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DYRK1A is the most studied member of the DYRK family of protein kinases, because 

is one of the human chromosoma 21 proteins for which changes in gene dosage 

result in neuropathological alterations. DYRKs are activated by autophosphorylation 

on a tyrosine residue in the activation loop, a one-off event that takes place during 

translation. Accordingly, DYRK1A would be constitutively active once is synthesized. 

However, DYRK1A is extremely sensitive to gene dosage, and thus it is predictable 

that not only its activity but also its actual protein amounts have to be tightly regulated 

by mechanisms not yet characterized. 

In the present study, the protein kinase NLK has been identified as a novel 

regulator of DYRK1A protein stability. DYRK1A interacts with NLK in physiological 

conditions. The interaction results in the phosphorylation of DYRK1A at multiple sites, 

which have been identified by mass spectrometry analysis. These phosphorylation 

events promote DYRK1A proteasome-dependent degradation. Moreover, DYRK1A 

degradation is induced by stimulating cells with Wnt1 or Wnt3a, or overexpressing 

elements of the Wnt signaling cascade such as the Frizzled-1 receptor or NLK 

activators such as HIPK2. In addition, DYRK1A interacts with and phosphorylates -

catenin and TCF-4 and enhances -catenin-dependent transcriptional activity, at 

least by phosphorylation of -catenin. Thus, these results suggest that DYRK1A acts 

as a positive factor in the Wnt- -catenin signaling pathway and NLK acts as a 

negative regulator by targeting both DYRK1A and TCF/LEF transcription factors for 

proteasome-mediated degradation. 
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DYRK1A es el miembro más estudiado de la familia de proteína quinasas DYRK, 

porque es una de las proteínas de la cromosoma humano 21 para la que cambios en 

la dosis génica dan lugar a alteraciones neuropatológicas. Las quinasas DYRK se 

activan por autofosforilación en un residuo tirosina localizado en el lazo de 

activación, un evento único que ocurre durante la traducción. Como consecuencia, 

DYRK1A sería constitutivamente activa una vez se ha sintetizado. Sin embargo, 

DYRK1A es extremadamente sensible a la dosis génica, y por tanto es predecible 

que no sólo su actividad, pero también los niveles de proteína han de estar 

estrictamente controlados por mecanismos reguladores que todavía no han sido 

caracterizados. 

En este trabajo, la proteína quinasa NLK ha sido identificada como un nuevo 

regulador de la estabilidad de DYRK1A. DYRK1A interacciona con NLK en 

condiciones fisiológicas, y la interacción tiene como resultado la fosforilación de 

DYRK1A en residuos serina/treonina, varios de los cuales han sido identificados por 

espectrometría de masas. La interacción con NLK y la subsecuente fosforilación 

promueven la degradación de DYRK1A vía el proteasoma. Además, la degradación 

de DYRK1A es inducida por estimulación de la células con Wnt1 o Wnt3a, o por 

sobreexpresión de miembros de la cascada de señalización de Wnt, como el 

receptor Frizzled-1 o de un activador de NLK como HIPK2. Finalmente, se ha 

demostrado que DYRK1A se une y fosforila -catenina y TCF-4. La fosforilación de, 

al menos, -catenina es responsable del incremento de la actividad transcripcional 

dependiente de esta proteína en presencia de DYRK1A. Todos estos resultados 

sugieren que DYRK1A actúa como un factor positivo en la vía de señalización Wnt- -

catenina y NLK actúa como un regulador negativo al inducir la degradación vía 

proteasoma no sólo de los factores de transcripción TCF/LEF sino también del 

modulador positivo DYRK1A. 
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The protein kinase DYRK1A 
 

The DYRK family of protein kinases 

DYRK1A belongs to a family of conserved protein kinases named dual-specificity 

tyrosine-phosphorylated and regulated kinases (DYRK), within the CMGC group of 

the eukaryote kinome, which also includes cyclin-dependent kinase (CDK), mitogen-

activated protein kinase (MAPK), glycogen synthase kinase (GSK), CDK-like kinase 

(CLK), serine-arginine-rich protein kinase, cdc2-like kinase, and RCK kinase families 

(Manning et al., 2002) (Fig. I1A).  

 

 

Homology within the kinase domain allows for the division of the DYRK family 

into three subfamilies: DYRK kinases, homeodomain-interacting protein kinases 

(HIPKs) and pre-mRNA processing protein 4 kinases (PRP4s) (Fig. I1B). DYRK 

subfamily members share a conserved kinase domain and an adjacent DYRK-

homology domain, or DH-box (DDDNXDY), but they differ in their N- and C-terminal 

regions (Becker and Joost, 1999). From a phylogenetic viewpoint, the subfamily can 

be classified into three classes: a first group includes kinases only present in yeast 

and plants such as Saccharomyces cerevisiae Yak1p or Dictyostelium discoideum 

YakA; a second class includes Schizosaccharomyces pombe Pom1p, Caenorhabditis 

elegans MBK-2, Drosophila melanogaster dDYRK2 and dDYRK3, and vertebrate 

Figure I1: The DYRK family of proteins. A) Unrooted phylogenetic tree showing the evolutionary 
divergence of the different families within the CMGC group (see text for the name of the families). B) 
Unrooted phylogenetic tree showing the three subfamilies, PRP4 (in orange), HIPK (in violet) and 
DYRK (in green) of the DYRK family (from Aranda et al., 2010). 
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DYRK2, DYRK3, and DYRK4; and a third class includes C. elegans MBK-1, D. 

melanogaster minibrain, and vertebrate DYRK1A and DYRK1B (Fig. I1B). 

This thesis work is focused on the study of human DYRK1A. For this reason a 

review on this kinase follows, highlighting both the commonalities and differences 

with other mammalian DYRKs (DYRK1B, DYRK2, DYRK3 and DYRK4). Particular 

emphasis has been made on aspects such as regulation of DYRK1A expression and 

activity and DYRK1A involvement in intracellular signaling pathways. A recent review 

on all members of the DYRK subfamily can be found in Aranda et al., (2010). 

 

 

Structure and mechanism of activation of DYRK1A kinase 

Several structural features can be distinguished in DYRK1A protein: a conserved 

catalytic kinase domain, two functional nuclear localization signals (NLS), one at the 

N terminus and another one within the catalytic domain (Alvarez et al., 2003), a PEST 

motif, a poly-histidine stretch and a region rich in serine and threonine residues (Fig. 

I2). PEST domains are protein regions enriched in proline, glutamic acid, serine and 

threonine residues that have been linked to the control of protein stabilization (Rogers 

et al., 1986), however the involvement of this motif in the control of the half-life of 

DYRK1A has not been reported to date. The histidine-repeat targets DYRK1A to the 

nuclear speckles compartment (Alvarez et al., 2003), and it has also been shown to 

act as a docking site for recruiting one of the DYRK1A substrates (Aranda et al., 

2008). No activities have been associated to the serine and threonine-rich region 

present in the C-terminal domain. 

 

 

DYRKs are known as dual-specificity kinases, because autophosphorylate on 

tyrosine and serine/threonine residues, while all the exogenous substrates described 

till now are phosphorylated in serine and threonine residues. In the case of DYRK1A, 

a consensus phosphorylation sequence has been defined as RPX(S/T)P, suggesting 

Figure I2: Schematic representation of the protein structure of DYRK1A. The domains shown are 
explained in the text. The position of the alternative spliced region is indicated with a triangle, and that 
of the activation loop is shown. 
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that DYRK1A is a proline-directed kinase (Himpel et al., 2000). However, the analysis 

of all the DYRK1A substrates described to date indicates that not all of the 

phosphosites fit within the consensus sequence and that other amino acid residues 

can be accommodated at the P+1 position (Aranda et al., 2010). 

All the DYRK family members, including DYRK1A, present a conserved Tyr-X-

Tyr motif in the activation loop of the catalytic domain (Becker and Joost, 1999). 

Phosphorylation of the second Tyr-residue of this motif is essential for DYRK1A 

kinase activity (Himpel et al., 2001), a requisite that has been proven for other 

mammalian DYRKs (Lee et al., 2000; Li et al., 2002; Papadopoulos et al., 2010). The 

mechanism of activation of DYRKs resembles that of the MAPKs, although, unlike 

MAPKs, Tyr-phosphorylation in the DYRK activation loop is an autophosphorylation 

event and does not involve an upstream activating kinase (Himpel et al., 2001). Using 

Drosophila DYRKs as the experimental system, a model for the activation of DYRK 

family members has been suggested (Lochhead et al., 2005). According to this 

model, autophosphorylation in the activation loop is an intramolecular event mediated 

by a transitional intermediate form during translation. The Tyr-kinase activity is lost 

once the protein is fully translated, and the mature kinase can only phosphorylate 

Ser/Thr residues. Further studies from the same group have shown that the two 

classes of DYRK subfamily members have distinct structural requirements for the 

autophosphorylation process (Kinstrie et al., 2010). Class II DYRKs (including 

DYRK2, DYRK3 and DYRK4) require a conserved domain in the N-terminal region 

named as the NAPA-domain that provides a chaperon-like function, while class I 

DYRKs (including DYRK1A and DYRK1B) lack this region and autophosphorylation 

occurs independently of any N-terminal sequence. 

An important characteristic of DYRKs is their ability to act as priming kinases 

for GSK3. This means that previous phosphorylation by DYRKs of a given residue 

allows for more efficient phosphorylation of a different residue by GSK3: if the residue 

is at P-4, it is known as classical GSK3 priming; if the residue is distant from the 

phosphorylated site, it is known as non-classical or discontinuous GSK priming (Fiol 

et al., 1988). DYRK1A acts as a classical GSK3 priming kinase in the case of eI2Fβ, 

tau, MAP1B and CRY2 (Kurabayashi et al., 2010; Scales et al., 2009; Woods et al., 

2001), but acts as a non-classical GSK3 priming kinase in the case of nuclear factor 

of activated T-cells (NFAT) transcription factors (Arron et al., 2006; Gwack et al., 

2006). 
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Two pharmacological inhibitors of DYRK1A have been used to study the 

function of this kinase. One of them, (-)-epigallocatechin-3-gallate (EGCG) - one of 

the major polyphenolic components of green tea-, is a potent DYRK1A inhibitor and 

functions as a noncompetitive inhibitor of ATP. However, EGCG also inhibits other 

DYRKs and many other kinases (Bain et al., 2007; Yang et al., 2009), and thus it is 

not useful to elucidate the in vivo functionality of DYRK1A. Recently, the alkaloid 

harmine, a classical inhibitor of monoamine oxidase, was identified as a potent ATP-

competitive DYRK1A inhibitor (Bain et al., 2007). With the help of this alkaloid, 

several new DYRK1A functions have been discovered, as illustrated in the recent 

identification of DYRK1A as a negative regulator of the intrinsic apoptotic pathway 

and cardiomyocyte hypertrophy (Kuhn et al., 2009; Laguna et al., 2008; Seifert et al., 

2008). However, as harmine also inhibits DYRK1B (5-fold less efficiently) and DYRK2 

and DYRK3 (50-fold less efficiently) (Gockler et al., 2009), its use must be 

complemented with additional techniques. 

 

 

Regulation of DYRK1A expression  

DYRK1A is expressed ubiquitously as it has been detected in almost all tissues 

analyzed (Becker et al., 1998; Guimera et al., 1996; Wegiel et al., 2004). As other 

members of the mammalian DYRK family, DYRK1A is expressed as several 

transcripts, differing in their 5’-ends due to alternative promoter usage and first exon 

choice (Fig. I3). Experimental evidence suggests that DYRK1A contains three 

putative promoter regions, promoter A (pA) before exon 1A, promoter B (pB) before 

exon 1B and promoter M (pM) before exon 1M, putative promoter regions. Their use 

produces distinct transcripts with different 5' ends and they appear to have distinct 

responses to transcription factors, such as E2F1 in the case of promoter region pB or 

CRE binding protein (CREB) in the case of promoter region pA, have been described 

for DYRK1A (Impey et al., 2004; Maenz et al., 2008) (Fig. I3). The transcription factor 

activator protein 4 (AP4) and its corepressor partner geminin have been shown to 

repress DYRK1A transcription through recruiting histone deacetylase 3 to pB and pM 

DYRK1A promoter regions (Kim et al., 2006b). Transcription from pM and pB would 

result in transcripts with an identical coding potential, whereas transcripts generated 

from pA could potentially encode a protein lacking the first 29 amino acids. 
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DYRK1A mRNA has been shown to be upregulated in the brain of mice 

overproducing β-amyloid protein (Aβ), a major component of senile plaques in 

Alzheimer’s disease, and in neuroblastoma cells when incubated with Aβ (Kimura et 

al., 2007). Transcriptional activation has also been shown in osteoblastoma cells 

treated with RANKL, very likely through activation of NFATs (Lee et al., 2009). It is 

worth to note that NFAT and Aβ precursor protein are DYRK1A substrates (Arron et 

al., 2006; Ryoo et al., 2008), and the transcriptional effects could be part of regulatory 

loops. Additionally, DYRK1A protein shows circadian oscillation in the mouse liver 

(Kurabayashi et al., 2010), although it is not known whether the regulation occurs at 

the transcriptional or post-transcriptional levels. Alternative splicing events within the 

DYRK1A coding region results in the production of distinct protein isoforms. The use 

of alternative acceptor splicing sites in exon 4 gives rise to two protein isoforms that 

differ in the inclusion/exclusion of nine amino acids in the N-terminus of the protein 

(Fig. I3). Up to date, no functional differences among these protein isoforms have 

been reported. Finally, the control of DYRK1A expression via miRNAs has been 

proposed and the miRNA let7b suggested as responsible (Buratti et al., 2010). 

 
 

Regulation of DYRK1A subcellular localization 

DYRK1A localizes both in the cytoplasm and in the nucleus of different neuronal 

types in the human, mouse and chick central nervous system (CNS) (Hammerle et 

Figure I3: Genomic structure and splicing events of human DYRK1A. Schematic representation of 
human DYRK1A gene: exons are shown as boxes and introns as lines. Gene size and chromosomal 
location are indicated. The untranslated and the translated exons are shown in grey and orange, 
respectively. A partial scheme of the transcripts produced by the differential usage of distinct promoters 
and/or splicing events is included, and the predicted protein produced by each transcript is indicated 
(adapted from Aranda et al., 2010).  
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al., 2003; Marti et al., 2003; Wegiel et al., 2004), while its expression is mostly 

restricted to the cytosol in glial cells (Marti et al., 2003). Biochemical fractionation 

experiments indicate that DYRK1A is distributed in different pools in mouse brain 

cytosolic fraction: a soluble DYRK1A pool, a pool associated with the synaptic 

plasma membrane and a pool associated with vesicle-containing fractions (Aranda et 

al., 2008; Murakami et al., 2009). 

When exogenously expressed, DYRK1A is only localized in the nucleus of a 

wide variety of established cell lines (Alvarez et al., 2003; Becker et al., 1998; 

Fernandez-Martinez et al., 2009; Guo et al., 2010; Mao et al., 2002; Seifert et al., 

2008; Sitz et al., 2004), in primary hippocampal neurons (Sitz et al., 2004) and in 

neural cells of the embryonic neocortex (Yabut et al., 2010). The two predicted NLSs 

appear to contribute to DYRK1A complete nuclear accumulation (Alvarez et al., 

2003); these NLSs are also conserved in the DYRK1A closest homologous DYRK1B 

and they are also responsible for the accumulation of DYRK1B in the nucleus 

(Alvarez, Raya, de la Luna, unpublished results). Within the nucleus, DYRK1A 

accumulates in nuclear speckles through its His-repeat domain, which serves as a 

nuclear speckle-targeting signal (Alvarez et al., 2003). The presence of DYRK1A in 

the splicing factor compartment has been also observed in physiological conditions 

(Fernandez-Martinez et al., 2009; Salichs, Laguna, de la Luna, unpublished results).  

A switch from the nucleus to the cytoplasm has been described during Purkinje 

cells differentiation in chicken (Hammerle et al., 2002), and results from our group 

indicate that DYRK1A has nucleocytoplasmic shuttling activity (Alvarez, 2004). All 

these data suggest that DYRK1A subcellular localization may be a control point to 

regulate substrate accessibility, although whether it is regulated at the nuclear import, 

nuclear export or nuclear/cytosolic retention levels it is still not known. Other DYRK 

family members also show changes in subcellular localization and in some cases a 

regulatory mechanism has been identified. DYRK1B shows a predominant nuclear 

staining in several cell lines, whereas major cytosolic staining is observed in 

rhabdomyosarcomas and pancreatic ductal carcinomas (Deng et al., 2006; Mercer et 

al., 2006). DYRK2 is present in the cytosol, however it translocates to the nucleus 

upon DNA damage (Taira et al., 2007), by using a NLS at the N-terminus of the 

protein (Taira et al., 2010). DYRK3 has been observed so far to be predominantly 

nuclear (Lord et al., 2000), while DYRK4 is expressed as two main isoforms with 

tissue-specific patterns. One of these variants contains a NLS in its extended N-

terminus that targets the protein to the nucleus (Papadopoulos et al., 2010). 
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Regulation of DYRK1A activity 

One consequence of the mechanism of activation of all DYRKs is that the activation 

loop would be constitutively phosphorylated, and consequently the kinase would be 

constitutively active. However, the study of animal models in which the dosage of 

DYRK1A has been manipulated shows that DYRK1A is extremely sensitive to gene 

dosage (Ahn et al., 2006; Altafaj et al., 2001; Fotaki et al., 2002; Laguna et al., 2008; 

Ortiz-Abalia et al., 2008), and thus it is sensible to think that its activity has to be 

tightly regulated. This could happen not only by controlling protein amounts by 

regulatory mechanisms at the transcriptional and post-transcriptional levels as 

discussed in the previous section, but also by actions at the post-translational level 

such as the control of the protein amounts, the regulation of the catalytic activity, the 

interaction with substrates or the accessibility to substrates or regulators 

(summarized in Fig. I4): 

 

 

i- Dephosphorylation of the activation loop should turn off DYRK1A kinase activity, 

but no specific phosphatases have been described yet. Additionally, phosphorylation 

events outside the activation loop might contribute to DYRK1A full activity or to 

substrate recognition. In this regard, it has been shown that MKK3 enhances the 

activity of DYRK1B by an unknown mechanism (Lim et al., 2002), that ATM activates 

DYRK2 by phosphorylation within the α-G helix in the catalytic domain (Taira et al., 

2010) and that MAP3K10 negatively regulates DYRK2 activity through 

phosphorylation of the threonine of its YTY motif (Varjosalo et al., 2008).  

Figure I4: Schematic representation of possible mechanisms by which DYRK1A kinase activity 
can be regulated. Changes in DYRK1A phosphorylation state, in the interaction with other proteins, in 
the subcellular localization, in the protein turn-over, alone or in combination, might lead to changes in 
the overall DYRK1A biological activity.  
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ii-Two examples of mechanisms by which the modulation of DYRK1A kinase activity 

relies on the interaction with regulatory proteins have been already proposed. One of 

them has been described by our group and involves DYRK1A autophosphorylation 

on Ser520 residue outside the catalytic domain. This event triggers the association 

with 14-3-3β and induces a conformational change, resulting in increased DYRK1A 

catalytic activity (Alvarez et al., 2007). Another example is the binding of Sprouty-

related protein with an EVH1 domain (SPRED1/2) to the kinase domain of DYRK1A; 

this interaction appears to compete for the same binding site with other substrates 

and inhibit therefore DYRK1A-dependent phosphorylation (Li et al., 2010a). 

iii- Regulation of the subcellular localization may represent another way of controlling 

DYRK1A activity. As DYRK1A has both nuclear and cytoplasmic proteins as 

substrates and DYRK1A is shuttling protein, changes in DYRK1A subcellular 

localization may represent a way of controlling substrate accessibility. However, the 

knowledge on the regulatory mechanisms acting at this level is still very poor. 

iv- Several observations suggest that DYRK1A protein levels could be regulated, 

although no regulatory mechanisms have been reported so far. DYRK1A is predicted 

to have a short half-life, as it harbors a PEST motif. Moreover, results from our group 

suggest that active DYRK1A has a longer half-life than the kinase inactive form, 

suggesting that DYRK1A might regulate its own stability (Alvarez, 2004). We have 

also observed that DYRK1A protein levels change during cell cycle with lower levels 

in G1 that gradually increase during S phase until reaching the highest levels in G2/M 

(C di Vona, S de la Luna, unpublished results). Whereas the increase in S phase 

appears to be at the transcriptional level, the decrease in the M to G1 transition could 

involve protein stability. Another DYRK family member, DYRK2, which does not 

contain a PEST motif, has been found to escape from degradation through ATM-

induced phosphorylation upon DNA damage (Taira et al., 2010). 

