn3b-

target genes involved in the differentiation and survival of newborn ganglion cells (Figure D2). 

Null Brn3b mutant mice also show lack of fasciculation and misguidance of retinal ganglion 

cells axons projecting to the brain (Erkman et al., 2000; Pan et al., 2008; Wang et al., 2000). 
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The absence of such alterations in Dyrk1A deficient mice suggests that DYRK1A would not 

be critical for the regulation of Brn3b-target genes involved in target innervation.  

Transcriptional cross-regulation, usually cross-repression, between proneural bHLH 

transcription factors (such as Math5, NeuroD, or Math3) appears to be crucial for 

coordinating the sequential formation of the various retina cell types (Ohsawa and 

Kageyama, 2008; Yan et al., 2005). The transcriptional analysis of Math5 null retinas 

revealed that many Math5-regulated genes had RE1 elements in their regulatory sequences 

(Mu et al., 2005). These elements are binding sites for the neuron-restrictive silencing 

factor NRSF or REST. The authors propose that REST is maintaining the progenitor state of 

retinal cells through repression of the expression of ganglion cell genes in progenitor cells. 

Therefore, in addition to the activation of ganglion cell specific transcription factors like Brn3b, 

release from REST repression is also required for the appropriate activation of ganglion cell 

specific genes. Very recently, DYRK1A has been shown to negatively regulate REST 

expression levels (Canzonetta et al., 2008). The prediction would be that DYRK1A positively 

regulates ganglion cell development through release of REST repression (Figure D2).  

 

 

Figure D2. Model for DYRK1A in the gene regulatory network involved in ganglion cell development. 
DYRK1A might be positively regulating ganglion cell development at the transcriptional level at different points 
(green dashed lines). DYRK1A downregulates the expression of REST in retinal progenitor cells (RPC). REST in 
RPCs is repressing the expression of the basic helix-loop-helix (bHLH) transcription factor Math5 target genes. 
Once REST repression is released, RPCs become competent to become a ganglion cell (RGC). Math5 is 
repressing the expression of other bHLH not required for RGCs cell fate determination but for other retina cell 
types (such as NeuroD and Math3), and inducing the expression of other factors (?) required to commit the 
competent precursor to the RGC fate. In addition, Math5 could be positively regulating the expression of DYRK1A 
as a positive feed-back loop to induce RGCs generation and inhibit the generation of other cell types. Once 
committed, the precursor starts to express the POU transcription factor Brn3b, required for the survival of early 
RGCs and for their terminal differentiation. DYRK1A positively regulates the transcriptional activity on Brn3b for 
RGCs genes. Brn3b also negatively regulates the expression of other transcription factors, such as Dlx1/2, 
expressed in a different subset or RGCs. Adapted from Pan et al. (2008) 
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The fact that DYRK1A is one of the genes downregulated in Math5 null retinas (Mu et 

al., 2005) also suggests that it may participate in a positive feed-back loop from already 

specified ganglion cells to regulate RPC cell fate acquisition. 

Another relevant issue is that the presence of ganglion cells in the mature Brn3b null 

retina suggests the existence of other pathways for differentiation and survival of these cells. 

For instance, Dlx1/Dlx2 homeodomain transcription factors have been involved in the survival 

of a subset of ganglion cells by means of enhancing the expression of the neurotrophin 

receptor TrkB (de Melo et al., 2005; de Melo et al., 2008). It would be interesting to determine 

whether the remaining ganglion cells found in Dyrk1A deficient retinas correspond to 

particular subsets of ganglion cells by characterizing their transcription factor expression 

profile.  

To further investigate the role of DYRK1A in retina cell development through 

regulation of gene expression, a microarray experiment has been performed in our laboratory 

with RNA extracted from isolated retinas of Dyrk1A+/+ and Dyrk1A+/- newborn pups hybridized 

with the GeneChip Mouse Genome Array 430.20 (Affimetrix). The analysis of the differentially 

expressed genes between genotypes is undergoing and it will likely provide clues about the 

impact of Dyrk1A dosage imbalance in the retina and about the role of DYRK1A in the 

regulation of gene expression during retina development.  

 

DYRK1A and extracellular survival/death signals  

The activation of various intracellular signalling pathways in response to extracellular 

communication molecules, mainly neurotrophins and other growth factors such as IGF-1, 

regulates the decision between survival and death in retina cells (Vecino et al., 2004).  

There are extensive evidences of neurotrophins and growth factors acting on retina 

cell survival through the activation of RTKs and downstream signalling pathways, mainly the 

Ras/Raf/MAPK and the phosphoinositide 3-kinase (PI3K)/Akt pathways. For example, insulin 

and IGF-1 are survival factors for retina neurons through activation of PI3K/Akt pathway 

(Barber et al., 2001; Chavarria et al., 2007; Duenker et al., 2005; Pimentel et al., 2002; Politi 

et al., 2001; Valenciano et al., 2006). Neurotrophins, such as BDNF and NT-3, support 

survival of retina cells through the MAPK cascade (Bovolenta et al., 1996; Frade et al., 1997; 

Frade et al., 1999; von Bartheld, 1998). Other neurotrophins, like NGF, induce cell death 

through the activation of the p75NTR receptor and the c-Jun N-terminal kinase (JNK) (Frade 

and Barde, 1999; Frade et al., 1996b; Harada et al., 2006; Harada et al., 2005; von Bartheld, 

1998). The MAPK and the PI3K/Akt pathways converge in both, cytosolic and nuclear 
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mechanisms that inhibit apoptosis. For instance, the PI-3 kinase/Akt pathway promotes cell 

survival in several ways: i) phosphorylation of the proapoptotic protein Bad prevents its 

dimerization with Bcl-XL and thus inhibits apoptosis; ii) inactivation of IKK-α, the inhibitor of 

the nuclear factor kappa-B (NF-κB), allows its translocation to the nucleus and the 

expression of its pro-survival downstream genes; iii) phosphorylation of proapoptotic 

forkhead transcription factor promotes its cytoplasmic retention and inhibits the transcription 

of proapoptotic target genes, such as Bim and Fas Ligand; iv) phosphorylation of the 

transcription factor CREB that promotes cell survival by regulating gene expression; and v) 

phosphorylation of pro-Casp9 inhibits its cleavage and subsequent activation. MAPKs 

activated cascade can also phosphorylate CREB and Casp9 with an anti-apoptotic output. 

 DYRK1A has been shown to participate in signalling pathways downstream RTKs 

(Aranda et al., 2008; Kelly and Rahmani, 2005). Therefore DYRK1A could regulate cell death 

acting at different levels in both MAPKs and PI3K/Akt-dependent intracellular signalling 

pathways. Given that DYRK1A kinase activity is required for the protective effect observed in 

the retina (Figure R37), this possibility has been investigated by looking at proteins whose 

activity or stability have been described to be regulated by phosphorylation. Dyrk1A mutant 

and wild-type postnatal retina extracts were analysed by Western blot for i) the 

phosphorylation status of the pro-survival protein Akt; ii) the expression of the pro-apoptotic 

protein Bad; iii) the expression of the pro-apoptotic protein Bim; and iv) the phosphorylation 

status of the pro-survival transcription factor CREB. No alterations were found except for the 

phosphorylation of CREB at its activating residue Ser133, which was reduced in retina 

extracts deficient in Dyrk1A (data not shown). These data is in agreement with the reported 

DYR1A-mediated phosphorylation of CREB (Yang et al., 2001) and contrasts with our data 

showing altered levels of active Erk kinase, which can also phosphorylate CREB, in Dyrk1A 

mutant retinas (Figure R36). In any case, to look at the expression of CREB-target genes will 

be considered in the analysis of the microarray experiment explained above to identify the 

implications of CREB phosphorylation in retina development.  

The neurotrophin-mediated survival effect deserves particular attention given that 

they are expressed both in the retina and in the primary visual centres of the brain (Bennett 

et al., 1999). Therefore, neurotrophins can regulate the survival of retina cells through local 

actions at the early neural cell death period (Bovolenta et al., 1996; de Melo et al., 2008; 

Frade et al., 1997; Frade et al., 1999; Frade et al., 1996a), and through long-range actions 

from the brain at the late neurotrophic cell death period (Frade et al., 1997; Harada et al., 

2005; Johnson et al., 1986; Ma et al., 1998; Rodriguez-Tebar et al., 1989; Spalding et al., 