 

 

DYRK1A as a regulator of signaling pathways 

Substrates of DYRK1A have been identified among different classes of proteins, both 

nuclear and cytosolic (for a complete list, see Aranda et al., 2010). These include 

proteins involved in transcription, splicing, translation, apoptosis, endocytosis and 

metabolism (summarized in Fig. I5). In fact, the role of DYRK1A in all these 

processes has been inferred from the activity of all these substrates. DYRK1A 
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Figure I5: Substrates of DYRK1A. Substrates were classified into groups according to their 
involvement in different cellular processes. As shown, DYRK1A has multiple putative roles in 
transcription, translation, splicing, apoptosis, endocytosis, and metabolism.  

phosphorylation can affect different aspects of the biology of its substrates including 

changes in protein stability (HPV16E7; Liang et al., 2008), in subcellular localization 

(NFAT; Arron et al., 2006; Gwack et al., 2006), in the ability to interact with different 

partners (dynamin; Huang et al., 2004) or in enzymatic activity (glycogen synthase; 

Skurat and Dietrich, 2004).  

 

 

A role for DYRK1A in the development and homeostasis of the CNS has been 

proposed based on the phenotype of Dyrk1A mouse models. Dyrk1A knock-out mice 

died at embryonic mid-stages and show severe developmental delay (Fotaki et al., 

2002). Heterozygotes are viable, but exhibit reduced size that is most noticeable in 

liver and brain (Fotaki et al., 2002). Reduction in both the number of neurons in the 

superior colliculus (Fotaki et al., 2002), and in the complexity of the dendritic tree in 

the cortex (Benavides-Piccione et al., 2005) has been described. Moreover, 

transgenic mice carrying Dyrk1A extra copies exhibit hippocampal-dependent spatial 

learning and memory defects and motor abnormalities (Ahn et al., 2006; Altafaj et al., 

2001; Branchi et al., 2004; Martinez de Lagran et al., 2004; Smith et al., 1997). In 

Drosophila, loss-of-function of the DYRK1A orthologue minibrain, results in defective 

neurogenesis (Tejedor et al., 1995). Mutant flies present reduction in the volumes of 

the adult optic lobes and central brain hemispheres due to abnormal spacing of 

neuroblasts in the outer proliferation center of the larval brain. In humans, DYRK1A 

truncating mutations or loss-of-copy in hemizygosis result in microcephaly (Fujita et 

al., 2010; Moller et al., 2008). All these findings indicate that the role of DYRK1A in 

CNS development has been highly conserved during evolution. However, the 

particular functions of DYRK1A in CNS development are still not well known. 
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The fact that both gain-of-copy and loss-of-copy of Dyrk1A leads to growth 

retardation and developmental delay indicates that misexpression of a single gene, 

DYRK1A, can impair multiple physiological functions likely through a signal 

amplification effect. This hypothesis predicts that DYRK1A is involved in the 

regulation of several cellular processes and signaling transduction pathways, and 

indeed, several of its substrates are known to be involved in signaling pathways, 

which regulate proliferation, differentiation and cellular survival. A summary of the 

involvement of DYRK1A in these signaling pathways follows. 

 

The Notch signaling pathway 

The Notch signaling pathway is a highly conserved developmental pathway, which 

plays a critical role in cell-fate decisions, tissue patterning and morphogenesis, cell 

differentiation, proliferation and death in which cell-to-cell communication needs to be 

established (recently reviewed in, for instance, Kageyama et al., 2009; Phng and 

Gerhardt, 2009; Roca and Adams, 2007; Yuan et al., 2010). The major players of the 

pathway are the Notch receptors and their ligands. Notch receptors, Notch1–4 in 

mammals, are single-pass transmembrane proteins that have dual functions as both 

cell surface receptors and nuclear transcriptional regulators. Notch ligands, Jagged 1-

2, Delta-like (Dll) 1, 3 and 4, are also transmembrane proteins (D'Souza et al., 2008). 

A schematic representation of how the pathway works is shown in Fig. I6 (recent 

reviews on the pathway and the many levels of regulation can be found in Fortini and 

Bilder, 2009; Kopan and Ilagan, 2009; Kovall, 2008; Poellinger and Lendahl, 2008; 

Tien et al., 2009).  

 
Figure I6: Involvement of DYRK1A in the Notch signaling pathway. (A) Notch signaling activation is 
initiated by ligand–receptor binding between two adjacent cells. This interaction induces a 
conformational change in Notch receptors that leads to their proteolytic cleavage. Then, the Notch 
intracellular domain (NICD) is released to the cytoplasm, and enters into the nucleus binds to the 
transcriptional repressor CSL and switches CSL into an activated state. Additionally, NICD/CSL 
complex recruits co-activators, such as mastermind-like (MAML) and p300 that facilitate the 
transcriptional activation of Notch target genes. (B) Notch-pathway repressive state due to the 
phosphorylation of NICD by DYRK1A. 
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The activity of the pathway is regulated by many different posttranslational 

modifications (see Fortini, 2009). In particular, the function of NICD is regulated by 

several phosphorylation events (Espinosa et al., 2003; Foltz and Nye, 2001; Foltz et 

al., 2002; Ingles-Esteve et al., 2001). DYRK1A has been shown to interact with NICD 

and to promote its phosphorylation at multiple sites, which leads to the repression of 

its transcriptional activity in neural cells (Fernandez-Martinez et al., 2009). In 

agreement with the DYRK1A repressive activity on Notch signaling, the negative role 

of Notch on neuronal maturation and neurite development is reverted by the 

presence of DYRK1A (Fernandez-Martinez et al., 2009). 

 

Receptor tyrosine kinase signaling 

Receptor tyrosine kinases (RTKs) transmit signals that regulate cell proliferation and 

differentiation, promote cell migration and survival and modulate cellular metabolism. 

They play a critical role in a wide range of biological processes, including embryonic 

development, angiogenesis, synaptic plasticity and oncogenesis. RTKs are 

membrane-spanning, cell surface proteins that contain an extracellular ligand binding 

domain and an intracellular tyrosine kinase domain, which is responsible for 

transducing the signal. Most RTKs exist as inactive monomers and form dimers 

following binding to their ligands, the vast majority of which are soluble peptides (i.e. 

nerve growth factor or NGF, fibroblast growth factor or FGF, epidermal growth factor 

or EGF, etc.). Many RTKs have been described in mammals, and although their 

activation leads to specific intracellular responses, a common mechanism of 

activation can be delineated for most of them and involves the RAS-RAF-ERK 

cascade (Fig. I7) (for recent reviews Hubbard and Miller, 2007; Lemmon and 

Schlessinger, 2010; McKay and Morrison, 2007). The signal output from this cascade 

is finely modulated by positive and negative regulators that contribute to determine 

both the magnitude and the duration of ERK signaling (reviewed in, for instance, 

Ebisuya et al., 2005). 

An important class of regulators of RTK-dependent pathways is the Sprouty 

(Spry1 to -4 in mammals) family of proteins, which interferes with RTK-signaling 

cascade in a growth-factor and tissue-specific manner (for a recent review see Guy et 

al., 2009). Another way to fine-tune the output of the signal is through regulated 

endocytosis of the RTKs, which then can be recycled to the cell surface or targeted 

for degradation (reviewed in Sorkin and von Zastrow, 2009). 
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The involvement of DYRK1A in RTK signaling has been shown by several 

groups, although a common picture cannot be extracted yet.  

i.- DYRK1A has been reported to potentiate the differentiation of PC12 cells induced 

by NGF through its interaction with components of the signaling cascade RAS-BRAF-

MEK1 (Kelly and Rahmani, 2005) (Fig. I7A). Given that this effect is independent of 

DYRK1A kinase activity, a role as a scaffold has been suggested.  

ii.- DYRK1A has been demonstrated to enhance FGF-dependent signaling in a 

kinase-dependent manner (Aranda, 2007; Aranda et al., 2008). On one side, knock-

down of DYRK1A reduces FGF-dependent MAPK signal by acting downstream of 

RTK activation (Aranda, 2007). Similarly to the PC12 and NGF paradigm, DYRK1A is 

present in complexes with BRAF in HEK-293 cells, and it could be therefore one of 

the DYRK1A targets in this context; however, the complexes are detected 

independently of the activation status of the pathway suggesting that a triggering 

mechanism should exist (Aranda et al., 2008). On the other side, DYRK1A 

phosphorylates Spry2 at residue Thr75 and negatively regulates its inhibitory action 

on FGF-dependent MAPK activation (Aranda et al., 2008) (Fig. I7B). DYRK1A and 

Spry2 colocalize in growth cones of dissociated cortical neurons and copurify with the 

synaptic plasma membrane fraction from mouse brain extracts, pointing to their 

functional interaction occurring very close where the signals are received by RTKs in 

neurons.  

Figure I7: Involvement of DYRK1A in RTK signaling pathways. Upon ligand binding, the 
dimerization of the receptors induce their activation and the autophosphorylation of tyrosine residues in 
the RTK intracellular domains that serve as specific binding sites for a wide variety of proteins (FRS, 
GRB, CBL). The GTPase RAS is the critical link that allows RTKs to signal to ERK via a MAPK cascade 
involving the MAPKKKs RAF-1 or BRAF. The scheme summarizes the findings on DYRK1A activity 
within the NGF (A), FGF (B) and EGF (C)  -dependent signaling pathways. For details see the text.  
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Figure I8: Involvement of DYRK1A in the Hedgehog signaling pathway. (A) In the absence of Hh, 
Ptch inhibits the downstream pathway by repressing the function of Smoothened (Smo), a seven-
transmembrane protein that acts as the central positive mediator of Hh signaling. Gli1/2 and Gli3 are 
phosphorylated by kinases, including protein kinase A (PKA) and GSK3, to generate phosphopeptide-
binding motifs for β-TrCP, an important substrate recognition component of the E3 SCF ubiquitin ligase 
complex. Ubiquitination of Gli targets these proteins to the proteasome, which processes Gli3 into a C-
terminal-truncated repressor form and degrades Gli1/2. (B) Upon binding of Hh to Ptch, inhibition of 
Smo is relieved and its associated G-protein activity likely blocks inhibitory kinase action on Gli which is 
now free to translocate to the nucleus and activate transcription of Hh target genes including Ptch1 and 
Gli1, whose protein products negatively and positively, respectively, feed-back on the pathway. Another 
negative regulator of Hh signaling is Supressor of Fused (SuFu), which retains Gli transcription factors 
in the cytosol. For details on the DYRK1A activity on the pathway, see the text.  

iii.- DYRK1A acts as a brake for EGF-induced EGF receptor (EGFR) degradation, 

once EGFR is internalized by endocytosis (Ferron et al., 2010) (Fig. I7C). DYRK1A 

exerts this role, at least in part, through binding to and phosphorylation of Spry2. The 

effect of DYRK1A on EGFR cell surface levels is important for the self-renewal 

capability and long-term persistence of dividing neural stem cells of the adult 

subependymal zone (Ferron et al., 2010). 

 

Hedgehog Signaling 

Vertebrate hedgehog (Hh) signaling is a key regulator of proper morphogenesis of 

several organs, such as the skin, eye, lung, and pancreas, and for patterning of the 

neuronal tube and limb bud (for a recent review Jiang and Hui, 2008; Wong and 

Reiter, 2008). It also acts as a mitogen for a number of neuronal precursor cells 

located in the spinal cord and retina, in the neural tube, and in the cerebellum 

(reviewed in Briscoe, 2009; Ruiz i Altaba et al., 2002). A schematic representation of 

how the pathway works is shown in Fig. I8 and recent reviews can be found in Aikin 

et al., (2008), Ayers and Therond (2010), Ruiz i Altaba et al., (2007). 

 

 

Hhs are secreted lipoproteins that initiate signaling by binding to their receptor, 

the transmembrane protein Patched (Ptch), which initiates a signaling cascade 
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including the Gli family (Gli1–3) of transcription factors as final effectors. Gli1 

functions only as a transcriptional activator, Gli2 functions similarly and mainly as an 

activator, whereas Gli3 functions primarily as a repressor (reviewed in Ruiz i Altaba et 

al., 2007; Varjosalo and Taipale, 2008). Several DYRK family members have been 

shown to be involved in Hh signaling. DYRK1A retains Gli1 in the nucleus, and 

enhances the transcriptional activity of full-length Gli1 but not of a natural N-terminally 

truncated DYRK1A variant (Mao et al., 2002; Shimokawa et al., 2008) (Fig. I8B); both 

activities depend on DYRK1A kinase activity and Gli1 was shown to be a DYRK1A 

substrate (Mao et al., 2002). Very importantly, Hh fails to stimulate DYRK1A kinase 

activity, and thus, DYRK1A might not be directly regulated by this pathway (Mao et 

al., 2002). In contrast, DYRK1B and DYRK2 have been found to negatively regulate 

Gli-dependent transcription. DYRK2 does it through phosphorylation and degradation 

of Gli2 and Gli3 via the ubiquitin/proteasome pathway (Varjosalo et al., 2008). The 

mechanism of action of DYRK1B has been studied in pancreatic cancer cells. In 

these cells, the mutated RAS, KRAS, acts through DYRK1B and SUFU to block Gli2 

function to negatively regulate cell-autonomous Hh signaling (Lauth et al., 2010). The 

exact mechanism by which DYRK1B exerts its role is still unknown. 

 

Calcineurin-NFAT signaling  

Calcineurin-NFAT signaling is essential in regulating a diverse range of biological 

processes, including T lymphocyte development and reactivity, development of the 

nervous and vascular systems, fibre-type switching in skeletal muscle, development 

of heart valves, development of bone and control of cardiac hypertrophy (Macian, 

2005; Mancini and Toker, 2009; Molkentin, 2004; Oh-hora and Rao, 2008; Schulz 

and Yutzey, 2004). Calcineurin is a calcium–calmodulin-activated, Ser/Thr protein 

phosphatase that is activated by sustained elevations in intracellular calcium. Once 

activated, calcineurin directly dephosphorylates NFAT transcription factors within the 

cytoplasm, promoting their translocation into the nucleus and activation of gene 

expression (reviewed in Hogan et al., 2003). A schematic representation of how the 

pathway works is shown in Fig. I9. 

NFAT is phosphorylated, and therefore inactivated through cytosolic retention, 

by the action of different kinases, such as CK1, MEKK1 (Zhu et al., 1998) and GSK3 

(Beals et al., 1997). DYRK1A and DYRK2 have been reported to directly 

phosphorylate NFAT, which in turns prime further phosphorylation by CK1 and GSK3 

promoting NFAT translocation to the cytosol (Arron et al., 2006; Gwack et al., 2006). 
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DYRK1A-induced inhibition of NFAT transcription attenuates the hypertrophic 

response of cardiomyocytes, which may develop upon arterial hypertension or heart 

valve disease (Kuhn et al., 2009). It also results in the blockade of osteoclast 

differentiation, which seems to act as a negative regulatory feed-back loop, as 

DYRK1A expression is induced upon osteoclast differentiation (Lee et al., 2009). 

DYRK3-mediated inhibition of NFAT transcription attenuates red blood cell production 

selectively during aneamia (Bogacheva et al., 2008). 

 
 
 
DYRK1A and disease 

Dyrk1A is one of the genes located on the Down syndrome (DS) critical region 

(DSCR) in human chromosome 21. This chromosomal segment when present in 

trisomy is associated with some DS characteristics including mental retardation, and 

motor defects (Dahmane et al., 1995). In the brain of DS fetuses and patients, the 

extra copy of DYRK1A gene leads to elevated mRNA and protein levels (Dowjat et 

al., 2007; Guimera et al., 1999). The phenotype of mouse models of DYRK1A 

overexpression (Ahn et al., 2006; Altafaj et al., 2001; Smith et al., 1997) together with 

its expression profile during neurogenesis (Hammerle et al., 2008; Hammerle et al., 

2002) and in the adult central nervous system (Marti et al., 2003; Okui et al., 1999; 

Wegiel et al., 2004) has led to propose DYRK1A as one of the candidates to be 

responsible of some of the neuropathological features of DS (Arron et al., 2006; 

Epstein, 2006; Park et al., 2009). 

Most individuals with DS show early onset of Alzheimer disease (AD). 

Involvement of DYRK1A in AD phenotypes has been suggested based on several 

Figure I9: Involvement of DYRK1A in the 
Calcineurin-NFAT signaling pathway. The 
increase in intracellular concentration of calcium 
by activation of RTKs, ion channels or cytokine 
receptors leads to the activation of calcineurin 
and the nuclear translocation of NFAT. NFAT is 
kept in the cytosol in its hyperphosphorylated 
state by the action of several kinases. For 
details on the activity of DYRK1A in the 
pathway see the text.  
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evidences. First, scanning for chromosome 21 genetic markers found association of 

DYRK1A and AD phenotype in the Japanese population (Kimura et al., 2007). 

Second, DYRK1A is increased in DS and AD brains correlating with increased 

phosphorylated Tau (Liu et al., 2008; Wegiel et al., 2008). Third, Aβ and 

phosphorylated Tau and APP are increased in mouse models of gain-of-function of 

DYRK1A (Liu et al., 2008; Ryoo et al., 2008), in agreement with the fact that both Tau 

and APP are in vitro substrates of DYRK1A (Kimura et al., 2007; Liu et al., 2008; 

Ryoo et al., 2008; Ryoo et al., 2007; Woods et al., 2001). Four, increased dosage of 

DYRK1A induces an imbalance of Tau isoforms by phosphorylation of the splicing 

factor ASF (Shi et al., 2008). Finally, DYRK1A has been shown to phosphorylate key 

molecules in neurodegenerative processes such as Parkinson’s disease and 

Huntington’s disease including septin 4 (Sitz et al., 2008), α-synuclein (Kim et al., 

2006a) or the huntingtin interacting protein Hip-1 (Kang et al., 2005). 

 In humans, DYRK1A truncating mutations result in intrauterine growth 

retardation, microcephaly and developmental delay (Fujita et al., 2010; Moller et al., 

2008). Additionally, the potential participation of DYRK1A in other pathologies such 

as cardiac hypertrophy, bone homeostasis or tumor growth has also been suggested 

(Baek et al., 2009; Kuhn et al., 2009; Lee et al., 2009; Raaf et al., 2009).  

 

 

All these data suggest that DYRK1A may participate in different cellular 

processes and signal transduction pathways that have an impact in CNS 

development. An interacting screen with DYRK1A identified Nemo-like kinase (NLK) 

and an overview on the current knowledge on this kinase follows. The results 

obtained during the investigation of the functional interaction between DYRK1A and 

NLK led us to hypothesize the involvement of DYRK1A in the Wnt signaling pathway. 

Therefore, a brief summary on aspects of the Wnt signaling pathway relevant for this 

work is also included. 
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Nemo-like kinase (NLK) 

The protein kinase NLK was first identified in Drosophila as nemo, and described as 

a gene required for proper photoreceptor cells rotation during ommatidia 

morphogenesis in the eye (Choi and Benzer, 1994). An ortholog of NLK, known as 

LIT-1, was later on identified in C. elegans as a gene product that regulates 

asymmetric cell division in the early embryo and antagonizes the Wnt-β-catenin 

signaling activity (Kaletta et al., 1997; Meneghini et al., 1999). All multicellular 

eukaryotes contain only a single functional Nlk gene (Brott et al., 1998). However, in 

rodent genomes the existence of two evolutionarily not conserved Nlk homologs has 

been reported: a predicted retrotransposed Nlk2 gene encoding a non-functional NLK 

with a deletion within the kinase domain (Katoh, 2005) and a transcriptionally silent 

processed Nlk pseudogene (Kortenjann et al., 2001).  

Human NLK is a 527-amino acid protein with a central kinase domain. The N-

terminal sequence, which is enriched in alanine, glutamine, proline and histidine 

residues, is poorly conserved among NLK orthologues and its function remains 

obscure. The C-terminal extension is conserved from C. elegans to human and it has 

been suggested that may contribute to the interaction of the kinase with specific 

substrates or targets (Ishitani et al., 1999; Yamada et al., 2003; Yamada et al., 2006).  

 

 

Regulation of NLK expression 

NLK is expressed ubiquitously in fetal and adult tissues as a unique mRNA (Brott et 

al., 1998; Harada et al., 2002). Studies in Drosophila have shown that Wnt-β-catenin 

signaling enhances the transcription of nemo, which is induced only upon high levels 

of Wnt (Zeng and Verheyen, 2004). Several dTCF binding sites are found in the 5’-

region of the nemo gene that may represent enhancer elements. These observations 

have led to propose a negative feedback circuit in which Wnt induces expression of 

its own antagonist nemo. In the sea urchin embryo, nlk is a transcriptional target of 

Delta/Notch signaling (Rottinger et al., 2006). In mammals, it is not known yet how 

NLK is regulated at the transcriptional or post-transcriptional level. However, NLK has 

been described as a target of miRNA-181 (Ji et al., 2009) and to be ubiquitinated and 

respond to the proteasome inhibitor MG-132 (Zhou et al., 2007). 
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The subcellular localization of NLK 

The subcellular localization of NLK seems to respond to extracellular stimuli based on 

the only study analyzing the subcellular localization of endogenous NLK: under 

normal growing conditions, NLK accumulates in the cytoplasm of PC12 cells, but it 

translocates to the nucleus and leading edges upon stimulation of neuronal 

differentiation with NGF. When exogenously expressed, NLK localizes predominantly 

in the nucleus (Brott et al., 1998; Kanei-Ishii et al., 2004), and accumulation in 

perinuclear compartments has been also observed (Ishitani et al., 2009; Kim et al., 

2010; this thesis work). Once in the nucleus, NLK localizes in nuclear speckles 

through its histidine-rich segment, similarly to DYRK1A and other histidine repeats-

containing proteins (Salichs et al., 2009). NLK does not appear to possess a basic 

sequence that might clearly be identified as a NLS, and thus it has been suggested 

that it might complex with other proteins for its nuclear translocation, as it has been 

described for some MAPKs (Fukuda et al., 1997). Furthermore, it is not known 

whether activation of NLK influences its cellular distribution, although work on the C. 

elegans orthologous LIT-1 has shown that the nuclear levels of the kinase increase in 

response to Wnt activation (Lo et al., 2004).  

 

 

Mechanism of activation of NLK 

NLK belongs to the MAPK family within the CMGC group of protein kinases (Manning 

et al., 2002) (Fig. I10). One distinctive feature 

of MAPKs is the presence of a TXY motif in the 

activation loop, which is the site for the 

activating phosphorylation by the MAPKK 

family members. In NLK a glutamic acid 

residue replaces the tyrosine (TQE), and thus it 

is considered an atypical MAPK (Coulombe 

and Meloche, 2007). Nevertheless, it is 

predicted that NLK is regulated by 

phosphorylation of its activation loop Thr298. 

Mutation of Thr298 abolishes the ability of NLK 

to autophosphorylate, indicating that activation 

loop phosphorylation is necessary for its activity 

Figure I10: The MAPK family. 
Unrooted phylogenetic tree showing 
the evolutionary relationship of 
MAPKs.  
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(Brott et al., 1998; Kanei-Ishii et al., 2004). However, and although the residue has 

been detected as phosphorylated in vivo (Phosphosite database), there is no data 

supporting that the phosphorylation is required for the in vivo activation. There are 

very few phosphosites described for NLK (Table I1), so it is difficult to define a 

consensus phosphorylation site. Nonetheless, several of the NLK phosphorylation 

sites identified to date are followed by a proline (Table I1), suggesting that NLK has 

proline-directed specificity like conventional MAPKs. 

Table I1: List of NLK substrates in which the phosphorylation sites have been identified. The 
substrates are mouse or human proteins, except a (D. melanogaster) and b (X. laevis). 

Substrate Phosphorylation site Reference 

TCF-4 HPLT178P, EHFT189P (Ishitani et al., 2003) 

LEF-1 HPLT155P, EHFS166P (Ishitani et al., 2003) 

STAT3 LPMS727P (Ohkawara et al., 2004) 

c-Myb 15 S/TP (Kanei-Ishii et al., 2004) 

Mada SFTS25P (Zeng et al., 2007) 

MEF2Ab PLAT310P, GFTS353P (Satoh et al, 2007) 

SETDB1 SEET976P (Takada et al., 2007) 

Paxillin KQKS126A (Ishitani et al., 2009) 

FOXO1 8 S/TP (Ishitani et al., 2009) 

FOXO4 6 S/TP and 22 S/TX (Szypowska et al., 2010) 

SMAD4 ITNT9P 
RVVS138P (Shi et al., 2010) 

 

NLK is activated by various extracellular ligands, such as the Wnt ligand Wnt-1, 

the cytokines interleukin-6 and granulocyte colony-stimulating factor, transforming 

growth factor-β (TGF-β), NGF and EGF (Ishitani et al., 2009; Kanei-Ishii et al., 2004; 

Kojima et al., 2005; Ohkawara et al., 2004; Smit et al., 2004), but in most cases the 

elements of the MAPK signaling cascade have not been clearly elucidated. Moreover, 

in certain cell types, elevation of intracellular Ca2+ is sufficient to stimulate NLK 

enzymatic activity, by a mechanism dependent on Ca2+/calmodulin-dependent 

protein kinase II activation (Ishitani et al., 2003). For several of the extracellular 

ligands, the MAPKKK TGF-β-activated kinase 1 (TAK1) is involved in NLK activation 

(Ishitani et al., 1999; Meneghini et al., 1999; Ohkawara et al., 2004; Shin et al., 1999; 

Smit et al., 2004). However, TAK1 cannot directly interact with NLK (Kanei-Ishii et al., 

2004; Kojima et al., 2005), and it is unclear whether an intermediate kinase is 

functioning between the MAPKKK TAK1 and the MAPK NLK. In this regard, HIPK2, a 

DYRK kinase belonging to the HIPK subfamily, was shown to interact with and 

phosphorylate NLK in vitro (Kanei-Ishii et al., 2004). The HIPK2 phosphorylation 
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site(s) on NLK has not been identified and it is not known whether HIPK2 directly 

phosphorylates NLK in the activation loop or induces its autophosphorylation. 

Recently, TAK1 binding protein 2 (TAB2) was found to directly interact with NLK and 

function as a scaffold protein to facilitate TAK1-dependent NLK activation (Li et al., 

2010b; Takada et al., 2007), and therefore it is possible that in certain situations an 

intermediate kinase would not be required. 

The existence of other NLK activating kinases is inferred from several reports 

as in the case of the NLK-dependent repression of Nurr1 activity, which does not 

depend on TAK1 (Saijo et al., 2009). In this line, the MAPK p38β has been identified 

as an activator of NLK in Xenopus oocytes. p38β, or p38α but not δ/γ, regulates the 

function of NLK via phosphorylation of two evolutionarily conserved serine residues 

outside the catalytic domain (Ohnishi et al., 2010). Given that p38β can be activated 

by TAK1 (Ninomiya-Tsuji et al., 1999; Wang et al., 2001), it is therefore possible that 

this mechanism is used as an alternative to TAK1 directed phosphorylation via TAB2 

recruitment. 

 

 

Physiological functions of NLK 

NLK/Nemo has been suggested to be a very important regulator of cell growth, 

patterning, and death based on the phenotype of loss of function mutants. In fact, 

loss of NLK/Nemo results in significant embryonic lethality in C. elegans (Rocheleau 

et al., 1999), Drosphila (Mirkovic et al., 2002), and mice (Kortenjann et al., 2001) and 

in several defects during development, mostly related with processes in which 

regulation of asymmetry is required (Table I2).  

Mice with a targeted disruption of Nlk have been generated (Kortenjann et al., 

2001). The phenotype of Nlk−/− mice is modulated by the genetic background; 

whereas NLK-null mice die during the third semester of pregnancy in a C57BL/6 

background, mutant mice bred to a 129/Sv background survive for up to 4–6 weeks. 

These mutant mice exhibit growth retardation and suffer from neurological 

abnormalities. The Nlk deficiency includes aberrant differentiation of bone marrow 

stromal cell with increased number of adipocytes, large blood sinuses and absence of 

bone-lining cells in the bone marrow. 
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Table I2: Summary of phenotypes described in NLK deletion mutants. The phenotypes of the NLK 
null mutants in different organisms is presented. 

Organism Phenotype Reference 

Defects in asymmetric cell divisions during embryogenesis (Kaletta et al., 1997) 

Embryonic lethality (Rocheleau et al., 1999) 

Loss of endoderm (Rocheleau et al., 1999) 

Defects in anterior-posterior asymmetry in intestinal twist (Hermann et al., 2000) 

C. elegans 

Defects in basement membrane invasion (Matus et al., 2010) 

Eye and wing defects (Choi et al., 1994) 

Embryonic lethality (Verheyen et al., 2001) 

Head defects (Mirkovic et al., 2002) 

Altered patterns of apoptosis (Mirkovic et al., 2002) 

Synaptic growth defects at the neuromuscular junction (Merino et al., 2009) 

Drosophila 

Patterning defects in cuticle (Braid et al., 2010) 

Zebrafish Defects in ventrolateral mesoderm formation (Thorpe et al., 2004) 

Defects in patterning of the midbrain (Thorpe et al., 2004) 

Defects in neurogenesis (Ishitani et al., 2010) 

Inhibition of mesoderm induction (Ohkawara et al., 2004) 
Xenopus 

Severe defects in anterior development (Satoh et al., 2007) 

 

 

NLK as a regulator of signaling pathways 

Several substrates of NLK have been identified in the recent years (Table I3). Among 

them, transcription factors are highly represented. Some of the substrates are known 

to be involved in signaling pathways and a summary of the involvement of NLK in 

these signaling pathways follows. 

NLK negatively regulates Wnt-β-catenin signaling by inactivating the 

transcriptional unit composed of β-catenin/TCF/LEF (Ishitani et al., 1999). NLK 

phosphorylates LEF-1 and TCF-4, which results in the inhibition of TCF/LEF binding 

to DNA (Ishitani et al., 1999). Moreover, TCF/LEF phosphorylation by NLK triggers 

their ubiquitination and subsequent degradation dependent on the E3 ubiquitin-ligase 

NARF (Yamada et al., 2006). NLK also induces the nuclear accumulation of a 

deubiquitinating enzyme, Ubiquitin specific protease 4 (USP4), which interacts with a 

subpopulation of post-translationally modified TCF4 and represses β-catenin/TCF-

dependent transcription (Zhao et al., 2009). In C. elegans, LIT-1 (NLK orthologue) -

induced POP-1 (TCF orthologue) phosphorylation leads to POP-1 interaction with 

PAR-5 (14-3-3 orthologue) and subsequent POP-1 nuclear export (Lo et al., 2004), 

rather than inhibiting its DNA binding capability or inducing its degradation. Therefore, 

the signaling complexes in which NLK participates might differ between species. 
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Table I3: List of NLK interactors. a, interaction/phosphorylation described in mammals; b, 
interaction/phosphorylation described in Xenopus; c, interaction/phosphorylation described in 
Drosophila; d, interaction/phosphorylation described in C. elegans; e, involves target phosphorylation by 
NLK. 

Interactor Activity Effect on target Functional output References 

Androgen 
Receptora 

Nuclear receptor n.d. Decrease AR-
transcription (Emami et al., 2009) 

CBP/p300a 
Transcription 
factor 

Inhibition of CBP co-
activator activitye 

Inhibition of CBP-
transcription (NF-κB, 
AP-1, Smad, p53) 

(Yasuda et al., 2004) 

CHD7a 
Chromodomain 
ATPase n.d. 

Inhibition of PPARγ-
transcription; induction 
of osteoblastogenesis 

(Takada et al., 2007) 

Cul1a E3 ubiquitin ligase 
(SCF compex) n.d. Enhance c-Myb 

degradation 
(Kanei-Ishii et al., 
2008) 

FOXO1a Transcription 
factor Increase nuclear exporte Increase nuclear 

exporte (Kim et al., 2010) 

Fbxw4/5a E3 ubiquitin ligase 
(SCF compex) n.d. n.d. (Kanei-Ishii et al., 

2008) 

HMG2L1b Transcription 
factor n.d. n.d. (Yamada et al, 2003) 

LEF-1a,c,d Transcription 
factor Increase degradatione Inhibition of canonical 

Wnt (Ishitani et al., 2003) 

Madc 
Transcription 
factor Promotes nuclear exporte 

Inhibition of BMP-
dependent wing 
development 

(Zeng et al., 2007) 

MAP1Ba Cytoskeleton 
regulation Unknowne NGF-induced neurite 

outgrowth (Ishitani et al., 2009) 

MEF2Aa,b 
Transcription 
factor 

Increase in 
transcriptional activitye 

Development of 
anteroneural 
structurese 

(Satoh et al., 2007) 

A-Myba Transcription 
factor 

Inhibition of association 
with CBPe 

Decrease A-Myb trans-
activation 

(Kurahashi et al., 
2005) 

c-Myba Transcription 
factor 

Increase interaction with 
Fbxw7e 

Increase in 
degradation 

(Kanei-Ishii et al., 
2004; 2008) 

NARFa,b E3 ubiquitin ligase n.d. Increase TCF/LEF 
ubiquitination 

(Yamada et al., 
2006) 

Paxillina Focal adhesion 
regulation Unknowne NGF-induced re-

distribution of F-actin 
and neurite outgrowth 

(Ishitani et al., 2009) 

PPAR-γa Nuclear receptor n.d. 
Inhibition of PPARγ- 
transcription; induction 
of osteoblastogenesis 

(Takada et al., 2007) 

Notch1ICDa 
Transcription 
factor 

Reduction of the 
Notch1ICD-CSL-
Mastemind complexe 

Inhibition of Notch1-
transcription; inhibition 
of neurogenesise 

(Ishitani et al., 2010) 

Notch3a Transcription 
factor n.d.e Activation of Notch3-

dependent 
trasncription 

(Ishitani et al., 2010) 

Nurr1a Nuclear receptor Increase binding to 
CoREST repressore 

Inhibits Nurr1-
repression upon LPS 
stimulus 

(Saijo et al., 2009) 

SMAD4a Transcription 
factor n.d.e n.d. (Shi et al., 2010) 

SETDB1a 
Histone 
methyltransferase 

Assembly of the 
repressive complex 
SETDB1-CHD7-PPARγe 

Inhibition of PPARγ-
transcription; induction 
of osteoblastogenesis 

(Takada et al., 2007) 

Skp2a E3 ubiquitin ligase 
(SCF compex) n.d. n.d. (Kanei-Ishii et al., 

2008) 

Sox11b Transcription 
factor n.d. n.d. (Hyodo-Miura et al., 

2002) 

STAT3a,b 
Transcription 
factor 

Increase transcriptional 
activatione 

Scaffold in IL-6 
activation of NLK; 
mesoderm inductionb 

(Ohkawara et al., 
2004; Kojima et al., 
2005) 

TCF-4a,c,d Transcription 
factor 

Inhibition of β-
catenin/TCF-4 DNA 
bindinge; increase 
degradatione; increase 
cytoplasmic TCFd 

Inhibition of canonical 
Wnt 

(Rocheleau et al., 
1999; Ishitani et al., 
1999; Ishitani et al., 
2003; Yamada et al., 
2006) 

USP4a Deubiquitinase Increase in nuclear 
localizatione 

Repression of Wnt 
signaling (Zhao et al., 2009) 
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Figure I11: Functional activities of NLK. Schematic representation of the protein complexes in which 
NLK participates. (A) The interactions among c-Myb, HIPK2, NLK, and each component of the SCF 
complex are shown schematically. The assembly of the complex leads to c-Myb degradation. (B) 
Stimulation of Wnt non-canonical signaling cascade results in activation of NLK, phosphorylation of 
SETDB1 and assembly of an active histone H3K9 methyl transferase complex. For details on the NLK 
activity on these pathways, see the text.  

 

 

NLK phosphorylates the Myb family members c-Myb and A-Myb at multiple 

sites acting as a negative regulator (Kanei-Ishii et al., 2004; Kurahashi et al., 2005) 

(Fig. I11A). In response to Wnt-1, c-Myb is degraded and the effect involves TAK1, 

HIPK2, and NLK. NLK directly binds c-Myb, which results in the phosphorylation of c-

Myb at multiple sites, and induces its ubiquitination and proteasome-dependent 

degradation. Molecularly, this is explained because the NLK-dependent 

phosphorylation of c-Myb enhances its interaction with Fbxw7α, an E3 ubiquitin-

ligase (Kanei-Ishii et al., 2008). NLK and HIPK2 directly interact with components of 

the SCF complex (Table I3), suggesting that these kinases may participate in the 

degradation of other proteins mediated by the SCF complexes (Kanei-Ishii et al., 

2008). In the case of A-Myb, NLK inhibits A-Myb activity by blocking the interaction 

between A-Myb and CBP and inducing the methylation of histone H3 at Lys9 

(Kurahashi et al., 2005). In this context, NLK also inhibits peroxisome proliferator-

activated receptor (PPAR)-γ activity by binding and phosphorylating a histone 

methyltransferase, SET domain bifurcated 1 (SETDB1), which leads to methylation of 

histone H3 at Lys9 at PPAR-γ target gene promoters (Takada et al., 2007) (Fig. 

I11B). These findings suggest that histone modification might be another way that 

NLK uses to control target gene expression. 

NLK has also been found to inhibit Notch1 ICD in its ability to form a 

transcriptionally active complex (Ishitani et al., 2010), which has been found to be 

important in the regulation of zebrafish neurogenesis. By contrast, during early 
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development of the sea urchin embryo, nlk and Delta, a Notch receptor ligand, 

strongly synergize during mesoderm formation through down-regulation of TCF 

(Rottinger et al., 2006). Therefore, the role of NLK in the regulation of the Notch 

signaling pathway is not clear yet. 

 

 

NLK and disease 

As NLK negatively regulates the Wnt-β-catenin signaling pathway, it is predicted to 

act as a tumor suppressor. In fact, several observations support this role. First, NLK 

expression is decreased in prostate cancer metastases in comparison to normal 

prostate epithelium (Emami et al., 2009) and in some hepatocellular carcinomas (Ji et 

al., 2009). In this case, up-regulation of microRNA-181, which targets NLK, appears 

to be responsible (Ji et al., 2009). Second, NLK suppresses cell growth in human 

colon carcinoma cells (DLD-1) (Yasuda et al., 2003) and induces apoptosis in 

prostatic tumor cells (Emami et al., 2009). In fact, the involvement of NLK in the 

induction of apoptosis has been also suggested by studies in Drosophila (Mirkovic et 

al., 2002). However, other authors have found quite opposite results regarding 

induction of apoptosis. A large-scale RNAi screen to identify human kinases that 

regulate cell survival and apoptosis identified NLK as one of the most potent survival 

kinase (MacKeigan et al., 2005). In agreement with this antiapoptotic role, NLK 

negatively regulates FOXO1 (Kim et al., 2010), a known activator of the expression of 

target genes involved in apoptosis (Fu and Tindall, 2008). Therefore, and in line with 

these findings, results that link NLK to tumor progression have been found by other 

groups. Up-regulation of NLK has been observed in hepatocellular carcinoma and 

targeted-disruption of NLK suppressed cell growth and arrested cell cycle (Jung et 

al., 2010). Additionally, NLK appears to be required for invasion in breast carcinoma 

cells (Matus et al., 2010). In conclusion, further work needs to be done to have a 

clearer picture of the role of NLK in tumor progression. 
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Wnt signaling pathway 

Wnt proteins are soluble molecules that mediate intracellular signaling pathways 

involved in the control of a wide variety of cellular processes such as cell proliferation, 

cell polarity, survival, migration and adhesion and as such is crucial for normal 

embryonic development, organized cell movements, establishment of tissue polarity, 

morphogenesis and patterning, and tissue homeostasis in various systems, including 

the nervous system, the immune system and the bones. Mutations in the Wnt 

pathway are often linked to human birth defects, cancer and degenerative diseases. 

The importance of the pathways is reflected in the many recent reviews that can be 

found on the subject in the literature as for instance (Angers and Moon, 2009; 

Clevers, 2006; Huang and He, 2008; Ille and Sommer, 2005; Krishnan et al., 2006; 

MacDonald et al., 2009; Moon et al., 2004; Nusse, 2008; Reya and Clevers, 2005; 

Staal et al., 2008; van Amerongen and Nusse, 2009). 

 

 

As in other signal transduction pathways, the Wnt pathway consists in three 

main elements: the extracellular ligands - Wnts -, the membrane receptors - the 

Frizzled (Fz or Fzd) receptors and the low-density lipoprotein (LDL) receptor-related 

proteins 5 and 6 (LRP5 and LRP6) -, and a group of intracellular proteins in charge of 

transducing the signal, including specific transcription factors - a heterodimer of β-

catenin with the T cell factor/lymphoid enhancer factor (TCF/LEF) family of proteins - 

Figure I12: The Wnt signal transduction network. The mammalian genome, encodes 19 different 
Wnt ligands. Multiple receptor homologs (ten Frizzled receptor homologs in mammals), different 
receptor families and additional co-receptors further diversify the signal transduction cascade. Signals 
can branch off at virtually every step, modifiers can represent a parallel input that affects the outcome of 
signal transduction independently of extracellular ligand stimulation, intense cross-talk (depicted by 
double-headed arrows) exists between different signaling cascades, and feedback mechanisms provide 
an additional layer of control. (Adapted from van Amerongen et al., 2009). 
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responsible for the induction of the expression of the target genes (Fig. I12) (a good 

source of information for all the components of the Wnt signaling pathway is the Wnt 

Homepage at Stanford University maintained by the Nusse’s group: 

www.stanford.edu/~rnusse/wntwindow.html). Given that the Wnt pathway has been 

so extensively studied, this section does not intend to be a thorough review, but just 

offer a short overview on specific aspects of the pathway that are relevant for this 

thesis project and will provide references for Reviews on each of them.  