2004). In addition, retinal ganglion cells synthesize neurotrophins that can be transported 
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along the optic nerve to influence the survival of their postsynaptic target cells, mainly in the 

SC (Caleo et al., 2003; Caleo et al., 2000). The fact that Dyrk1A+/- mice present a more 

pronounced size reduction in the SC that in the rest of the brain (Fotaki et al., 2002) raises 

the possibility that the observed abnormal apoptosis in the retina is a consequence of a 

deficient trophic support from the SC, and vice versa, the possibility that the altered cellularity 

in the SC is a consequence of a deficient trophic support from the retina. To date, 

experimental evidences support both possibilities, since the first-born retinal ganglion cells 

are already connected to the SC (Dallimore et al., 2002; Godement et al., 1984) at the time of 

increased apoptosis in Dyrk1A+/- embryos, and since the size of the SC is already reduced at 

birth in Dyrk1A+/- pups (results from the laboratory). More experiments would be required to 

understand the contribution of target cells and target-derived survival factors to altered retina 

PCD in Dyrk1A deficient mice. For instance, the generation of retina-specific conditional 

Dyrk1A deficient mice, under the control of Math5 promoter for example, would be a relevant 

experiment in this context. As an alternative approach, an organotypic retinotectal coculture 

system, which reproduces ex vivo the invasion of the mesencephalic tectum by retinal 

ganglion cells (Nicol et al., 2006), could be also used. Therefore, the establishment of 

combined cultures with retinas and mesencephalic slices from animals with different Dyrk1A 

gene dosages (wild-type, Dyrk1A+/- and TgBAC-Dyrk1A) could help in elucidating the 

contribution of target-derived survival factors to DYRK1A-dependent retina apoptosis. This 

system could also highlight the contribution of inappropriate retinal connections with the 

target to the observed retina ganglion cell apoptosis, something that cannot be excluded 

since the analysis of retina projections performed here was done in adult Dyrk1A mutant 

mice.  

Several reports have shown that a primary defect leading to a specific ganglion cell 

elimination, like competition for target-derived trophic factors or competition for target 

synaptic space, could explain a reduction in the number of other inner retina cell types in the 

mature retina (Cusato et al., 2002; Cusato et al., 2001; Martins et al., 2005). Therefore, one 

possibility is that elimination of ganglion cells in Dyrk1A deficient mice deprives other inner 

retina cells from the source of BDNF and other potential trophic factors normally provided by 

ganglion cells, which would be responsible for the increased frequency of dying neurons 

observed in the inner nuclear layer of Dyrk1A+/- mice.  

 

DYRK1A and Caspase-9 activation  

Apoptotic cell death is triggered either through the intrinsic pathway, initiated by the 

release of cytochrome c from the mitochondria, or through the extrinsic pathway, initiated by 
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members of the TNF receptor family and the Fas ligand (Kumar, 2007). Whereas Casp8 is 

the main mediator of this later pathway, Casp9 activation mediates the intrinsic pathway. The 

results with caspase inhibitors shown in Figure R27 A, indicate that Casp9 is the main 

mediator of caspase-dependent cell death in the retina. The relevance of the intrinsic 

apoptotic pathway to retina development was previously highlighted by the hypercellularity of 

the inner retina layers of transgenic mice overexpressing the anti-apoptotic gene Bcl-2 

(Bonfanti et al., 1996; Strettoi and Volpini, 2002), and of mice lacking the pro-apoptotic 

proteins Bax, Bak, or Bim (Doonan et al., 2007; Hahn et al., 2003; Mosinger Ogilvie et al., 

1998; Pequignot et al., 2003). As in the Dyrk1A mutants, the size of the ONL seems not 

altered in these mutants, which can be explained by the fact that developmental PCD in 

photoreceptors only occurs in a small percentage of rods trapped in the INL (Young, 1985). 

The similarities between the retina phenotypes of Dyrk1A mutant mice and these mutants, 

together with the altered numbers of active Casp9 cells in Dyrk1A mutants (Figure R27 B and 

C) and the fact that no apoptotic cells were found outside the window of PCD or ectopically 

located within the retina of Dyrk1A mutants (Figure R26), indicate that DYRK1A is a 

physiological negative modulator of retinal PCD, acting through the intrinsic cell death 

pathway. 