 

 

Wnt ligands, biogenesis and extracellular transport 

Wnts are secreted signaling molecules that are conserved in all metazoan animals, of 

which 19 different proteins are found in humans (a description, including the 

phenotypes of loss-of-function mouse models, is found at the Wnt Homepage: 

www.stanford.edu/~rnusse/wntgenes/humanwnt.html). Wnts are cysteine rich, 

glycosylated and lipid-modified proteins of approximately 350-400 amino acids that 

contain an N-terminal signal peptide for secretion. The post-translational 

modifications occur in the endoplasmic reticulum (ER) and the proteins are secreted 

via the Golgi apparatus and dedicated secretory vesicles (Fig. I13). Wnt secretion is a 

complex and highly regulated process that influences the spreading and signaling 

activity of Wnt (for recent reviews see Bartscherer and Boutros, 2008; Hausmann et 

al., 2007; Lorenowicz and Korswagen, 2009). 

Studies in Drosophila and in C. elegans have 

identified several molecules that regulate Wnt 

biogenesis and secretion such as Porcupine, 

a multipass transmembrane ER protein with 

acyl-transferase activity involved in the post-

translational modifications of Wnts (Takada et 

al., 2006), and Wntless (Wls or Gpr177), a 

multipass transmembrane protein that 

localizes to the Golgi, endocytic 

compartments and the plasma membrane 

and is in charge to escort Wnts from the Golgi 

to the plasma membrane for secretion. Wls is 

recycled by endocytosis and trafficked back to 

Golgi by the retromer complex (Hausmann et al., 2007).  

Figure I13: Wnt biogenesis and 
secretion. See the text for explanations 
(from MacDonald et al., 2009). 
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To establish morphogenetic gradients, Wnt molecules have to move from the 

secretory site to the target cells. Recently, large particles called lipoprotein particles 

have been implicated in moving Wnts and other lipid-modified proteins such as 

Hedgehog (Panakova et al., 2005). The retromer complex appears to promote the 

association of secreted Wnts with lipoprotein particles on the extracellular face of 

cells (Coudreuse et al., 2006; Prasad and Clark, 2006). Wnts may also form 

multimers to bury lipid modifications inside (Katanaev et al., 2008). It have been 

speculated that lipoprotein particles and multimers may be involved in long-range 

signaling, while acylated Wnt binding to membranes might act in short-range 

signaling.  

 

 

Receptors dictate Wnt activity 

The high degree of conservation and evolutionary constraint of Wnt proteins suggests 

that each Wnt is likely to have a specific function. In mammals, complexity and 

specificity in Wnt signaling are, in part, achieved through 19 Wnt ligands and 10 Fzd 

receptors, and, in theory, 190 potential Wnt-Fzd combinations exist. The complexity 

increases, because activation of some, but not all, Wnt pathways requires co-

receptors such as LRP5 and LRP6 (Fig. I12).  

Fzd proteins are seven-pass transmembrane receptors that contain a large 

extracellular domain with a conserved motif comprised of 10 cysteine residues called 

the cysteine-rich domain (CRD). The CRD domains from various Fzd receptors have 

been shown to bind multiple Wnts with high affinity (reviewed in Schulte and Bryja, 

2007; Wang et al., 2006). Following Wnt binding, it is thought that Fzds form a co-

receptor complex with LRP proteins, single-pass transmembrane proteins with a 

relatively small intracellular domain and a large extracellular domain containing 

several potential protein interaction domains. At the cytoplasmic side, Fzds interact 

directly with the Dishevelled protein, a known mediator of Wnt signaling (reviewed in 

Gao and Chen, 2010). The Axin protein, a negative regulator of Wnt signaling, binds 

to the cytoplasmic tail of LRP6, providing a mechanism by which Axin is released 

from β-catenin and inducing β-catenin accumulation (see below). The binding of Axin 

to the LRP6 tail is promoted by phosphorylation of LRP6 on several clusters of 

serines and threonines, with a central PPPSP motif that is phosphorylated by GSK3 

(Zeng et al., 2005).  
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Historically, Wnt-Fzd complexes have been divided into “canonical” (Wnt1, 

Wnt3A, or Wnt8) and “non-canonical” (Wnt5A or Wnt11) classes, which activate β-

catenin-dependent and -independent signaling pathways, respectively. However, 

several experimental evidences indicate that there is a cross-talk between different 

members of the two classes (for a recent review van Amerongen et al., 2008), thus, 

the subdivision of Wnts into these two categories is not completely right. Instead, the 

group of R. Nusse and others propose that Wnts themselves are not intrinsically 

canonical or non-canonical but determined by distinct sets of receptors (Liu et al., 

2005; van Amerongen et al., 2008). According to this, the following signaling 

pathways are distinguished:  Wnt-β-catenin signaling, Fzd-planar cell polarity (PCP) 

signaling, Wnt-Ca2+ signaling, Wnt-Ryk signaling and Wnt-Ror2 signaling (Fig. I14). 

Given that this thesis project has only explored the relationship of DYRK1A with Wnt 

signaling depending on β-catenin, a summary on this specific pathway follows. 

Recent reviews on the Fzd-PCP signaling pathway can be found in Seifert and 

Mlodzik (2007) and Wang and Nathans (2007), on the Wnt-Ca2+ signaling in Kohn 

and Moon (2005), on the Wnt-Ryk signaling in Fradkin et al., (2010) and Hendrickx 

and Leyns (2008), and on the Wnt-Ror2 signaling in Minami et al., (2010). 
 

 
Wnt-β-catenin signaling 

This signaling cascade has been broadly studied due to its importance not only in 

metazoan development, but also in degenerative diseases and cancer (Clevers, 

Figure I14: Current model of receptor-dependent Wnt signaling. See the text for explanations (from 
van Amerongen et al., 2008). 
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2006; Polakis, 2000). In the vertebrate nervous system it is involved in cell fate 

decisions and possibly synaptogenesis. In addition, Wnt signaling has been shown to 

regulate the cytoskeleton through a pathway that diverges downstream of GSK-3β. 

Inhibition of the phosphorylation of some GSK-3β substrates such as microtubule-

associated protein 1B (MAP1B) changes the organization of microtubules and 

increases microtubule stability (Ciani et al., 2004). 

In the absence of Wnt, cytoplasmic β-catenin is constantly degraded by the 

action of the Axin complex, which is composed of the scaffolding protein Axin, the 

tumor suppressor adenomatous polyposis coli gene product (APC), CK1 and GSK3. 

CK1 and GSK3 sequentially phosphorylate the N-terminal region of β-catenin, 

resulting in its recognition by β-Trcp, an E3 ubiquitin ligase subunit, and subsequent 

β-catenin ubiquitination and proteasomal degradation (Su et al., 2008). This continual 

β-catenin elimination prevents β-catenin from reaching the nucleus, and Wnt target 

genes are thereby repressed by the DNA-bound TCF/LEF family of proteins. Upon 

activation, the inhibition of Axin-mediated β-catenin phosphorylation leads to the 

stabilization of β-catenin, which accumulates and travels to the nucleus to form 

complexes with TCF/LEF and initiates transcription of Wnt target genes (Fig. I15) (for 

a recent review, see MacDonald et al., 2009).  

 

 

Moreover, β-catenin/TCF form multiple protein complexes with either Wnt 

pathway inhibitors, such as ICAT and Chibby, or transcriptional co-activators, 

including BCL9/BCL9-2, CBP/p300, pygopus, Brg-1, Pontin-52, MED12 and 

Figure I15: Schematic representation of the Wnt-β-catenin signaling pathway. In A) the pathway 
is represented in the absence of Wnt signaling, whereas in B) the active pathway is depicted. See text 
for details. 
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parafibromin/Hyrax (Mosimann et al., 2009; Willert and Jones, 2006). Numerous β-

catenin/TCF target genes have been identified in diverse biological systems and the 

majority of the target genes appear to be cell type specific (Logan and Nusse, 2004; 

Vlad et al., 2008). An emerging feature is that Wnt signaling components, including 

Fzd, LRP6, Axin2, NLK, and TCF/LEF, are often regulated positively or negatively by 

TCF/β-catenin (for an updated overview see the Wnt homepage).  

The majority of β-catenin in the cell is associated with adherens junctions, 

where it interacts with the cytoplasmic region of cadherin, and only a small and 

dynamic pool of β-catenin in the cytosol and nucleus is responsible for the 

transduction of Wnt signals. β-catenin has a central armadillo repeat domain 

composed of 12 armadillo repeats, an N-terminal domain that harbors the binding site 

for α-catenin as well as the GSK3 and CK1 phosphorylation sites that are recognized 

by the β-TrCP ubiquitin ligase (see Table I4 for references), and a C-terminal domain 

with regulatory activities (Fig. I15). The N- and C-termini were suggested to directly 

bind the armadillo repeats and regulate β-catenin interaction with certain ligands 

(Castano et al., 2002; Cox et al., 1999). However, it has been recently shown that the 

termini remain unstructured, and speculated that the terminal regions may effectively 

shield the armadillo repeats from nonspecific interactions (Xing et al., 2008). Crystal 

structures of several proteins in complexes with the β-catenin armadillo repeat have 

revealed that numerous β-catenin-binding partners have overlapping binding sites in 

the armadillo repeat domain (Fig. I16). Therefore, competition between binding 

partners could be important for regulating the Wnt-β-catenin signaling pathway (Xu 

and Kimelman, 2007). 

 

 

It is not well understood how β-catenin enters the nucleus, but it is postulated 

that β-catenin can mediate its own nuclear import through direct interaction with 

nucleoporins based on the fact that its armadillo repeat region resembles the HEAT 

Figure I16: Primary structure of β-catenin. The binding regions for several of the β-catenin partners 
are shown (adapted from Gottardi and Peifer, 2008). 
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repeats found in the nuclear import factor importin-β (Suh and Gumbiner, 2003). β-

catenin also exits the nucleus via export involving APC (Henderson and Fagotto, 

2002), Axin (Cong and Varmus, 2004), and RanBP3 (Ran binding protein 3), which 

binds to β-catenin in a Ran-GTP dependent manner (Hendriksen et al., 2005). Thus 

β-catenin is thought to continually shuttle in/out of the nucleus, and interactions with 

either cytosolic or nuclear proteins ultimately influence the distribution of β-catenin. 

β-catenin is tightly regulated by several post-translational modifications, 

including phosphorylation, ubiquitination and acetylation (a complete list on these 

modifications can be found at Phosphosite web page). Regarding phosphorylation, 

serine, threonine and tyrosine residues have been identified as phosphorylated, with 

many different functional outputs that include protein destabilization/stabilization, 

nucleocytoplasmic transport and interaction with partners, which could modulate β-

catenin-mediated transcription in (Table I4). 

Table I4: Summary of the phosphorylated sites found in β-catenin.  

Residue Protein kinase Functional output Reference 

S33 JNK, GSK3 Promotes protein destabilization (Liu et al., 2002; Hino et al., 2005) 

S37 JNK, GSK3 Promotes protein destabilization (Liu et al., 2002; Hino et al., 2005) 

S41 JNK, GSK3 Promotes protein destabilization (Liu et al., 2002; Hino et al., 2005) 

S45 CK1, PKA, IKK Promotes protein destabilization (Amit et al., 2002; Liu et al., 2002; 
Hino et al., 2005) 

Y64 PTK6 n.d. (Palka-Hamblin et al., 2010) 

Y86 Bcr-Abl Promotes protein stabilization (Coluccia et al., 2007) 

Y142 Met receptor, PTK6 Promotes Bcl9-2 binding (Brembeck et al., 2004; Palka-
Hamblin et al., 2010) 

S191 Cdk5 Binding to Pin1 and displacement of APC (Munoz et al., 2007) 

S246 Cdk5 Binding to Pin1 and displacement of APC (Munoz et al., 2007) 

T393 CK2 Promotes protein stability, interaction with 
Axin and transcriptional activity 

(Song et al., 2003; Wu et al., 
2009) 

Y489 Abl Decrease binding to N-cadherin, increase 
nuclear localization (Rhee et al., 2007) 

S552 AKT, PKA Promotes β-catenin/TCF reporter 
activation (Fang et al., 2007) 

Y654 Met, Bcr-Abl Impairs binding to Axin complexes, 
promotes nuclear translocation (Coluccia et al., 2007) 

Y670 Met Promotes nuclear translocation (Zeng et al., 2006) 

S675 AKT, PKA 
Promotes β-catenin/TCF reporter 
activation possibly through association 
with histone acetylases 

(Fang et al., 2007; Taurin et al., 
2006; Hino et al., 2005) 

S718 PLK1 n.d. (Arai et al., 2008) 

 
 

The main partner for β-catenin in Wnt-dependent gene regulation is the 

TCF/LEF family of DNA-bound transcription factors (Arce et al., 2006; Hoppler and 

Kavanagh, 2007). While a single TCF gene is found in Drosophila and worm, four 
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TCF genes, TCF-1 (TCF7), LEF-1, TCF-3 (TCF7L1) and TCF-4 (TCF7L2), exist in 

mammals. Moreover, alternative splicing and promoter usage produce a large 

number of TCF variants with distinct properties (Arce et al., 2006; Hoppler and 

Kavanagh, 2007) (Fig. I17).  

 

 

LEF/TCF recognition of DNA can occur independently of β-catenin but weakly 

and with only moderate specificity (reviewed by Arce et al., 2006). TCF represses 

gene expression by interacting with the repressor Groucho (TLE1 in human), which 

promotes histone deacetylation and chromatin compaction; furthermore, another co-

repressor, CtBP, may bind directly to an alternative spliced variant of TCF-3 or TCF-

4. Post-translational modifications of TCF/LEF exist including phosphorylation, 

acetylation, sumoylation, and ubiquitination/degradation (Arce et al., 2006; Hoppler 

and Kavanagh, 2007). For instance, and apart from NLK phosphorylation, TCF-3 

phosphorylation by CK1ε and LEF-1 phosphorylation by CK2 enhance their binding to 

β-catenin and diminishes LEF-1 binding to Groucho/TLE. LEF-1 and TCF-4 

sumoylation (by the SUMO ligase PIASy) represses LEF-1 activity by targeting it to 

nuclear bodies but enhances TCF-4/β-catenin transcription, while CBP-mediated 

acetylation of TCF results in decreased TCF/β-catenin-binding in Drosophila and 

increased TCF nuclear retention in nematodes, both leading to transcriptional 

repression. 

 

Figure I17: The structural variety of vertebrate TCF/LEFs. Schematic representation of the 
different TCF family members. The isoforms resulting from alternatively splicing events are also 
shown. BCBD: β-catenin binding domain; Groucho/TLE: Groucho/TLE-binding domain; HMG: high 
mobility group domain; NLS: nuclear localization signal; CRARF motif (in mid blue); RKKKCIRY 
motif (in light blue); LVPQ motif (in brown); SxxSS motif (in orange); CtBP: CtBp-binding domain; S 
in grey: sumoylation (adapted from Hoppler et al., 2007). 
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This Thesis work is framed within the general objectives of the research group that try 

to elucidate the functional roles of the protein kinase DYRK1A as well as the 

mechanisms that regulate the activity of this protein kinase. An interacting screen for 

novel DYRK1A partners carried out in the group found the protein kinase NLK as a 

putative DYRK1A interactor. The interest to further study DYRK1A/NLK interaction 

was based in several pieces of information: 

1.- NLK had been shown to interact with HIPK2, a relative of DYRK1A in the DYRK 

family of kinases, and HIPK2 acted as an NLK regulator. Thus, the possibility existed 

of DYRK1A acting as an NLK regulatory kinase. 

2.- DYRK1A was known to be highly sensitive to gene dosage, and thus it was 

predictable that both its protein levels as well as its catalytic activity have to be tightly 

regulated. Results from the group indicated that DYRK1A is degraded by the 

proteasome, and it was known that NLK marks several of its substrates for 

proteasome-mediated degradation. Thus, the possibility existed of DYRK1A being a 

substrate of NLK and that NLK could regulate several aspects of DYRK1A biology. 

3.- The biological activity of NLK was framed within the Wnt signaling pathway. 

DYRK1A was known to participate in several intracellular signaling pathways. Thus, 

the interaction with NLK could be a suggestion of DYRK1A being placed in the Wnt 

signaling pathway.  

 

Therefore, the general objective of this thesis work has been to study the interaction 

between DYRK1A and NLK from a physical and functional viewpoint. Given that NLK 

is a regulator of Wnt/β-catenin signaling, the possible functional interaction of 

DYRK1A with the pathway was also proposed to be analyzed.  

 

The particular objectives are detailed below. 

I. To characterize the interaction of DYRK1A with the protein kinase NLK. 

II. To elucidate the functional outcome of the interaction of DYRK1A with NLK: Is 

DYRK1A a substrate of NLK? If so, which aspects of the DYRK1A biology are 

affected by NLK? Catalytic activity? Protein stability? 

III. To analyze the role of DYRK1A in the Wnt/β-catenin signaling pathway. 
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1. PLASMIDS 

In this Section, the construction of the plasmids generated during the thesis work is 

described in detail. It also includes the description and source of other plasmids used 

in some experiments. The sequence of oligonucleotides used for the mutagenesis or 

for PCR amplification of specific DNA fragments is listed in Annex 1. All constructs 

generated by mutagenesis/PCR were checked by DNA sequencing. The identity of 

the plasmids obtained from Addgene (www.addgene.org/pgvec1) or 

RZPD/ImaGenes (http://www.imagenes-bio.de/) was confirmed by DNA sequencing. 

 

1.1 Backbone vectors 

- pEGFP-C1 (Clontech) 

- pcDNA-3 (Invitrogen) 

- pcDNA-HA (de la Luna et al., 1999) 

- pGEX-6P1 (Amersham Biosciences) 

 

1.2 DYRK1A expression vectors 

All the constructs used to express influenza virus hemagglutinin (HA)-tagged, 

enhanced green fluorescent protein (GFP)-tagged or glutathione-S-transferase 

(GST)-tagged DYRK1A wild-type or kinase-inactive versions, and the following 

deletion mutants (numbers indicate the amino acids included) have been already 

described (Alvarez et al., 2007; Alvarez et al., 2003): GFP-DYRK1A522; GFP-

DYRK1A/378-522; HA-DYRK1A664; HA-DYRK1A588; HA-DYRK1A522; HA-DYRK1A474; 

HA-DYRK1A377; GFP-DYRK1A167; GFP-DYRK1A127; GFP-DYRK1A87.  

The following mutants have been generated by site-directed mutagenesis: 

- pHA-DYRK1A∆70-104: Deletion of the indicated 35 aa in pHA-DYRK1A using 

oligonucleotide D1A/∆70-104. 

- pHA-DYRK1A∆105-125: Deletion of the indicated 21 aa in pHA-DYRK1A using 

oligonucleotide D1A/∆105-125rev. 

- pGFP-DYRK1A/378-5226A: Substitution of Thr393, Thr422, Ser433, Thr436, 

Thr457 and Ser468 by Ala in pGFP-DYRK1A/378-522 using oligonucleotides 

D1A/T393A, D1A/T422A, D1A/S433A,T436A, D1A/T457A and D1A/S468A. 

- pHA-DYRK1A6A: Substitution of Thr393, Thr422, Ser433, Thr436, Thr457 and 

Ser468 by Ala in pHA-DYRK1A using oligonucleotides D1A/T393A, D1A/T422A, 

D1A/S433A,T436A, D1A/T457A and D1A/S468A. 
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- pHA-DYRK1AK179R,6A: Substitution of Lys179 by Arg in pHA-DYRK1A6A using 

oligonucleotide D1A/K179R. 

 

1.3 Other DYRKs expression vectors 

The plasmids to express HA- or GFP-tagged DYRK1B (human 629 aa isoform), 

DYRK2 (human 844 aa isoform), DYRK3 (human 612 aa isoform) and DYRK4 

(Papadopoulos et al., 2010); human 520 aa isoform) and other mutant forms of 

DYRK1A have been generated by different members of the group. 

 

1.4 NLK expression vectors 

- pFlag-NLK: To generate an expression vector for human NLK Flag-tagged at its 

N-terminus, a BglII-KpnI restriction fragment containing the human NLK open 

reading frame (ORF) from pGFP-NLK (Salichs et al., 2009) was ligated in-frame 

into pCMV-Flag, BamHI-KpnI. 

- pGST-NLK: To generate an expression vector for NLK GST-tagged at its N-

terminus, a BglII-EcoRI restriction fragment containing the human NLK ORF from 

pGFP-NLK was ligated in-frame into pGEX-6P1, BamHI-EcoRI. 

- pFlag-NLKK167M: Substitution of Lys167 (within the conserved ATP-binding 

pocket) by Met in pFlag-NLK using oligonucleotide NLK-K167M. 

- pFlag-NLKT298A: Substitution of Thr298 (within the activation loop) by Ala in pFlag-

NLK using oligonucleotide NLK-T298A. 

- pFlag-NLK∆430-444: Deletion of 15 amino acids in the indicated position in pFlag-

NLK using oligonucleotide NLK∆430-444. 

- pFlag-NLKC437Y: Substitution of Cys437 by Tyr in pFlag-NLK using oligonucleotide 

NLK-C437Y. 

- pFlag-NLK428: Substitution of Glu429 by a Stop codon in pFlag-NLK using 

oligonucleotide NLK429/Stop-r. 

 

1.5 β-catenin expression vectors 

- pGST-βCat: mouse β-catenin ORF cloned into pGEX-6P3 was kindly provided by 

Antonio García de Herreros (Institut Municipal d'Investigació Mèdica, Barcelona, 

Spain). 

- pβCatS33Y: a mammalian cells expression vector for the mouse β-catenin mutant 

S33Y for was kindly provided by Antonio García de Herreros. 
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- pβCatS33Y,S129A: Substitution of Ser129 by Ala in pβCatS33Y using oligonucleotide 

mβcat-S129A. 

- pβCatS33Y,S552A: Substitution of Ser552 by Ala in pβCatS33Y using oligonucleotide 

mβcat-S552A. 

- pβCatS33Y,S675A: Substitution of Ser675 by Ala in pβCatS33Y using oligonucleotide 

mβcat-S675A. 

- pβCatS33Y,S552,675A: Substitution of Ser675 by Ala in pβCatS33Y,S552A using 

oligonucleotide mβcat-S675A. 

 

1.6 Other plasmids 

- pCS2-Wnt-1-myc: to express mouse Wnt-1 Myc-tagged at the C-terminus 

(Addgene plasmid 16851; XE173) (Yang-Snyder et al., 1996).  

- pUSE-Wnt3a-HA: to express mouse Wnt3a HA-tagged at the C-terminus, was 

kindly provided by Anna Bigas (IMIM, Barcelona, Spain). 

- pCS2-Frz1: to express rat-frizzled-1 (Addgene plasmid 16821; XE41) (Yang-

Snyder et al., 1996).  

- pEGFP.C1-hTCF-4E-HA: to express E isoform of human TCF-4 GFP-tagged at 

the N-terminus and HA-tagged at the C-terminus, was kindly provided Antonio 

García de Herreros. 

- pCMV-HIPK2: to express the protein kinase HIPK2. Mouse Hipk2 full-length 

cDNA (Acc. No. BC031904) cloned into pCMV-SPORT6 (IMAGE clone: 

IRAVp968B0466D) was purchased from ImaGenes.  

- pCMV-TCF-4: to express TCF4. Human TCF4 full-length cDNA (Acc. No.: 

BC032656) cloned into pCMV-SPORT6 (IMAGE clone: IRATp970B1155D). It 

was purchased from the RZPD German Resource Center for Genome Research. 

It corresponds to a spliced variant of TCF4 that does not contain the LVPQ and 

the SxxSS motifs, and also lacks several conserved regions at the C-terminal tail 

such as the CRARF and the RKKKCIRY motifs and proposed binding sites for the 

CtBP co-repressor (Hoppler and Kavanagh, 2007). 

- pCMV-VSV-G: to express the glycoprotein of the vesicular stomatitis virus 

(Addgene plasmid 8454) (Stewart et al., 2003). 

- pCMVΔR8.91, lentivirus packaging construct (kindly provided by Cristina Fillat) 

(Zufferey et al., 1997). 

- pLKO.1-puro control vector (Mission clone SHC001) and pLKO.1 shRNA hNLK 
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(Mission clone SH0111; two clones: 922s1c1, 1320s1c1) were purchased from 

Sigma. 

- TOPFLASH reporter, a β-catenin/TCF reporter plasmid containing the Firefly 

luciferase gene under the control of three TCF-binding sites (Korinek et al., 1997) 

was kindly provided by Antonio García de Herreros.  

- FOPFLASH reporter, a control luciferase reporter with the TCF/LEF sites of 

TOPFLASH reporter being mutated, was kindly provided by Antonio García de 

Herreros. 

- pCMV-RNL, Renilla luciferase vector (Invitrogene). 

 

 

2. TECHNIQUES FOR DNA MANIPULATION 
 

2.1 DNA purification and sequencing 

For small-scale purification, DNA was extracted from bacterial minicultures using the 

QIAGEN Plasmid Mini Kit (Qiagen) following manufacturer’s instructions. Plasmid 

DNA purification for cell transfections was done by using the QIAGEN Plasmid Kit 

(Qiagen), following manufacturer’s instructions. 

DNA samples (500 ng/reaction) were sequenced at the Genomic Sequencing 

Service (Universitat Pompeu Fabra-PRBB, Barcelona) using the Big-Dye terminator 

3.0 reactive (Applied Biosystems; 2 µl/reaction), 3.2 pmoles of primer (final vol, 10 

µl), and the following PCR sequencing conditions: initial denaturation step (1 min, 

94ºC) and 28 cycles of denaturation step (30 s, 95ºC), primer annealing (30 s, 55ºC) 

and extension step (4 min, 60ºC). 

PCR reactions were purified using Sephadex G-50 (Pharmacia) columns. 

Briefly, 800 µl of Sephadex-G50 equilibrated in H2O were added to a Centristep 

column and centrifuged for 1 min at 2,600xg. After discarding the supernatant, the 

column was washed with 10 µl of H2O; the PCR reaction was added and recovered 

by centrifugation. Finally, DNAs were dried in a Speed-vac for 10 min without heat. 

 

2.2 Cloning of a DNA fragment into an expression vector 

In this section, all the procedures carried out to clone a DNA fragment into any of the 

expression vectors used are described. In general, these steps were followed: 
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1) PCR amplification of the DNA fragment of interest with specific primers, which 

also include restriction sites (see 2.2.1). 

2) Ligation into pGEM-T Easy vector (Promega), following manufacturer’s 

instructions. 

3) Transformation into competent bacteria (see 2.2.2). 

4) Colony screening by PCR, with appropriate primers, DNA miniprep preparation 

and sequencing of positive clones. 

5) Digestion with restriction enzymes, elution of the DNA fragment and ligation into 

the expression vector digested with the same enzymes. 

6) Transformation into competent bacteria. 

7) Colony screening by PCR (see 2.2.3). 

8) DNA extraction and confirmation by restriction enzyme digestion and/or 

sequencing of the fusions. 

When possible, DNA fragments were prepared by restriction enzyme digestion; 

in those cases, steps 1-5 were omitted. 

 

2.2.1 PCR amplification 
PCR reactions were carried out in a total volume of 25 µl with 1 ng of template 

DNA, 0.4 µM forward and reverse primers, 200 µM dNTPs, 0.5 µl Expand High 

Fidelity PCR System (Roche) and the following amplification conditions: initial 

denaturation step (1 min, 94ºC) and 30 cycles of denaturation step (30 s, 94ºC), 

primer annealing (30 s, Tm-5ºC), extension step (40 s, 72ºC), and final extension (7 

min, 72ºC). 

 

2.2.2 Transformation into competent Escherichia coli  

All DNA transformations were done using the E. coli strain XL1-blue F’ (supE44 

hsdR17 recA1 endA1 gyrA46 thi relA1 lac- F’ [proAB+ laclq lacZ DM15 Tn10 (tetr)]). 

Frozen competent cells were thawed and kept for 10 min on ice; 5 µl of each ligation 

were added to 45 µl of cells and kept for 15 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 45 min in a shaker at 37oC. Finally, cells were plated on LB (Luria Broth 

medium)-agar plates containing antibiotics (ampicillin, 100 µg/ml; kanamycin, 30 

µg/ml). 
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2.2.3 Colony screening by PCR amplification 

Positive colonies were inoculated in 200 µl of LB + antibiotic and incubated for 45 min 

at 37oC. PCR reactions were performed as described (2.2.1) in a final volume of 10 

µl, using 1 µl of bacterial culture.  

 

2.2.4 Preparation of DNA fragments and ligation into the expression 
vector 

DNA (2-20 µg) was digested with restriction enzymes (2-20 units) in a final volume of 

100 µl (buffer conditions according to manufacturer’s instructions) for 2 h at the 

recommended temperature for each enzyme. Reactions were loaded in Low Melting 

Agarose (ECOGEN) gels (1-2%, depending of the size of the fragment) – 1xTAE (2 

mM Tris, 1 M acetic acid, 50 mM ethylendiamine tetracetic acid [EDTA]) – 0.1 µg/ml 

ethidium bromide gel and run in 1xTAE at 80 V. DNA was visualized with an 

ultraviolet transilluminator and the band of the expected molecular weight was cut.  

To elute DNA, bands were processed as follows: agarose was melted for 10 

min at 65oC, and NaCl plus EDTA were added to final concentrations of 100 mM and 

10 mM, respectively. DNA was extracted by adding 1 vol of phenol (Sigma) and 

precipitated with 2 vol of 100% ethanol at -20oC for 16 h. To dephosphorylate the 

digested vectors, DNA was treated with shrimp phosphatase (Roche) for 1 h at 37oC 

and purified by phenol-chloroform (1:1; Sigma) extraction. Ligations were carried out 

using a molar ratio of 1:3 (vector:insert) in a final volume of 10 µl with 1 µl of T4 DNA 

ligase (Roche). The reactions were incubated overnight at 16oC and 5 µl of each one 

were transformed into competent bacteria as described previously (see 2.1.2). 

 

2.3 Site-directed mutagenesis 

Site-directed mutagenesis has been used to generate point mutants of a given amino 

acid, to introduce stop codons or to generate small deletions. The commercial kit 

QuickChange Multi Site-Directed Mutagenesis Kit (Stratagene) has been used, 

following manufacturer’s instructions. The mutagenic primers were purchased with a 

phosphorylated 5’ end (Bonsai Technologies). All the mutants have been checked by 

DNA sequencing of the complete ORF sequence. 

 

 



Materials and Methods 

 51 

3. CELL CULTURE 
 

3.1 Cell lines 

The cell lines used in this work are as follows: 

- U2-OS: epithelial cell line derived from human osteosarcoma.  

- HEK-293: epithelial cell line derived from human embryonic kidney 

- HEK-293T: epithelial cell line derived from human embryonic kidney 

transformed with the SV40 T-Antigen.  

All these cell lines were supplied by the American Type Culture Collection 

(http://www.atcc.org). Cells were cultured in Dulbecco’s Modified Eagle’s Medium 

(DMEM, Invitrogen) containing 10% fetal bovine serum (FBS, Invitrogen) and 

supplemented with antibiotics (100 units/ml penicillin and 100 µg/ml streptomycin, 

Invitrogen) at 37ºC and in 5% CO2 atmosphere. 

 

3.2 Cell transfection 

Cells were transfected with 1.3 µg (22-mm, MW12), 5 µg (60-mm plates) or 15 µg 

(100-mm plates) of DNA by the calcium phosphate precipitation method (Graham and 

van der Eb, 1973), as described in . The optimal pH of the HEPES buffer for each cell 

line was tested by transfection with a GFP-expressing construct and quantification of 

fluorescent cells. The DNA-calcium phosphate precipitate was removed after 16 h of 

incubation by washing the cells with phosphate-buffered saline (PBS) and adding 

fresh DMEM medium. Cells were washed in PBS at 48 h after transfection and 

processed accordingly to the purpose of the experiment.  

When required, pRNL-Null encoding Renilla luciferase was used to normalize 

transfection efficiencies. For this, an aliquot of the harvested cells were resuspended 

in Passive lysis buffer (Promega) and Renilla luciferase activity determined with the 

Stop&Glo Reagent (Promega). 

 
3.3 Cell treatments 

To inhibit the proteasome activity, cells were treated with Z-Leu-Leu-Leu-al (MG132, 

Sigma; 10 mM in dimethyl sulfoxide) at 50 µM final concentration for 7 h. To inhibit 

the lysosome degradative pathway, cells were treated with chloroquine (Sigma; 100 

mM diphosphate salt in H2O) at 100 µM final concentration for 8 h. To block protein 
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synthesis, cycloheximide (Sigma; 0.2 g/ml in ethanol) was used at 100 µg/ml final 

concentration during different time periods (up to 4 h) before lysate preparation. 

 

3.4 Pulse-chase experiments 

HEK-293T cells were seeded at a density of 2x106 in 100-mm plates and transfected 

with the HA-DYRK1A (10 µg) expression vector together with the NLK expression 

plasmid (wild type or kinase mutant) or control DNA (5 µg). Twenty-four hours after 

transfection cells were washed, trypsinized and divided into four 3.5-mm wells. Forty-

eight hours after transfection, cells were washed and incubated with DMEM (-

)methionine, (-)cysteine for 1 h. Cells were labeled with 100 µCi/ml EXPRE35S 

Protein Labeling Mix ([35S]-methionine and [35S]-cysteine, 11 mCi/ml PerkinElmer) for 

40 min (pulse). Then, media was replaced by complete DMEM (chases). At 1-h 

intervals, soluble lysates were prepared by using lysis buffer A, and 

immunoprecipitated by anti-HA antibody. The immunocomplexes were analyzed by 

SDS-PAGE followed by autoradiography. 

 

3.5 Preparation of lentivirus stocks and infection 

The CRG has all the permits to work with lentivirus in a biological contention level 2 

(A/ES/05/I-13 and A/ES/05/14.). To generate a viral stock, HEK-293 cells were 

seeded at a density of 2x106 in 100-mm plates and transfected with 15 µg of pCMV-

VSV-G, 10 µg of pCMVΔR8.91 packaging construct and 15 µg of pLKO.1-puro 

control vector or pLKO.1-shRNA hNLK by the calcium phosphate precipitation 

method. Twenty-four h after transfection, fresh DMEM medium was added, and the 

lentivirus containing supernatant was harvested at 48 h and 72 h after transfection. 

The two supernatants were pooled together, spinned at 2,000xg for 10 min and 

filtered through a 0.45 µm filter (Millipore). Viral particles were concentrated by 

centrifugation through a 4% sucrose cushion (26,700 rpm in a Beckman Coulter 

centrifuge rotor SW32Ti for 90 min at 4ºC). The supernatant was discarded by 

inversion and the viral pellet was resuspended in PBS.  

For infection, cells were seeded at a density of 7x105 in 60-mm plates in DMEM 

medium containing 5 µg/ml hexadimethrine bromide (Polybrene, Sigma). The virus 

was added to the medium and removed 24 h after infection. Cells were processed 72 

h after infection. Each stock of vector was titered by infecting HEK-293 cells (105 cells 

in 60-mm plates) with a serial dilution of the viral stock. After 48 h in culture, infected 
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cells were selected with 1 µg/ml puromycin (Sigma; 2 mg/ml in H2O) during 8 days, 

and cell colonies were identified by staining with methylene blue (Sigma). The virus 

titer was calculated as follows: [number of cell colonies (TU) / viral vol used in the 

infection (µl)]. The mean value was calculated considering the different viral dilutions. 

 

 

4. TECHNIQUES FOR PROTEIN ANALYSIS 
 

4.1 Preparation of cell lysates 

For total cell lysates preparation, 1x106 cells were resuspended in 150 µl 2x sample 

loading buffer (100 mM Tris-Cl pH 6.8, 200 mM dithiothreitol [DTT], 4% [w/v] sodium 

dodecil sulfate [SDS], 20% [v/v] glycerol, 0.2% [w/v] bromophenol blue) and heated 

for 10 min at 98ºC. 

Soluble extracts were prepared by resuspending cells for 15 min at 4oC in lysis 

buffer A (50 mM HEPES, pH7.4, 150 mM NaCl, 2 mM EDTA, 1% [v/v] Nonidet P-40 

[NP-40], protease inhibitor cocktail [Roche Diagnostics], and phosphatase inhibitors 

[2 mM sodium orthovanadate, 30 mM sodium pyrophosphate, and 25 mM sodium 

fluoride]), followed by centrifugation for 30 min at 13,000xg at 4oC. 

 

4.2 Western blot analysis 

Protein samples were resolved on SDS-polyacrylamide gels (SDS-PAGE) of different 

acrylamide percentage (depending on the molecular weight of the protein to study) at 

30 mA in 1x running buffer (25 mM Tris-base, 200 mM glycine, 0.1% [w/v] SDS). 

Proteins were transferred onto Hybond-ECL nitrocellulose membranes (Amersham 

Biosciences) at 400 mA for 1 h in 1x transfer buffer (25 mM Tris-HCl pH 8.3, 200 mM 

glycine, 20% [v/v] methanol). Protein transfer was checked by staining with Ponceau 

S (Sigma).  

Transferred membranes were blocked with 10% (w/v) skimmed milk (Central 

Lechera Asturiana) diluted in TBS (10 mM Tris-HCl pH 7.5, 100 mM NaCl) -0.1% 

(v/v) Tween-20 (TBS-T) for 30 min at room temperature (RT), and later incubated 

with the primary antibody diluted in 5% (w/v) skimmed milk in TBS-T for 1 h at RT or 

16 h at 4oC (Table 1). Four washes of 10 min each in TBS-T eluted non-bound 

primary antibody, and then the secondary antibody (horseradish peroxidase (HRP)-

conjugated, Table MM1) was added diluted in 5% skimmed milk in TBS-T and 
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incubation proceed at RT for 45 min. After four 10 min-washes in TBS-T, membranes 

were revealed with SuperSignal West Pico Chemiluminescent Substrate (Pierce), 

and finally exposed in a LAS-3000 image analyzer (Fuji PhotoFilm, Tokyo, Japan) 

with the LAS3000-pro software. In the case of phosphospecific antibodies and in the 

case of anti-NLK rabbit polyclonal antibody, antibody incubations were performed 

with 3% [w/v] bovine serum albumin (BSA) in TBS-T. 

Table MM1: Properties and working dilution of the primary and secondary antibodies used. 

 

Secondary antibody (HRP-

conjugated) 
Host Working dilution Commercial brand 

Anti-mouse rabbit 1:2000 DAKO 

Anti-rabbit goat 1:2000 DAKO 

 

 
4.3 Immunoprecipitation assays 

Soluble cell extracts were incubated overnight at 4oC with protein G-Sepharose 

beads (GE Healthcare) pre-bound with 5 µg of monoclonal antibody (MAb) anti-Flag 

M2 (Sigma) or MAb anti-HA (Babco) or 2 µg rabbit polyclonal antibody anti-GFP 

(Invitrogen) antibodies. For immunoprecipitation of endogenous proteins, 700 µg of 

HeLa nuclear extracts (CIL Biotech) were incubated overnight at 4oC with protein G-

magnetic beads (Invitrogen) pre-bound with 1 µg of MAb anti-DYRK1A (Abnova). 

Beads were washed four times with lysis buffer A, adding 0.1% NP-40 in the two 

initial washes. Samples were resuspended in 6x sample loading buffer, resolved by 

SDS-PAGE and analyzed by immunoblotting or used for in vitro kinase assays. 

 

Primary antibody Host Working dilution Commercial brand 

Anti-HA (HA.11) mouse 1:2000 Babco 

Anti-GFP (JL-8) mouse 1:1000 BD Biosciences 

Anti-Flag (M2) mouse 1:20000 Sigma 

Anti-GST (HRP-conjugated, B14) mouse 1:5000 Santa Cruz 

Anti-NLK (H-100) rabbit 1:500 Santa Cruz 

Anti-DYRK1A mouse 1:1000 Abnova 

Anti-β-catenin mouse 1:2000 BD Biosciences 

Anti-β-catenin (phosphoSer552) rabbit 1:1000 Cell Signaling 

Anti-β-catenin (phosphoSer675) rabbit 1:1000 Cell Signaling 

Anti-TCF-4 mouse 1:1000 Sigma 

Anti-α-tubulin (DM1A) mouse 1:10000 Upstate 
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4.4 Immunofluorescence 

Transfected cells growing on coverslips (12 mm ∅, Afora) were washed in PBS, fixed 

in 4% (w/v) paraformaldehyde in PBS for 15 min and permeabilized in 0.1% (v/v) 

Triton X-100 in PBS for 10 min. Cells were blocked in 10% FBS in PBS, incubated 

with primary antibodies for 1 h and washed extensively with PBS before and after 

incubation with secondary antibodies for 45 min. All incubations were done at RT. 

The following primary antibodies have been used: MAb anti-HA (Babco) and MAb 

anti-Flag M2 (Sigma). Alexa Fluor 488-conjugated donkey anti-mouse and anti-rabbit 

antibodies or Alexa Fluor 555-conjugated donkey anti-mouse and anti-rabbit 

antibodies (Invitrogen) were used as secondary antibodies. Coverslips were mounted 

onto slides using Vectashield Mounting Medium (Vector Laboratories) with 0.2 µg/ml 

4,6-diamidino-2-phenylindole (DAPI). Images were viewed under a Zeiss 

Observer.Z1 and acquired with an AxioCamRM camera. In Figure 13B preparations 

were observed in a confocal inverted microscope Leica SP2. 