Phosphorylation of Casp9 has been described in cell lines as a regulatory mechanism 

used by different signalling pathways to promote cell survival (Allan et al., 2003; Brady et al., 

2005; Cardone et al., 1998). In particular, phosphorylation at Thr125 inhibits Casp9 cleavage 

and activation of subsequent steps of the intrinsic apoptotic cell death pathway (Allan and 

Clarke, 2007; Allan et al., 2003). Based on these reports and on the experimental evidences 

showing that DYRK1A acts on PCD through the intrinsic apoptotic pathway, the possibility of 

a functional relationship between DYRK1A and Casp9 was investigated. The obtained results 

show that: i) DYRK1A directly phosphorylates Casp9 at Thr125 (Figure R28, R29, R31 and 

R35); ii) the levels of phosphoThr125 in Dyrk1A mutant retinas directly correlate with the 

levels of DYRK1A protein (Figure R33); iii) DYRK1A kinase activity is required to protect cells 

from apoptosis (Figure R37); and iv) the increase in cell death induced by inhibition of 

DYRK1A kinase activity is abolished when Casp9 activation is blocked, and conversely, the 

protective effect of DYRK1A overexpression is equivalent to the inhibition of Casp9 (Figure 

R38). These findings strongly suggest that phosphorylation at Thr125 of Casp9 by DYRK1A 

is critical for retina cell survival. 

According to the results here presented, alterations in DYRK1A gene dosage modify 

the balance between Casp9 activation and inhibition in response to cell death and cell 

survival stimuli, and thus result in different cellular outcomes (see model in Figure D3). In this 
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way, in a cell where DYRK1A protein levels were reduced, despite receiving the same cell 

survival/death signals than a wild-type cell, Casp9 would be more activated than in a cell 

were the kinase levels are increased and more Casp9 molecules can be phosphorylated.  

 

 

Figure D3. Impact of DYRK1A gene dosage imbalance in developmental retina programmed cell death. 
The decision between cell survival and cell death is taken after integration of the different survival and death 
signals received by a cell in a particular moment during development. The integration of this signals ultimately 
converge on, either cleavage of pro-Casp9 and subsequent activation of the caspase cascade, or blockade of pro-
Casp9 cleavage by phosphorylation events. Among these, phosphorylation of pro-Casp9 at threonine residue 125 
has been shown to protect cells from apoptosis (Allan et al., 2003; Allan et al., 2007). Results presented in this 
work show that DYRK1A phosphorylates pro-Casp9 at Thr125 and inhibit its apoptotic activity in retina cells. Thus, 
DYRK1A protein levels determine the level of active Casp9 within a cell, and upon particular cell survival/death 
signals, cells with active Casp9 above a threshold will irreversibly execute the apoptotic program whereas those 
with levels below this threshold will survive. 

 

However, the model cannot be that simple considering that not all inner cell types 

within the retina are equally affected by changes in DYRK1A dosage (Table R8 and Figure 

R16). The intrinsic susceptibility of cells to apoptosis could rely on different DYRK1A-related 

mechanisms that will be discussed in detail below. 

The expression pattern of DYRK1A does not seem to account for the cell specific 

effects, because DYRK1A immunoreactivity is detected in both proliferating and post-mitotic 

cells of the developing retina (Figure R3), and DYRK1A expression is not restricted to 

particular cell types in the mature retina (Figure R4). Data from Casp9 expression in the 

developing retina indicates that it is mainly located in the inner part of the neuroepithelium by 

E14 (Gene Paint Database, Max-Planck Institute, Germany), suggesting that the expression 

of both proteins overlap, and thus, that a variable expression in different cells would not 

explain the differences observed.  

Another possibility is that the catalytic activity of the kinase differs in the various retina 

cell types. Although DYRK kinases have been proposed to be constitutively active since the 

time of protein synthesis (Lochhead et al., 2005), their kinase activity can be regulated by 

other means. First, considering that DYRK1A is a protein with shuttling capacity from the 
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nucleus to the cytoplasm (Alvarez, 2004), the subcellular localization of the protein is critical 

for the kinase reaching its substrates. Second, the activity of cell phosphatases and kinases 

might determine the phosphorylation status of DYRK1A in other residues outside the 

activation loop, which can affect protein turn-over or catalytic activity. Finally, the interaction 

with other proteins might modify the catalytic activity of the kinase. In this regard, increased 

DYRK1A activity through interaction with 14-3-3ß proteins has been reported (Alvarez et al., 

2007). These possibilities, that might affect the phosphorylation of Casp9 at Thr125 by 

DYRK1A, must be further investigated.  

Overall, one can think that the intrinsic susceptibility of each cell type to apoptosis 

would depend, in addition to the levels of Casp9 phosphorylation, to other aspects such as 

altered gene expression programs and/or intracellular signalling events in response to 

extracellular signals. Those would alter the initial equilibrium between cell survival/death 

signals shown in Figure D3 and impact on the balance of Casp9 activation. Two observations 

support this argument: first, each cell type dies at different rates and has different periods of 

PCD, meaning that each one is exposed to different survival/death signals (Young, 1984); 

and second, each cell type has a differential expression of neurotrophin receptors, 

transcription factors, cell cycle related proteins, and other proteins involved in PCD 

mechanisms. In agreement with this hypothesis, several reports have shown a higher 

susceptibility to apoptotic cell death in ganglion cells compared with other cell types 

(Cellerino et al., 1999; de Melo et al., 2005; Harada et al., 2005; MacPherson et al., 2004; 

Mayordomo et al., 2003; Miyawaki et al., 2004; Pequignot et al., 2003; Pollock et al., 2003; 

Wagner et al., 2002).  

The conclusions raised from the work here presented contribute to the general picture 

of intracellular events that regulate the decision between survival and death in retina cells 

(Figure D4). DYRK1A kinase acts directly at the level of Casp9 activation by phosphorylating 

its threonine residue 125 and preventing its cleavage. In addition, DYRK1A might regulate 

the expression of survival genes by acting on transcription factors such as CREB and Brn3b. 

The extracellular factors and intracellular events that control the activity of DYRK1A are still 

unknown and clearly deserve further investigation. 
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Figure D4. Schematic overview of the crosstalk between DYRK1A and the mitogen activated protein 
kinase (MAPK) and phosphatidylinositol 3-kinase (PI3K)/Akt protein kinase signalling pathways. The anti-
apoptotic effects of DYRK1A are indicated (green lines; experimentally demonstrated for retina cells; green 
dashed lines; experimentally demonstrated in other cellular systems), in addition to that of PI3K/Akt and MAPKs 
pathways (explained in detail in the text). The DYRK1A-dependent phosphorylation of pro-caspase9 (Casp9) at 
threonine residue 125 inhibits its cleavage and activation, and thus, its pro-apoptotic activity. The phosphorylation 
of the same residue by MAPKs is not essential for cell survival in our experimental system. DYRK1A has been 
shown to phosphorylate the pro-apoptotic forkhead transcription factor (FKHR) (Woods et al., 2001), which inhibits 
transcription of pro-apoptotic target genes such as Bim and Fas Ligand (FasL). DYRK1A has been shown to 
mediate, directly or indirectly, the phosphorylation of the transcription factor CREB (Yang et al., 2001), which 
induces the expression of survival genes. DYRK1A phosphrylates the transcription factor Brn3b and enhances its 
transcriptional activity (Salichs, 2008), which might induce expression of pro-survival genes for ganglion cells. 
Crosstalk exists between the downstream effectors of the three kinases: DYRK1A, MAPK, PI3K/Akt. Whether 
DYRK1A activity is modulated directly by signalling from receptor tyrosine kinase (RTKs) upon binding of survival 
factors, or by other regulatory proteins, or by autophosphorylation events is yet an unknown issue (black dashed 
lines). NFκB, nuclear factor kappa-B; RTK, tyrosine kinase receptors 

 

 

3. Relevance of DYRK1A in apoptotic processes 

The identification of DYRK1A as an anti-apoptotic factor acting during retina 

development opens new intriguing questions related to the function of this kinase upon retina 

damage. The knowledge of the molecular determinants of ganglion cell survival under 

physiological conditions has helped in predicting the mechanisms of degeneration in 

pathologic situations (Isenmann et al., 2003). Inhibition of Casp9 activation following optic 

nerve axotomy in adult rats has been proved to ameliorate ganglion cell loss compared to the 

untreated situation (Kermer et al., 2000). Therefore, and considering that DYRK1A is 

expressed in mature ganglion cells (Figure R4), it would be interesting to investigate whether 

DYRK1A also exerts a protective effect upon optic nerve injury and in other optic 
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neuropathies, such as glaucoma, characterized by a loss of ganglion cells. Moreover, retinal 

ganglion cells represent an easily accessible system to test the efficacy of pharmacological 

treatments and other therapeutic strategies aimed at preventing ganglion cell loss, and 

ultimately, neuronal cell loss in other pathologic situations.  