 

4.5 Purification of GST-fusion proteins  

To induce the expression of GST-fusion proteins, a fresh colony of E. coli BL-

21(DE3)pLysS (Stratagene) containing the plasmid of interest was inoculated in 5 ml 

of LB medium plus 100 µg/ml ampicillin and grown overnight in a shaker at 37ºC. The 

miniculture was diluted in 100 ml of LB medium plus 100 µg/ml ampicillin, and grown 

at 37ºC with shaking until the OD600 was 0.6-0.8. To induce the expression of the 

fusion proteins, 0.1 mM isopropyl-β-D-thiogalactoside was added to the cultures that 

were kept growing for 4 h at 37ºC. In the case of GST-DYRK1A recombinant 

proteins, induction was performed for 8 h at 20ºC. 

To purify the GST-fusion proteins, the bacterial cultures (100 ml) were 

centrifuged for 10 min at 6,000xg and 4ºC and pellets were resuspended in 10 ml of 

lysis buffer B (10 mM Tris-HCl, pH 8, 100 mM NaCl, 0.5% [v/v] NP-40, 1 mM EDTA 

and a protease inhibitor cocktail). The cellular suspension was sonicated with 3 

pulses for 15 s and 10% amplitude in a digital Branson Sonifier-250, and centrifuged 

at 13,000xg for 15 min at 4ºC. The supernatant was incubated with 100 µl of lysis 

buffer B-equilibrated glutathione-Sepharose beads (Amersham Biosciences) for 1 h 

rolling at RT. Finally, beads were washed 3 times with 5 ml of cold lysis buffer B and 

resuspended in 1 ml lysis buffer B.  
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When elution from beads was required, as in the case of fusion proteins being 

used as enzymes or substrates in in vitro kinase reactions, beads were incubated in 

glutathione elution buffer (10 mM Tris-HCl pH 8, 100 mM NaCl; 0.5 % [v/v] NP-40, 1 

mM EDTA) three times for 10 min. Between each time beads were centrifuged at 

500xg for 1 min and supernatant containing the eluted fusion protein was collected 

and pulled together. Finally, eluted proteins were dialyzed against kinase buffer (50 

mM Hepes pH 7.4, 5 mM MgCl2, 5 mM MnCl2) for 16 h at 4ºC. 

When removal of the GST-tag from the fusion protein was required, as in the 

case of GST-β-catenin in pull-down experiments, the fusion protein bound to 

glutathione-Sepharose beads was diluted in 1 ml lysis buffer B and treated with 2 µl 

PreScission Protease (Amersham Biosciences) for 16 h at 4ºC. After centrifugation at 

500xg for 1 min, the supernatant containing the unfused protein was collected. 

Protein concentration and purity were estimated by SDS-PAGE and Coomassie 

blue staining using BSA as standard.  

 

4.6 Pull-down assays 

As source of proteins, we have used cell extracts for transiently transfected cells with 

the plasmids of interest or in vitro translated proteins. Proteins were in vitro 

transcribed and translated using the TnT T7 Coupled Reticulocyte Lysate System 

(Promega) following manufacturer’s instructions. Reactions were performed in a final 

volume of 12.5 µl using 0.25 µg of template DNA, 1 u of T7 RNA polymerase and 30 

µCi of [35S]-methionine (1.000 Ci/mmol; Amersham Biosciences) and incubated for 

90 min at 30ºC.  

For pull-down assays, equivalent amounts of target proteins were incubated 

with 2.5 µg of purified unfused GST as a control for the specificity of binding or with 

different GST-fusions as required bound to glutathione beads. Incubations were in 

350 µl of binding buffer (20 mM HEPES-KOH, 200 mM KCl, 0.1% [v/v] Triton-X-100, 

0.05% [v/v] NP-40, 5 mM EDTA, 0.3% [w/v] BSA and 5 mM DTT) for 3 h rolling at 

4ºC. Beads were extensively washed with 1 ml of cold washing buffer (20 mM 

HEPES-KOH, 500 mM KCl, 0.1% [v/v] Triton-X-100, 0.05% [v/v] NP-40, 5 mM EDTA 

and 5 mM DTT), resuspended in sample buffer and loaded in a SDS-PAGE gel. The 

gel was stained with Coomassie blue to ensure that equivalent amounts of bacterially 

expressed proteins were used, and then either processed for Western blot or for 

autoradiography. In this case, gels were dried and exposed to a phosphoimager 

screen (FLA-500, Fujifilm) or to a film.  
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4.7 In vitro kinase assays 

Anti-GFP immunocomplexes (using GFP-tagged proteins as a source of enzyme) or 

bacterially expressed, purified proteins (using GST-DYRK1A as a source of enzyme) 

were incubated for 20 min at 30oC in 20 µl of phosphorylation buffer (50 mM HEPES, 

pH 7.4, 10 mM MgCl2, 10 mM MnCl2, 1 mM DTT and 50 µM ATP) in the presence of 

2.5 µCi [γ32P-ATP] (3000 Ci/mmol). 32P incorporation was determined by resolving 

samples in SDS-PAGE, and then exposing the dried gel to a Phosphoimager screen 

or to a film. The amount of GFP-tagged proteins present in the immunocomplexes 

was normalized, as quantified by immunoblot with anti-GFP antibody. 

Kinase activity of DYRK1A protein was determined with the peptide substrate 

DYRKtide (Himpel et al., 2000). To determine the catalytic activity of GFP-DYRK1A, 

GFP-immunocomplexes were incubated for 20 min at 30oC in 20 µl of 

phosphorylation buffer containing 200 µM DYRKtide and 1 µCi [γ32P-ATP] (3000 

Ci/mmol). Reaction aliquots were dotted onto P81 Whatman phosphocellulose paper, 

and, after washing extensively with 5% orthophosphoric acid, counts were 

determined in a liquid scintillation counter (LS6500 Multi-Purpose Scintillation 

Counter, Beckman Coulter). Each data point was determined in triplicate.  For mass 

spectrometry analysis, cold in vitro kinase assays were performed in the presence of 

1 mM ATP. 

 

4.8 Mass spectrometry analysis 

Mass spectrometry analysis has been performed by Cristina Chivas and Henrik 

Molina at the Joint CRG/UPF Proteomics Unit. Purified DYRK1A proteins (bacterially 

expressed as GST-fusion or immunoprecipitated from extracts transiently transfected 

with plasmids expressing GFP-DYRK1A) were resolved by SDS-PAGE and stained 

with Coomassie blue. Bands were excised and proteins subjected to in-gel digestion 

using trypsin (Promega). Each digested sample was split into 3 portions: 15% was 

analyzed without enrichment while two portions, equal in amount, were subjected to 

respectively, titanium dioxide (Inertsil, GLSciences) and IMAC (Select Affinity Gel, 

Sigma-Aldrich) based phosphopeptide enrichment strategies (Thingholm and Jensen, 

2009; Thingholm and Larsen, 2009). For LC-MS/MS analysis, peptides were pre-

concentrated and desalted using Zorbax 300SB-C18 cartridges (Agilent 

Technologies). Hereafter, peptides were eluted for MS/MS analysis, via a homemade 

RP C18 column: 75-µm × 10-mm, 3-µm particle size (Reprosil), using a gradient 
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delivered at 300 nL/min and increasing from 3% to 45% solvent B in 28 min: solvent 

A: 0.1% formic acid; solvent B: 0.1% formic acid in acetonitrile (1200-series, Agilent 

Technologies). Peptides were analyzed on a LTQ Orbitrap XL mass spectrometer 

(Thermo Fisher Scientific) equipped with a Proxeon nano-ESI source. An 

electrospray voltage of 2,200 V and a capillary voltage of 14 V at 180°C were used. 

MS spectra were generated in the FT analyzer using a mass range from 350 to 1,500 

m/z with a resolution of 60,000 at m/z 400. For each MS scan, the five most intense 

ions where selected for fragmentation in the LTQ linear ion trap. MS/MS 

fragmentation was performed using phosphopeptide-focused multistage activation. 

Normalized collision energy was set to 35%. MS/MS data were queried against 

IPI_HUMAN database (version 3.52) using Mascot v2.2 (Matrix Science).  

 

4.9 Reporter assays 

HEK293 cells were seeded into 12-well (22-mm) plates (8x104 cells/well). After 24 h, 

cells were transfected by the calcium phosphate precipitate method with 

pTOPFLASH (100 ng/sample) or pFOPFLASH, along with the effector plasmids as 

indicated in the Figure legends. The total DNA concentration (4 µg/sample) was kept 

constant by supplementing with empty vector DNAs. Cells were harvested in 150 µl 

Passive lysis buffer (Promega). Luciferase activity was determined with the Dual-

Luciferase Reporter Assay System (Promega). pCMV-RNL (25 ng/sample) encoding 

Renilla luciferase was used to normalize transfection efficiencies. Each data point 

was determined in triplicate. 

 

4.10 Protein quantification 

Protein quantification was performed with the commercial kit BCA Protein Assay Kit 

(Pierce), following manufacturer’s instructions. 

 

 

5. BIOINFORMATIC TOOLS AND STATISTICAL ANALYSIS 
 

5.1 Search in the databases 

Sequence search, both DNA and protein, has been performed basically using the 

public database from the NCBI (National Centre for Biotechnology Information), 

through the Entrez system (www.ncbi.nlm.nih.gov/entrez). This includes information 
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from different sources (GenBank, RefSeq,…). This database has also been used for 

the search and query of bibliographic references with PubMed. 

 

5.2 DNA sequence analysis 

The alignment and comparison of both DNA and protein sequences has been carried 

out with the BLAST (Basic Alignment Search Tool) and Blast2equences programs 

from NCBI (www.ncbi.nlm.nih.gov/BLAST). 

The analysis of the chromatograms of DNA sequences has been done with the 

program 4Peaks (www.mekentosj.com). 

For the translation from DNA to amino acid sequences and the generation of 

plasmid maps the program MacVector 3.5 (Accelrys) has been used. The 

identification of restriction sites and the generation of restriction maps have been 

performed with the programs DNA Strider and MacVector. 

 

5.3 Protein analysis 

The alignment of amino acid sequences was performed with the multiple sequence 

alignment program CLUSTAL (www.ebi.ac.uk/Tools/clustalw2/index.html). The 

names and accession numbers of the protein sequences used is shown in Table 2. 

Search for phosphorylated sites was carried out at the Phosphosite website 

(www.phosphosite.org), and for PEST region at the ePESTFIND website 

(emboss.bioinformatics.nl/cgi-bin/emboss/epestfind) 

 

5.4 Statistical analysis 
The significance of differences between samples was evaluated by a two-tailed 

Student’s t-test. A minimum of three independent experiments per condition was 

included in the analysis. Data are presented as the mean ± standard error of the 

mean (SEM). Differences were considered significant at p-values <0.05; *p<0.05; 

**p<0.01 and ***p<0.001. 
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Annex 1: The sequence of oligonucleotides used for the mutagenesis or for PCR 

amplification of specific DNA fragments. 

 

 

Name Sequence (5’->3’) 

DYRK1A oligonucleotides 

D1A∆70-104 GCAACCTCTAACTAACCAGAAAAAGAAGCGAAGACACC 

D1A∆105-125rev CATCATCATAACCATCATTGTAAACTGCATAGTAAACCTCATTAATATGC 

D1A/T436A CTTCAAGTAGTCAGCGACCGCATGACCTGACTCCCCAGCAC 

D1A/S468A CCTTATTATGCTCTGCAGCACGCTTTCTTCAAGAAAACAGC 

D1A/T393A GAGAAGTTGCCAGATGGCGCTTGGAACTTAAAGAAGACC 

D1A/T422A CATAACATTCTTGGAGTGGAAGCAGGAGGACCTGGTGGGCGACG 

D1A/S433A,T436A CAAGTAGTCAGCGACCGCATGACCTGCCTCCCCAGCACGTCGC 

D1A/T457A GGATGCTTGATTATGACCCCAAAGCTCGAATTCAACCTTATTATGC 

D1A/K179R GCAAGAATGGGTTGCCATTAGAATAATAAAGAACAAGAAGGC 

NLK oligonucleotides 

NLK-r CACCATCACTCCCACACCAG 

BglII-NLK-f AGATCTATGGCGGCTTACAATG 

NLK-K167M GGAAAGAGAGTAGCGCTCATGAAGATGCCCAACGTCTTCC 

NLK-T298A GAATCCCGTCATATGGCTCAGGAAGTTGTTAC 

NLK∆430-444 
CACTGGTATAAACTCTTCCAGTGGAGGTTTCATCTAGGTAGGGGTGGGC

TAAGGC 

NLK-C437Y GGGCGACTACGATATCACACATATATGTGTAAATGTTGCTTTTCC 

β-catenin oligonucleotides 

mβcat-S129A CCAGCGTTTGGCTGAACCAGCACAGATGCTGAAACATGC 

mβcat-S552A CAGGACACCCAACGGCGCACCGCCATGGGTGGAACGCAGCAGC 

mβcat-S675A CAGGATTACAAGAAGCGGCTTGCAGTCGAGCTGACCAGTTCCC 
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Annex 2: Accession numbers for the protein sequences used in this Thesis work 

 

 

Name Species Accession Number 

DYRK1A 

DYRK1A (Hs) Homo sapiens NP_001387 

DYRK1A (Mam) Macaca mulatta XP_001083622 

DYRK1A (Am) Ailuropoda melanoleuca XP_002929062 

DYRK1A (Mm) Mus musculus NP_031916 

DYRK1A (Bt) Bos taurus XP_612233 

DYRK1A (Cf) Canis familiaris XP_859326 

DYRK1A (Gg) Gallus gallus NP_989881 

DYRK1A (Xl) Xenopus laevis NP_001156669 

Minibrain (Dm) Drosophila melanogaster NP_728104 

MBK-1 (Ce) Caenorhabditis elegans NP_510460 

dDYRK1A (Dd) Dictyostelium discoideum XP_642598 

NLK 

NLK Homo sapiens NP_057315 

NLK Pan troglodytes XP_001147662 

NLK Bos taurus XP_886284 

NLK Canis familiaris XP_548280 

NLK Mus musculus NP_032728 

NLK Gallus gallus XP_415915 

NLK Danio rerio NP_998121 

NLK Takifugu rubripes NP_001027920 

Nemo Drosophila melanogaster NP_729317 

LIT-1 Caenorhabditis elegans NP_001022808 

MAPK 

MAPK1/Erk2 Homo sapiens NP_002736 

MAPK4/Erk4 Homo sapiens NP_002738 

MAPK6/Erk3 Homo sapiens NP_002739 

MAPK8/JNKα2 Homo sapiens NP_620637 

MAPK14/p38α Homo sapiens NP_001306 

MAPK15/Erk7 Homo sapiens NP_620590 
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DYRK1A interacts with NLK 

To verify the interaction between DYRK1A and NLK, expression vectors in which 

each of the open reading frames were N-terminally fused to different epitopes 

recognized by commercial antibodies were prepared: an HA-tagged DYRK1A 

expression vector was available in the group and a Flag-tagged NLK expression 

vector was generated. These constructs were transfected into HEK-293T cells and 

the NLK-DYRK1A interaction was verified by immunoprecipitation experiments either 

with anti-Flag or with anti-HA antibodies (Fig. R1A). HA-DYRK1A was 

immunoprecipitated with Flag-NLK in anti-Flag immunocomplexes, but was not 

precipitated by anti-Flag when expressed alone (Fig. R1A, upper panel), thus 

indicating specific interaction between the two proteins. The complementary result 

was obtained when anti-HA immunocomplexes were analyzed (Fig. R1A, middle 

panel). These results demonstrate that DYRK1A and NLK can interact in vivo in 

mammalian cells when they are exogenously expressed. 

 

 

To confirm the interaction under physiological conditions, nuclear extracts from 

HeLa cells, in which both proteins were present (Fig. R1D) were used for 

immunoprecipitation experiments with antibodies recognizing the endogenous 

proteins. The specificity of a commercial anti-DYRK1A monoclonal antibody has been 

previously demonstrated (Laguna et al., 2008). In the case of NLK, several 

Figure R1: DYRK1A interacts with NLK. (A) DYRK1A and NLK interact when exogenously expressed 
in cells. Soluble extracts from HEK-293T cells expressing HA-DYRK1A and Flag-NLK were 
immunoprecipitated with anti-Flag or with anti-HA. Immunoprecipitated proteins (IP) and cell lysates 
(5% of input) were analyzed by Western blot with anti-HA or anti-Flag. In this and the other Figures, the 
asterisk indicates a cross-reacting band and IgGH indicates the position of IgG heavy chain. (B, C) 
Specificity of the anti-NLK antibody. Soluble extracts from cells transfected with Flag-NLK or control 
plasmid were analyzed by Western blot with anti-Flag and anti-NLK (H-100, Santa Cruz). (B) or 
immunoprecipitated with anti-Flag or with anti-NLK and analyzed by Western blot with anti-Flag (C). The 
anti-NLK antibody works efficiently in Western blot, but it is not optimal for immunoprecipitation. (D) 
HeLa nuclear lysates were immunoprecipitated with anti-DYRK1A or mouse IgG as a control antibody. 
Immunoprecipitated proteins (IP) and nuclear lysates (5% of input) were analyzed by Western blot with 
anti-DYRK1A and with anti-NLK. The position of protein markers (in kDa) is shown. 
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commercial anti-NLK antibodies were analyzed by immunoblot against 

overexpressed NLK to test their specificity and only one, H-100 from Santa Cruz 

Biotechnology, recognized NLK (Fig. R1B); however, this antibody did not 

immunoprecipitate NLK efficiently (Fig. R1C), precluding its use in 

immunoprecipitation experiments. As shown in Figure R1D, NLK was 

immunoprecipitated with DYRK1A in anti-DYRK1A immunocomplexes, but it was not 

precipitated by a control mouse IgG. Therefore, NLK and DYRK1A can form 

complexes in physiological conditions.  

 

 

The interaction between DYRK1A and NLK is independent of their kinase 
activities 

For several kinases, enzymatic activity is associated with a conformational change in 

the protein, which may regulate their interaction with other proteins (for a recent 

review Rabiller et al., 2010). To test whether the interaction depends on the kinase 

activity of DYRK1A, a kinase-deficient mutant form in which the conserved lysine of 

the ATP binding site was mutated to arginine (K179R) (Fig. R2A and B). The 

interaction with NLK was detected both with DYRK1A wild type and with the kinase-

inactive form (Fig. R2C), indicating that the kinase activity of DYRK1A is not 

necessary for the interaction. 

 

 

In the case of NLK, two distinct mutant forms of NLK deficient in the kinase 

activity were prepared. In one of them, the lysine residue 167 within the ATP binding 

Figure R2: DYRK1A-NLK interaction is independent of DYRK1A kinase activity. (A) Schematic 
representation of DYRK1A wild type (wt) or the inactive-kinase mutant (KR): labelling is according to 
Figure I2. (B) HEK-293T cells were transfected with pGFP-DYRK1A wt or pGFP-DYRK1AKR expression 
vectors as indicated. Anti-GFP-immunoprecipitates were subjected to an IVK assay in the presence of 
[γ32P-ATP]. Proteins were separated by SDS-PAGE and analyzed by autoradiography. The gel was 
stained with Coomassie to check for equal loading. (C) Soluble cell extracts from HEK-293T cells 
expressing HA-DYRK1A wt or the inactive-kinase mutant HA-DYRK1AKR and Flag-NLK were 
immunoprecipitated with anti-Flag. Immunoprecipitated proteins (IP) and cell lysates (5% of input) were 
analyzed by Western blot with anti-HA or anti-Flag. 
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site was mutated to methionine (NLKKM); in the second one, the threonine residue 

298 in the activation loop, which has to be phosphorylated for complete kinase 

activation (Brott et al., 1998), was replaced by alanine (NLKTA) (Fig. R3A). Given that 

NLK has been shown to autophophorylate (Brott et al., 1998), the two mutant forms 

were analyzed in autophosphorylation assays and found that were indeed inactive 

(Fig. R3B). As Figure R3C shows, the NLK-DYRK1A interaction was detected with 

both NLK kinase inactive proteins in co-immunoprecipitation experiments, suggesting 

that NLK kinase activity is not necessary for the interaction. 