The results presented in this work demonstrate that DYRK1A has an essential role in 

retina development regulating the activation of the intrinsic apoptotic pathway through 

regulation of Casp9 phosphorylation. Although a retina phenotype has been reported in 

transgenic mice for several proteins of this pathway (reviewed in the Introduction section), 

none has been published so far for Casp9. However, studies with Casp9 knockout mice have 

revealed an essential role for Casp9 in brain development. The most outstanding phenotype 

in these animals is brain hyperplasia resulting from decreased apoptosis (Hakem et al., 1998; 

Kuida et al., 1998). Dyrk1A+/- and TgYAC152f7 mice have abnormally sized brains in 

adulthood (Branchi et al., 2004; Fotaki, 2002). The precise mechanism/s underlying this 

phenotype are still unknown, but our demonstration that these mice have developmental 

defects affecting the intrinsic apoptosis pathway suggests that dysregulation of the same 

functional processes might be at the basis of the retina and brain phenotypes. In this sense, 

studies performed in our laboratory by Dr. Maria José Barallobre, have shown that DYRK1A 

gene dosage imbalance has a severe impact on the survival of dopaminergic neurons during 

their period of developmental PCD through the activation of Casp9. These observations 

suggest that phosphorylation of Casp9 by DYRK1A might be a general mechanism occurring 

in different neuronal cell types to modulate cell death. If this is the case, altered 

developmental apoptosis due to DYRK1A gene dosage imbalance might explain some of the 

morphometric brain alterations reported in partial HSA21 aneuploidies (Epstein, 2001; Yao et 

al., 2006).  

The question of developmental cell death in DS brain has only been addressed in 

three reports. Two of them (Engidawork et al., 2001a; Seidl et al., 2001), analyze the 

expression of different proteins involved in apoptosis in fetal DS brains, but the analysis was 

performed with few samples in (Engidawork et al., 2001a), and with only one in (Seidl et al., 

2001). The conclusions raised were contradictory, since the first one does not find increased 

expression of proteins involved in apoptosis in the cerebral cortex by Western blot, and the 

second one does in the cerebral cortex and in the cerebellum as well. There is only one 

report showing a moderate increase of apoptotic cells (expressing the active form of Casp3) 

in DS fetuses (Guidi et al., 2008), focusing just on the analysis of the hippocampus in 17-21 

weeks of gestation fetuses. Therefore, the analysis of other DS brain regions at different 
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developmental stages is necessary to have a more extended picture of the contribution of an 

altered developmental apoptosis to the neuropathology of DS brains.  

Regarding cell death in adult DS brain, different studies have shown altered 

expression of proteins involved in apoptosis (Engidawork et al., 2001b; Seidl et al., 1999a; 

Seidl et al., 1999b; Seidl et al., 1997), suggesting that increased apoptosis may be an 

important feature of DS. In addition, studies performed in neuron primary cultures from DS 

mouse models and human fetuses showed increased cell death in trisomic cultures 

(Bambrick and Krueger, 1999; Busciglio and Yankner, 1995; Helguera et al., 2005; 

Wolvetang et al., 2003a; Wolvetang et al., 2003b). One of these studies suggests that 

activation of the intrinsic cell death pathway by the transcription factor Ets-2, a HSA21 gene, 

is the cause of the increased cell death in DS cortical primary cultures (Helguera et al., 

2005). However both, the analysis in adult postmortem samples and in neuronal cultures, 

deal with neurodegeneration associated to oxidative stress and mitochondrial dysfunction. 