 

 

NLK interacts with all DYRK family members 
As indicated in the Introduction section, DYRK family consists of five different 

members in humans: DYRK1A, DYRK1B, DYRK2, DYRK3 and DYRK4 that can be 

classified as Class I and Class II members based on phylogenetics and on the 

presence of the NAPA domain in their N-terminal regions (Aranda et al., 2010; 

Kinstrie et al., 2010) (Fig. R4A). To check whether interaction occurs between NLK 

and other DYRK family members, immunoprecipitation experiments using HA-tagged 

versions of DYRK1B, DYRK2, DYRK3 and DYRK4 and Flag-NLK were performed. 

As Figures R4B and R4C show, all DYRK family members were present in 

immunocomplexes with NLK, although with different efficiencies. Whereas DYRK1A, 

DYRK1B and DYRK4 interacted similarly with NLK, DYRK2 and DYRK3 were bound 

to NLK less efficiently. These results indicate that NLK can interact with all human 

DYRK kinases. 

Figure R3: DYRK1A-NLK interaction is independent of NLK kinase activity. (A) Schematic 
representation of NLK wild type (wt) or its kinase-inactive mutants (NLKKM and NLKTA): His, region rich 
in histidine residues; KD, kinase domain. (B) HEK-293T cells were transfected with pFlag-NLK wt,  
pFlag-NLKKM (KM) or pFlag-NLKTA (TA) expression vectors as indicated. Anti-GFP-immunoprecipitated 
complexes were subjected to an IVK assay in the presence of [γ32P-ATP]. Phosphorylated proteins 
were separated by SDS-PAGE and analyzed by autoradiography (IVK). The gel was stained with 
Coomassie to check for equal protein amounts. (C) Soluble cell extracts from HEK-293T cells 
expressing Flag-NLK wt or its kinase-inactive mutants together with HA-DYRK1A were 
immunoprecipitated with anti-Flag. Immunoprecipitated proteins (IP) and cell lysates (5% of input) were 
analyzed by Western blot with anti-HA or anti-Flag. 
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Figure R4: NLK interaction 
is shared by all DYRK family 
members. (A) Schematic 
representation of DYRK 
proteins: on the left, the tree 
shows the phylogenetic 
relationship; on the right, the 
primary structure is depicted 
and the DYRK homology box 
(DH) and the NAPA domain 
(NAPA) are shown. (B, C) 
Soluble extracts from HEK-
293T cells expressing Flag-
NLK and HA-tagged DYRK 
family members, as indicated, 
were immunoprecipitated with 
anti-Flag followed by Western 
blot with anti-HA or anti-Flag. 
Cell lysates representing 5% 
of inputs are shown.  
 

Figure R5: The C-terminal region of DYRK1A is dispensable for binding to NLK. (A) Soluble 
extracts from HEK-293T cells expressing Flag-NLK and HA-tagged DYRK1A wt or deletion mutants as 
indicated (the numbers indicate the last amino acid present) were immunoprecipitated with anti-Flag 
followed by Western blot with anti-HA or anti-Flag. Cell lysates representing 5% of input are shown. (B) 
HA-DYRK1A and the deletion mutants indicated were in vitro translated in the presence of radiolabeled 
methionine and incubated with unfused GST or GST-NLK immobilized on gluthatione-Sepharose 
beads. Bound protein was detected by autoradiography. An autoradiograph representing 10% of the 
input is shown.  
 

 
 

 

The N-terminal region of DYRK1A has an NLK-binding site 
To define the region in DYRK1A necessary for the interaction with NLK, co-

immunoprecipitation experiments were first carried out with a series of C-terminal 

deletion mutants of DYRK1A up to amino acid 522. All these DYRK1A mutant 

proteins interacted with Flag-NLK in co-immunoprecipitation experiments (Fig. R5). 

 

 

Further upstream deletions, including the PEST region or part of the kinase 

domain, yielded proteins that were not stable when expressed in cells by transient 

transfection (data not shown). For this reason, the DYRK1A deletion mutants were 
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synthesized in vitro by coupled transcription/translation in rabbit reticulocyte extracts 

in the presence of radioactive-labeled methionine. The extracts were then incubated 

with a GST-NLK fusion protein expressed in E. coli and purified by glutathione-

Sepharose affinity chromatography, and bound proteins were analyzed by 

autoradiography. All the C-terminal DYRK1A deletion mutans tested, up to amino 

acid 377, were pulled down by the GST-NLK fusion protein, but not by unfused GST 

(Fig. R5B). These results allow to conclude that the C-terminal region of DYRK1A is 

dispensable for the interaction with NLK. 

We then asked whether a binding site for NLK was present within the N-

terminal region of DYRK1A. Therefore, co-immunoprecipitation experiments using 

soluble extracts expressing different DYRK1A mutants containing a series of N-

terminal fragments fused to GFP were performed. Whereas GFP-DYRK1A fusion 

proteins containing the first 167 or 127 amino acids were co-immunoprecipitated with 

NLK (Fig. R6A), a GFP fusion containing the first 84 amino acids could not bind to 

NLK (Fig. R6B). A summary of the NLK-DYRK1A experiments is shown in Fig. R6C. 

These results suggest therefore that the region in DYRK1A required for NLK 

interaction is located between amino acids 88 and 127. 

 
 

The NLK interacting region in DYRK1A harbors the predicted bipartite NLS 

responsible for targeting DYRK1A to the nucleus (Alvarez et al., 2003). To test 

whether this domain is important for the interaction with NLK, two distinct mutant 

forms of DYRK1A were prepared: DYRK1AΔ105-125, in which the NLS1 of DYRK1A 

Figure R6: A binding 
site for NLK is present 
within amino acids 87-
127 in DYRK1A. (A, B) 
Soluble extracts from 
HEK-293T cells 
expressing Flag-NLK 
and GFP-tagged 
DYRK1A wt or the 
indicated deletion 
mutants (the numbers 
indicate the last amino 
acid) were 
immunoprecipitated with 
anti-GFP followed by 
Western blot with anti-
GFP or anti-Flag. Cell 
lysates representing 5% 
of input are shown. (C) 
Summary of the 
DYRK1A-NLK 
interaction results shown 
in Figures 5 and 6. 
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was deleted and DYRK1AΔ70-104, in which the rest of the putative DYRK1A binding 

site was deleted but the NLS1 kept intact (Fig. R7A). The subcellular localization of 

these mutants was assessed by immunofluorescence analysis. As predicted, deletion 

of the region between amino acids 105 and 125 affected the subcellular localization 

of DYRK1A, which shows more cytosolic staining when compared to DYRK1A wt but 

it still localizes to the nucleus through its NLS2 (Fig. R7B). DYRK1AΔ70-104 was 

present in the nucleus. Despite their nuclear localization, HA-DYRK1AΔ105-125 was 

immunoprecipitated with NLK, whereas the interaction of NLK with HA-DYRK1AΔ70-104 

was impaired (Fig. R7C and quantification shown in Fig. R7D). These results suggest 

that the region in DYRK1A required for NLK interaction is located between amino 

acids 70 and 104 and does not include the NLS1. 

 

 

 

 

Figure R7: A binding site for NLK is present within amino acids 70-104 in DYRK1A. (A) Schematic 
representation of DYRK1A wt and the N-terminal deletion mutants. The amino acid sequence of the 
deleted regions is shown. (B) U2-OS cells were transfected with expression plasmids for HA-DYRK1A 
wt or the deletion mutants indicated. The localization of the HA-fusions was detected by indirect 
immunofluorescence staining with anti-HA. DNA was counterstained with DAPI. (C) Soluble extracts 
from HEK-293T cells expressing Flag-NLK and HA-tagged DYRK1A wt or the indicated deletion 
mutants were immunoprecipitated with anti-Flag followed by Western blot with anti-HA or anti-Flag. Cell 
lysates representing 5% of inpus are shown. (D) Quantification of the relative binding of DYRK1A wt or 
deletion mutants to NLK. The graph represents the average (± SEM) of four independent experiments 
in which the binding of DYRK1Awt was set as 1. (**p<0.01). 
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NLK interacts with DYRK1A through its C-terminal region 

The C-terminal part of NLK has been suggested to contribute to the interaction of this 

kinase with specific substrates or targets such as TCF-4, HMG2L1 and NARF 

(Ishitani et al., 1999; Yamada et al., 2003; Yamada et al., 2006). For this reason and 

to define the region in NLK necessary for the interaction with DYRK1A, an NLK 

mutant with a deletion of the C-terminal part of NLK, from the end of the kinase 

domain and including the last 100 amino acids, was generated (Fig. R8A). As shown 

in Figure R8B, HA-DYRK1A was not present in NLK-specific immunoprecipitates, 

indicating that this region of NLK is required for the interaction with DYRK1A. 

 
 

Members of the MAPK family have a conserved domain that is used for docking 

to their activators, inhibitors and substrates (Tanoue et al., 2000). This domain, 

known as CD-domain, is located C-terminally to the subdomain XI outside the 

catalytic domain (Fig. R9A). No CD-domain has been reported yet for NLK, and a 

comparison of the NLK sequence C-terminal to the catalytic domain with those of the 

CD-domains of ERK, JNK o p38 did not revealed any homology (Fig. R9A). To test 

whether this region was important for DYRK1A interaction, a deletion mutant covering 

the region was generated (Fig. R9B). The deletion results in the loss of NLK 

autophosphorylation capability (Fig. R9C), and it does not seem to affect its 

subcellular localization (Fig. R9D). As Figure R9E shows, the interaction of DYRK1A 

with this mutant was almost completely abolished, suggesting that this region of NLK 

is required for the formation of complexes with DYRK1A.  

Figure R8: The C-terminal region of 
NLK harbours a DYRK1A binding 
domain. (A) Schematic representation of 
the NLK C-terminal deletion mutant. (B) 
Soluble extracts from HEK-293T cells 
expressing HA-DYRK1A and Flag-NLK 
wild type (wt) or the C-terminal deletion 
mutant as indicated were 
immunoprecipitated with anti-Flag 
followed by Western blot with anti-HA or 
anti-Flag. Cell lysates representing 5% of 
input are shown. 
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A LIT-1, the NLK orthologous C. elegans, loss-of-function mutant has been 

described in which the cysteine residue 541, within the putative CD-domain, is 

mutated to tyrosine (Meneghini et al., 1999). When the analogous mutation (cysteine 

residue 437 to tyrosine) was introduced into human NLK, this mutant was unable to 

associate with TCF-4 (Ishitani et al., 1999). The cysteine residue is included within 

the region defined as important for DYRK1A interaction (Fig. R9A and B). To test 

whether this residue contributes to DYRK1A interaction, the same mutation was 

introduced to generate the NLKCY mutant. The mutation reduces the NLK catalytic 

activity (Fig. R9C) and does not change its subcellular localization (Fig. R9D). As Fig. 

9E shows, DYRK1A protein levels were slightly decreased in the NLKCY 

immunocomplexes when compared with the NLK wt ones, suggesting that Cys437 

located within the DYRK1A interacting region participates in the binding.  

 

Figure R9: NLK interacts with DYRK1A via a putative CD-domain. (A) Amino acid sequence 
comparison of the CD-domains of classical MAPKs with NLK. (B) Schematic representation of the 
NLK mutants used in these experiments. (C) HEK-293T cells were transfected with plasmids 
expresssing Flag-NLK wt or the indicated mutants. Anti-Flag-immunoprecipitated complexes were 
incubated with [γ32P-ATP] in an IVK assay. Phosphorylated proteins were separated by SDS-PAGE 
and analyzed by autoradiography. A Coomassie staining of the gel shows that comparable amounts of 
proteins were used. (D) U2-OS cells were transfected with expression plasmids for Flag-NLK wt or the 
indicated mutants, and the localization of the Flag-fusions was detected by indirect 
immunofluorescence with anti-Flag. DNA was counterstained with DAPI. Scale bars, 10 µm. (E) 
Soluble extracts from HEK-293T cells expressing GFP-DYRK1A and Flag-NLK wt or the mutants 
indicated were immunoprecipitated with anti-Flag followed by Western blot with anti-GFP or anti-Flag. 
Cell lysates representing 5% of input are shown.  
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NLK phosphorylates DYRK1A 

Given that DYRK1A interacts with NLK through a region previously shown to be 

involved in the interaction with NLK substrates (Ishitani et al., 1999; Yamada et al., 

2003; Yamada et al., 2006), we wondered whether DYRK1A could be a NLK 

substrate. To address whether NLK can phosphorylate DYRK1A, we performed IVK 

assays using anti-GFP immunocomplexes prepared from soluble extracts of cells 

expressing the kinase active or inactive forms of GFP-NLK as the enzyme source, 

and the kinase-inactive form of DYRK1A K179R fused to GFP as the substrate. The 

DYRK1A kinase-dead form is the appropriate tool for this type of experiments, 

because DYRK1A autophosphorylates (Kentrup et al., 1996). As shown in Figure 

R10, DYRK1A was phosphorylated when the wild type form of NLK was present in 

the immunocomplexes, but not in the presence of comparable amounts of an NLK 

kinase-dead version, indicating that NLK phosphorylates DYRK1A. 

 

 

 

NLK phosphorylation of DYRK1A affects neither enzymatic activity nor 
subcellular localization 

Post-translational modification by protein kinases may modify several activities of 

their substrates, including enzymatic activity, cellular location, and/or association with 

other proteins. DYRK1A is a phosphoprotein and several tyrosine, serine and 

threonine residues have been identified as phosphorylated (Alvarez et al., 2007; 

Himpel et al., 2001; www.phosphosite.org). Given that DYRK1A is synthesized as 

constitutively active kinase, it is proposed that other mechanisms might regulate its 

cellular activity (see Introduction). One of these mechanisms could be 

Figure R10: NLK phosphorylates DYRK1A. HEK-293T cells were transfected with plasmids 
expressing GFP-DYRK1A wt or the DYRK1A catalytically inactive mutant K179R (KR) and GFP-NLK wt 
or the NLK kinase-dead mutant K167M (KM) as indicated. Anti-GFP-immunocomplexes were incubated 
with [γ32P-ATP] in an IVK assay. Phosphorylated proteins were separated by SDS-PAGE and analyzed 
by autoradiography. The presence of comparable amount of GFP-fusion proteins was analyzed by 
Western blot with anti-GFP.  
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phosphorylation, similar to what has been shown for DYRK2, which is regulated by 

MAP3K10 phosphorylation (Varjosalo et al., 2008). To check whether NLK-

dependent phosphorylation could alter the intrinsic kinase activity of DYRK1A, 

DYRK1A IVK assays were performed using as substrate a peptide, DYRKtide, which 

contains the consensus phosphorylation sequence of DYRK1A (Himpel et al., 2000). 

Given that DYRK1A and NLK phosphorylate serine/threonine residues with a 

preference for a proline at P+1 (see Introduction), we first checked whether NLK 

kinase activity was interfering with the DYRK1A-specific assay by phosphorylating 

the DYRK1A substrate and found that, whereas 32P incorporation into the peptide 

was clearly detected in the presence of DYRK1A, no incorporation above the control 

levels was detected in the presence of NLK, confirming that the assay was adequate 

(Fig. R11A and B). Next, we examined whether phosphorylation by NLK would affect 

DYRK1A kinase activity. To this end, increasing amounts of NLK were mixed with 

DYRK1A and an IVK assay on DYRKtide was performed (Fig. R11C and D). The 

presence of NLK did not alter the enzymatic activity of DYRK1A (Fig. R11D). 

 

 

Figure R11: DYRK1A kinase activity is not affected by NLK phosphorylation. (A, B) NLK cannot 
phosphorylate the DYRK1A specific peptide, DYRKtide. HEK-293T soluble cell extracts expressing 
unfused GFP, GFP-DYRK1A or GFP-NLK were immunoprecipitated with anti-GFP and subjected to an 
IVK assay with DYRKtide as substrate (B). The presence of equal amounts of GFP-tagged proteins 
was checked by Western blot with anti-GFP (A). (C, D) NLK does not alter DYRK1A enzymatic activity. 
Soluble extracts from cells expressing GFP-DYRK1A were mixed with increasing amounts of GFP-NLK 
or GFP as control (-) and immunoprecipitated with anti-GFP in the presence of cold ATP to allow 
DYRK1A phosphorylation. The GFP-fusion protein levels in the immunocomplexes were analyzed by 
immunoblot with anti-GFP (C). DYRK1A kinase activity was determined in the immunocomplexes using 
DYRKtide as substrate in a radioactive IVK assay (D). In (B) and (D), the graph shows a representative 
experiment in which each data point was determined in triplicate; data are represented as the means ± 
SEM. 
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DYRK1A is a shuttling protein, although it is not known how its nuclear import 

or export is regulated (see Introduction). Given that protein phosphorylation can 

contribute to the control of NLS or NES accessability (for a recent review Sorokin et 

al., 2007), we check whether NLK-dependent phosphorylation could alter the 

subcellular localization of DYRK1A. For that, the subcellular localization of GFP-

DYRK1A was determined in the absence or presence of Flag-NLK, both the wild type 

or the kinase-inactive mutant. As shown in Figure R12A, co-expression of NLK did 

not affect the subcellular distribution of DYRK1A. In the nucleus, both DYRK1A and 

NLK accumulate in the splicing factor compartment when they are expressed 

exogenously (Alvarez et al., 2003; Salichs et al., 2009). The subnuclear localization 

of both DYRK1A and NLK was analyzed by confocal microscope that showed co-

localization of both proteins in the nuclear speckles (Fig. R12B), and indicating that 

their interaction does not induce any change in their nuclear localization.  

 

Figure R12: The subcellular localization of DYRK1A is not affected by NLK co-expression. (A, B) 
U2-OS cells were transfected with plasmids to express unfused GFP or GFP-DYRK1A together with 
Flag-NLK wt or Flag-NLKKM. The localization of the GFP-fusions was assessed by direct fluorescence, 
whereas the Flag-fusions were detected by indirect immunofluorescence with anti-Flag. DNA was 
counterstained with DAPI. Scales bars, 10 µm. Images were taken either by conventional microscopy 
(A) or by confocal microscopy (B). 
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NLK co-expression induces a decrease in the accumulation of DYRK1A 

When analyzing the results of the DYRK1A and NLK co-transfection experiments, we 

noticed that DYRK1A protein levels were repeatedly decreased when it was co-

expressed with NLK. This could be the result of differences in the transfection 

efficiency or due to a direct effect of NLK on DYRK1A accumulation. To check these 

possibilities, we analyzed total cell extracts from cells transfected with combinations 

of plasmids expressing both proteins. A Renilla luciferase reporter vector was used 

as an internal control for transfection efficiency. Whereas Renilla activity was not 

affected by the co-expression of any of the protein combinations (Fig. R13A), 

excluding thus a transfection effect, a decrease in DYRK1A protein levels, both wild 

type and null-mutant, was observed when it was co-expressed with NLK (Fig. R13A 

and B). Notably, this effect was not apparent when the NLK kinase inactive mutant 

was used (Fig. R13B).  

 

 

All these findings suggested that NLK could be regulating the accumulation of 

DYRK1A in cells. To confirm this hypothesis, we decided to analyze DYRK1A levels 

in the absence of NLK. To deplete NLK from cells we use lentivirus-derived vectors 

that express shRNAs against NLK mRNA, and that were tested for their ability to 

knock down NLK expression in co-transfection experiments (data not shown). When 

cells were infected with the combination of two shNLK-lentiviruses, NLK protein levels 

were decreased (Fig. R14). Notably, endogenous DYRK1A protein levels were 

increased when compared to the levels in control cells infected with a non-target 

shRNA (Fig. R14). 

Figure R13: NLK affects DYRK1A accumulation in cells. Total cell extracts from HEK-293T cells 
expressing HA-DYRK1A wt or the kinase-inactive mutant version K179R (KR) together with Flag-NLK 
wt or the kinase-dead version K167M (KM), as indicated, were analyzed by immunoblot with anti-HA 
and anti-Flag. In (A), extracts were co-transfected with a Renilla luciferase reporter to confirm equal 
transfection; relative luciferase values are shown at the bottom of the panels. In (B), membranes were 
re-blotted with anti-α-tubulin to confirm equal loading. 
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Next, we analyzed whether the detected effect was dependent of DYRK1A 

interaction with NLK. For this, we tested accumulation of the DYRK1AΔ70-104 deletion 

mutant that had showed a reduced interaction (Fig. R7). No significant decrease in 

the protein levels of DYRK1AΔ70-104 was observed when it was co-expressed with 

NLKwt (Fig. R15A; quantification of independent experiments in Fig. R15B). These 

results suggest that the interaction with NLK modifies the accumulation of DYRK1A 

protein either at the transcriptional, translational and/or post-translational levels. 

 

 

 

NLK induces DYRK1A proteasome-dependent degradation 
NLK has been shown to induce the degradation of some of its substrates such as c-

Myb and TCF/LEF (Kanei-Ishii et al., 2004; Yamada et al., 2006). To determine 

whether the NLK effects on DYRK1A protein levels were due to enhanced 

degradation, the half-life of DYRK1A was estimated by radioactive pulse-chase 

experiments and immunoprecipitation. As shown in Figure R16A, the presence of the 

active kinase NLK decreased DYRK1A half-life by approximately 1.5-fold, while the 

inactive-kinase mutant NLKKM slightly increased DYRK1A half-life by around 0.5-fold. 