There are also different reports pointing to DYRK1A as one of the HSA21 genes that 

contribute to Alzheimer-like DS neuropathology (Liu et al., 2008; Park et al., 2007; Ryoo et 

al., 2008; Ryoo et al., 2007; Shi et al., 2008). Given the pleiotropic activities of DYRK1A and 

the diversity of its substrates, its role in cell death associated to neurodegeneration might 

differ from the one that DYRK1A has in programmed cell death during development and that 

has been described here. The data presented in this work suggests that overexpression of 

DYRK1A in newborn neurons would have a potential beneficial effect, but whether 

overexpression of DYRK1A has a detrimental or a beneficial effect at later stages remains 

another issue. The current knowledge indicates that overexpression of DYRK1A in mature 

neurons is detrimental considering its involvement in neurodegeneration. In another level of 

complexity, the impact of DYRK1A overexpression would not only depend on DYRK1A but 

also on the altered expression of other HSA21 genes and on the functional interactions 

between DYRK1A and the other proteins overexpressed in DS.  

 The ability of DYRK1A to regulate Casp9 activity might also have implications in 

cancer research. In fact, DYRK1A has been involved in viral-related oncogenesis as an anti-

apoptotic factor (Chang et al., 2007; Liang et al., 2008). A general role of mammalian DYRK 

proteins in the regulation of apoptosis has been proposed (reviewed in Yoshida (2008)). Pro-

survival roles have been identified for other mammalian DYRK kinases in hematopoietic cells 

(Li et al., 2002), myoblasts (Mercer et al., 2005) and cancer cells (Deng et al., 2006; Mercer 

et al., 2006). In addition, DYRK1B and DYRK3 have been identified in a large-scale RNA 

interference screen for kinases involved in cell survival (MacKeigan et al., 2005). Moreover, 

DYRK1B and DYRK3 are upregulated in different types of cancer cells promoting their 
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survival (Deng et al., 2006; Lee et al., 2000; MacKeigan et al., 2005; Mercer et al., 2006). All 

these data highlight the relevance of DYRK protein kinases to cell survival during 

development and to tumour formation and progression. In this regard, it is worth to mention 

that evasion from apoptosis is a hallmark of cancer and that inhibition of survival pathways is 

crucial for the development of new anti-cancer therapies. New therapeutic strategies are 

emerging directed to specifically inhibit anti-apoptotic survival protein kinases, which in 

combination with conventional chemotherapeutic agents, may be successful in determining 

the death of cancer cells (MacKeigan et al., 2005). The results presented in this work add a 

new member of the DYRK family of kinases to the list of potential targets for the development 

of therapeutic approaches for cancer.  

 



 



Conclusions



 



Conclusions 

1/ DYRK1A is ubiquitously expressed in the mouse retina, both during development and in 

the adult.  

2/ Loss of one functional copy of mouse Dyrk1A results in decreased retina size and 

cellularity of the inner retina. The defect in cellularity is not due to an age-related 

degenerative process but rather to a defect occurring during development. 

3/ Overexpression of DYRK1A results in an increased retina size and cellularity of the inner 

retina in a single transgenic model, the TgBAC-Dyrk1A mouse, and in a polytransgenic 

model, the TgYAC152f7 mouse.  

4/ Overexpression of DYRK1A is solely responsible for the retina alterations shown by the 

Ts65Dn mice, a trisomic mouse model for Down syndrome, thus being the first correlation 

between a single gene and a particular phenotype in a trisomic situation. 

5/ The number and proportion of different inner retina cell types are altered in both loss- and 

gain -of function mutants (Dyrk1A+/- and TgYAC152f7 mice, respectively). As a consequence 

of the altered number of ganglion cells, the optic nerves of these mice have an altered size. 

Despite, the main retina projections to the brain are not significantly altered.  

6/ The response of Dyrk1A mutant mice in a general vision test is normal. However, retina 

electrophysiological activities are significantly altered, decreased in Dyrk1A+/- mice and 

increased in TgYAC152f7 mice.  

7/ Changes in Dyrk1A gene dosage do not affect the proliferation or specification of retina 

progenitor cells but rather controls cell death through the intrinsic apoptotic pathway during 

the naturally occurring programmed cell death period of retina development. 

8/ Caspase-9 is a novel substrate of DYRK1A. 

9/ DYRK1A-mediated phosphorylation of caspase-9 at Thr125 is a pro-survival event that 

protects retina cells from apoptosis.  
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