Figure R15: The interaction with NLK reduces the accumulation of DYRK1A protein. (A) Total cell 
extracts from HEK-293T cells expressing HA-DYRK1A wt or the non-interacting mutant HA-DYRK1AΔ70-

104 together with Flag-NLK wt or the kinase-inactive version K167M (KM) were analyzed by immunoblot 
with anti-HA and anti-Flag. Membranes were immunoblotted with anti-α-tubulin to confirm equal 
loading. (B) Quantification of DYRK1A protein levels (wild type or deletion mutant) as a percentage of 
the value obtained when the DYRK1A proteins were expressed alone, which was set at 100. Values 
correspond to the means ± SEM of at least three independent experiments (**p<0.01). 

Figure R14: NLK affects DYRK1A accumulation in cells. HEK-
293T cells were infected with pLKO-derived lentivirus expressing a 
shRNA targeting NLK mRNA or a non-target sequence, as a control 
(CTRL). Total cell extracts were analyzed by immunoblot with anti-
DYRK1A and anti-NLK. Membranes were re-blotted with anti-
vinculin to confirm equal loading. 
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These results suggest that NLK-dependent phosphorylation may affect the half-life of 

the DYRK1A protein, inducing its degradation.  

 

 

In eukaryotic cells, degradation of most intracellular proteins is carried out by 

the proteasome or the lysosome compartment (for a recent review Knecht et al., 

2009). To find out whether NLK-dependent phosphorylation marks DYRK1A for either 

the proteasome- or the lysosome-mediated degradation, total cell lysates of cells 

treated with specific inhibitors of these degradation pathways, MG132 and 

chloroquine, respectively, were analyzed. The results suggest that NLK-dependent 

phosphorylation marks DYRK1A for proteasome-mediated degradation, but not for 

lysosome-mediated degradation (Fig. R16B and C). 

A PEST region can be predicted within the C-terminal region of DYRK1A 

(amino acids 472-517) according to ePESTFIND. In general, these domains are 

linked to the control of protein stability (Rogers et al., 1986); in some cases, 

phosphorylation of the PEST domains marks proteins for proteasomal-mediated 

degradation (Rechsteiner, 1990). Interestingly, the accumulation of DYRK1A522 

deletion mutant, which is the shortest C-terminal deletion mutant that is stable when 

expressed in cells by transfection and still contains the PEST region (Fig. R17A), is 

affected by co-expression of NLK (Fig. R17B), and the protein levels were recovered 

Figure R16: NLK induces the proteasome-mediated degradation of DYRK1A. (A) HEK-293T cells 
were transfected with the pHA-DYRK1A expression plasmid alone or together with pFlag-NLK wild type 
(wt) or the kinase-inactive version K167M (KM) and pulse-chase labelled with [35S]-methionine 
according to the scheme. At the pulse and at the indicated times after the chase, DYRK1A protein 
levels were examined by immunoprecipitation and autoradiography. The plot shows the natural log of 
the ratio DYRK1A at the pulse/DYRK1A at the chase period. Results correspond to the average of two 
independent sets of experiments. (B, C) HEK-293T cells expressing HA-DYRK1A with or without Flag-
NLK were treated with 50 µM MG132 for 7 h (B) or 100 µM chloroquine for 8 h (C) or the corresponding 
control vehicles, and total cell lysates were prepared and analyzed by immunoblot with anti-HA and 
anti-Flag. Membranes were re-blotted with anti-α-tubulin to confirm equal loading. 
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when the co-transfected cells were treated with the proteasome inhibitor MG132 (Fig. 

R17C). These results suggest that NLK target residues that are important to induce 

DYRK1A degradation are among the first 522 amino acids. 

 

 

 

NLK affects DYRK1A half-life through phosphorylation of multiple sites 

Taking into account all the previous results, we considered the possibility of NLK 

inducing DYRK1A degradation by phosphorylating the PEST region. To check this 

possibility, we took advantage of the existence of a GFP-tagged DYRK1A fragment 

available in the group from amino acid 378 to 522, which contains the PEST region 

and the C-terminal part of the kinase domain (Fig. R18A). As Fig. 18B shows, the 

DYRK1A378-522 fragment was phosphorylated by NLK in IVK assays, indicating the 

presence of residues that can be phosphorylated by NLK.  

 
 

Figure R17: NLK affects the accumulation of DYRK1A522 deletion mutant. (A) Total cell extracts 
from HEK-293T cells expressing HA-DYRK1A wt or HA-DYRK1A522 (see scheme) together with Flag-
NLK wt or the kinase-inactive mutant K167M (KM) were analyzed by immunoblot with anti-HA and anti-
Flag. (B) HEK-293T cells expressing HA-DYRK1A522 alone or together with Flag-NLK were treated with 
50 µM MG132 for 7 h or with control vehicle, and total cell lysates were prepared and analyzed by 
immunoblot with anti-HA and anti-Flag. Membranes were re-blotted with anti-α-tubulin to confirm equal 
loading. 

Figure R18: NLK phosphorylates DYRK1A at 
multiple sites close to the PEST region. Soluble 
extracts from HEK-293T cells expressing GFP-
NLK and the GFP-tagged DYRK1A fragments 
indicated (see scheme) were immunoprecipitated 
with anti-GFP. Immunoprecipitated complexes 
were incubated with [γ32P-ATP] in an IVK assay. 
Phosphorylated proteins were separated by SDS-
PAGE and analyzed by autoradiography. 
Comparable amount of proteins were used as 
detected by Western blot analysis with anti-GFP.  
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The identification of the phosphorylatable sites was approached by using mass 

spectrometry analysis at the CRG/UPF Proteomics Facility. To this end, IVK assays 

were carried out and the phosphorylated bands were separated by SDS-PAGE. The 

putative phosphoresidues identified are listed in Fig. 19A:  threonine 393, threonine 

422, serine 433, threonine 436, threonine 457 and serine 468. All of them are located 

N-terminal from the PEST region, and are conserved when DYRK1A proteins from 

different organisms are compared (Fig. R19B). These results suggest that NLK 

phosphorylates multiple sites in DYRK1A. 

 

 

To confirm the mass spectrometry data, all the six phosphorylatable sites were 

mutated into alanine in the fragment DYRK1A378-522 and found that the 

phosphorylation by NLK of this mutant was heavily decreased (Fig. R20A). More 

importantly, a similar result was observed when the full-length protein DYRK1AKR with 

Figure R19: Identification of the residues phosphorylated by NLK by mass spectrometry. (A) The 
identification of the phosphorylated residues by NLK in the DYRK1A fragment 378-522 by mass 
spectrometry was carried out as explained in Materials and Methods. The table shows only those sites 
that appeared in two independent experiments. (B) Alignment of the equivalent regions to human (Hs) 
DYRK1A 378-522 in other DYRK1A proteins from several organisms (see Annex 2 in Material and 
Methods for Accession numbers), with the invariant residues in black and the conserved ones in grey. 
The predicted PEST region is underlined in orange and the α-helix H of the catalytic domain in purple. 
NLK-phosphorylated amino acids detected in human DYRK1A are shown with red arrows. 
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all the residues mutated to alanine was used in the IVK assays (Fig. R20B), strongly 

suggesting that these six amino acids are the major NLK phosphorylatable sites. 

 

 

 

Finally, the accumulation of the non-phosphorylatable DYRK1A6A mutant 

protein in response to NLK was analyzed in comparison the wild-type protein. No 

significative changes were observed in the amount of accumulated DYRK1A6A 

protein when expressed alone or in the presence of NLK (Fig. R20C), indicating that 

the DYRK1A mutant is resistant to the NLK effect. One possibility to consider when 

interpreting these results is that NLK does not affect the accumulation of DYRK1A6A 

Figure R20: NLK affects DYRK1A half-life through phosphorylation of multiple sites. (A) Soluble 
extracts from HEK-293T cells expressing GFP-NLK and GFP-DYRK1A378-522 (wt), the equivalent 
fragment with the 6 phosphorylatable residues mutated to alanine (6A) or unfused GFP as a control (-) 
were immunoprecipitated with anti-GFP and subjected to an IVK assay with [γ32P-ATP]. Phosphorylated 
proteins were separated by SDS-PAGE, stained with Coomassie to confirm equal loading, and 
analyzed by autoradiography. (B) Soluble extracts from HEK-293T cells expressing Flag-NLK (wt) or its 
kinase-inactive version (KM) and HA-DYRK1AKR or the equivalent fragment with the 6 phosphorylatable 
residues mutated to alanine (6A) were immunoprecipitated with anti-Flag and anti-HA antibodies, and 
processed as described in (A). Comparable amounts of proteins were used as detected by Western blot 
with anti-HA or anti-Flag. (C) Total cell extracts from HEK-293T cells expressing HA-DYRK1A wt or HA-
DYRK1A6A and Flag-NLK wt or its kinase-inactive version (KM), as indicated, were analyzed by 
immunoblot with anti-HA and anti-Flag. Membranes were re-blotted with anti-α-tubulin to confirm equal 
loading. The quantification of DYRK1A accumulation is shown with the data corresponding to means ± 
SEM of two independent experiments in which the values for DYRK1A (wt or 6A) in the absence of NLK 
were set as 1. (**p<0.01) (D) Soluble cell extracts from HEK-293T cells expressing HA-DYRK1A wild 
type (wt) or the mutant with the 6 phosphorylatable residues mutated to alanine (6A) and Flag-NLK 
were immunoprecipitated with anti-Flag antibody. Immunoprecipitated proteins (IP) and cell lysates (5% 
of input) were analyzed by Western blot with anti-Flag and anti-HA. The quantification of the relative 
binding to NLK is shown (DYRK1A in the immunoprecipitated/DYRK1A in the lysate) with the data 
corresponding to means ± SEM of two independent experiments in which the values of DYRK1Awt 
were set as 1. 
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because the mutations have altered the interaction DYRK1A-NLK, something that we 

have previously proven to be required for the effect. To test this possibility, 

immunoprecipitation experiments using HA-DYRK1Awt or HA-DYRK1A6A and Flag-

NLK were performed. As Figure R20D shows, the relative binding to NLK of the 

DYRK1A6A deletion mutant was similar to that of DYRK1Awt, suggesting that the 

interaction was not affected by the mutations. Altogether, these results suggest that 

the six amino acids described above represent the major sites by which NLK affects 

DYRK1A half-life through phosphorylation. 

 

 

The Wnt1/Wnt3a-Fzd1-HIPK2-NLK signaling cascade affects DYRK1A 
half-life 

Another substrate of NLK, c-Myb, is phosphorylated and degraded by the 

proteasome upon Wnt1 signal via the pathway involving Fzd1, HIPK2 and NLK 

(Kanei-Ishii et al., 2004; Kanei-Ishii et al., 2008). Based on the similarity between 

NLK-induced DYRK1A and c-Myb phosphorylation and degradation, it is possible that 

upon specific stimuli, this signaling cascade has a role in the regulation of DYRK1A 

protein degradation. To test this hypothesis, we analyzed total cell extracts from 

HEK-293T cells transfected with DYRK1A alone or together with plasmids expressing 

different members of the Wnt1-Fzd1-HIPK2-NLK signaling cascade. To check 

whether the HIPK2-NLK cascade can be activated by other Wnt ligands, the effect of 

Wnt3a or Wnt5a was also analyzed. A decrease in DYRK1A protein levels was 

observed when it was co-expressed with Wnt1, Wnt3a, Fzd1, HIPK2 and NLK (Fig. 

R21), while Wnt5a signal, which activates Ca2+/CAMKII/TAK1/NLK signaling pathway 

(Ishitani et al., 2003), does not seem to affect DYRK1A protein stability. These results 

suggest that Wnt1 and Wnt3a, the main activators of Wnt/β-catenin signaling 

pathway, induce DYRK1A degradation via the pathway involving Fzd1, HIPK2 and 

NLK. 

 

Figure R21: The Wnt1/Wnt3a-Fzd1-HIPK2-NLK signaling cascade affects DYRK1A half-life. Total 
cell extracts from HEK-293T cells expressing HA-DYRK1A wt alone or together with the indicated 
proteins, were analyzed by immunoblot with anti-HA antibody. Membranes were re-blotted with anti-α-
tubulin to confirm equal loading. 
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DYRK1A is a positive regulator of the transcriptional activity of a β-

catenin-dependent reporter  

Given that DYRK1A seems to be an NLK target and Wnt1/Wnt3a is able to regulate 

DYRK1A protein stability, we decided to investigate whether DYRK1A can influence 

Wnt signaling. As a starting point, the effect of DYRK1A on the transcriptional activity 

of a β-catenin/TCF-dependent reporter was analyzed. The analysis was based on a 

reporter plasmid in which the luciferase gene is under the control of TCF/LEF-binding 

sites (Korinek et al., 1997). The transcriptional activity was induced by exogenous 

expression of a β-catenin mutant -S33Y- a natural mutant that has a substitution of 

one of the GSK-3 phosphorylated residues by an unphosphorylatable residue 

resulting in the stabilization of β-catenin (Kolligs et al., 1999). The system is 

controlled by the use of a modified reporter, FOPFLASH, in which the TCF/LEF 

binding sites are mutated (Veeman et al., 2003).  

DYRK1A co-expression with suboptimal levels of β-cateninS33Y resulted in a 

dose-dependent increase on the transcriptional activity (Fig. R22). Notably, co-

expression of the DYRK1A kinase-inactive form did not altered the β-catenin-

dependent transcriptional activity (Fig. R22), suggesting that DYRK1A can enhance 

β-catenin-dependent transcriptional activity in a kinase-dependent and dose-

dependent manner. 

 

 

Figure R22: DYRK1A induces the transcriptional activity of β-catenin-dependent reporter. HEK-
293 cells were co-transfected with pTOPFLASH reporter or with pFOPFLASH reporter, pβCatS33Y and 
pCMV-RNL plasmids together with expression plasmids encoding DYRK1A wild type (WT: 1 µg, 2 µg) 
or mutant K179R (KR: 1 µg, 2 µg) as indicated. Luciferase activity was measured in triplicate plates and 
values were corrected for transfection efficiency as measured by Renilla activity. Data are represented 
as the mean of three independent experiments ± SEM in which the value corresponding to the basal 
activation was arbitrarily set as 1. (**p<0.01)  



Results 

 84 

Next, we wondered whether DYRK1A could directly act on TCF-4/LEF-1, the 

other component of the TCF/β-catenin transcription complex. Thus, the cooperation 

of DYRK1A with TCF-4 was tested in the transcriptional assay, but no effect was 

detected (Fig. R23). Moreover, we observed in these experiments that DYRK1A 

exogenous expression results in a dose-dependent and kinase-dependent decrease 

on the transcriptional activity on the reporter (Fig. R22 and R23). These results would 

indicate that DYRK1A needs the presence of a nuclear β-catenin to act as a positive 

regulator of β-catenin-dependent transcriptional activity. 

 

 

To confirm the role of DYRK1A in the enhancement of β-catenin-dependent 

transcriptional activity, we took advantage of harmine, an inhibitor of DYRK1A kinase 

activity (Bain et al., 2007). Our group has shown that harmine acts as an ATP-

competitive inhibitor for DYRK1A and inhibits DYRK1A kinase activity in vivo (Laguna 

et al., 2008). First, the ability of harmine to inhibit the DYRK1A enhancement in 

overexpressing conditions was tested. As shown in Figure R24A, the DYRK1A 

enhancement on β-catenin-dependent transcriptional activity was decreased when 

cells were treated with harmine. In agreement with this, when luciferase activity was 

induced by exogenous expression of β-catenin/S33Y, treatment of cells with 

increasing amount of the inhibitor (2-20µM) decreases the β-catenin-dependent 

transcriptional activity (Fig. R24B). 

Figure R23: DYRK1A needs β-catenin to enhance the transcriptional activity of TCF-4/LEF-1. 
HEK-293 cells were co-transfected with the TOPFLASH reporter, pCMV-TCF-4 and pCMV-RNL 
plasmids together with expression plasmids encoding DYRK1A wild type (WT) or the kinase-inactive 
mutant K179R (KR) as indicated. Luciferase activity was measured in triplicate plates. Values were 
corrected for transfection efficiency as measured by Renilla activity, and data are represented as the 
means ± SEM. The graph corresponds to a representative experiment of several performed. 
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DYRK1A interacts with β-catenin 

An explanation for the findings presented above could rely on DYRK1A able to bind 

to the β-catenin/TCF complex. To address this possibility, co-immunprecipitation 

experiments were performed using cell extracts expressing different combinations of 

HA-DYRK1A, β-cateninS33Y and/or TCF-4. As Figure R25A shows, both TCF-4 and β-

catenin were present in the anti-DYRK1A immunocomplexes when these proteins 

were singly expressed with DYRK1A. These results would suggest that DYRK1A 

might interact with β-catenin and TCF-4 independently. Additionally, the two proteins 

were detected when they were both co-expressed with DYRK1A (Fig. R25A), 

indicating that none of them displaced the binding of the other and, moreover, that 

DYRK1A could form a ternary complex with the β-catenin/TCF transcriptional 

complex. This together with the fact that endogenous β-catenin appeared in the 

DYRK1A immunoprecipitation when TCF-4 was overexpressed suggest the 

possibility that this protein may recruit β-catenin to DYRK1A. To rule out this 

possibility, pull-down experiments were performed using bacterially expressed and 

purified proteins: unfused β-catenin and a GST-DYRK1A fusion protein. β-catenin 

was pulled down by the GST-DYRK1A fusion protein, but not by unfused GST (Fig. 

R25B), confirming that DYRK1A is able to directly bind to β-catenin. 

Figure R24: Harmine blocks DYRK1A enhancement on β-catenin-dependent transcriptional 
activity. (A) HEK-293 cells were co-transfected with pTOPFLASH reporter, pβCatS33Y and pCMV-RNL 
plasmids together with an expression plasmid encoding DYRK1A as indicated. Cells were incubated 
with 10 µM harmine or DMSO as vehicle for 16 h at 24 h after transfection. Luciferase activity was 
measured in triplicate plates and values were corrected for transfection efficiency as measured by 
Renilla activity. Data are represented as the means ± SD. (B) HEK-293 cells were co-transfected with 
pTOPFLASH reporter, pβCatS33Y and pCMV-RNL plasmids as indicated. Cells were incubated with 
harmine at different concentrations (2-20 µM) for 16 h at 24 h after transfection. Luciferase activity was 
measured in triplicate plates. Values were corrected for transfection efficiency as measured by Renilla 
activity, and data are represented as the means ± SEM. The graphs correspond to representative 
experiments of several performed. 
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β-catenin is a multifunctional protein, acting in cell adhesion, cytoskeletal 

regulation, and Wnt signaling (reviewed in Brembeck et al., 2006). The fact that 

DYRK1A enhances the transcriptional activity mediated by a constitutively stable, 

and therefore nuclear, β-catenin mutant suggests that the two proteins might interact 

in the nucleus. To test this, nuclear extracts from HeLa cells, in which both proteins 

were present (Fig. R25C) were used for immunoprecipitation experiments. Antibodies 

recognizing the endogenous proteins were used. As shown in Figure R25C, β-catenin 

was immunoprecipitated with DYRK1A in anti-DYRK1A immunocomplexes, but it was 

not precipitated by a control mouse IgG, confirming that β-catenin and DYRK1A can 

form complexes, at least in the nucleus. 

 

 

DYRK1A forms a ternary complex with the β-catenin/TCF transcriptional 

complex 

When analyzed the co-immunoprecipitation experiments in detail, we observed an 

increase in the amount of β-catenin in the DYRK1A immunocomplexes when TCF-4 

was co-expressed (Fig. R25A). This was apparent even for the endogenous β-

catenin recruited to the complexes. This observation suggests that DYRK1A may 

Figure R25: DYRK1A interacts with β–catenin. (A) Soluble extracts from HEK-293T cells expressing 
different combinations of HA-DYRK1A, TCF-4 and β-CatS33Y as indicated were immunoprecipitated with 
anti-HA. Immunoprecipitated proteins (IP) and cell lysates (5% of input) were analyzed by Western blot 
with anti-β-catenin, anti-TCF-4 and anti-HA. The asterisk indicates the signal of the re-blotting with β–
catenin antibody. Note the presence of the endogenous β-catenin in the DYRK1A immunocomplexes. 
(B) Bacterially expressed and purified β-catenin was incubated with unfused GST or GST-DYRK1A 
immobilized on gluthatione-Sepharose beads. Bound protein was detected by Western blot with anti-β–
catenin or anti-GST. Input β-catenin (10%) is shown. (C) HeLa nuclear lysates were 
immunoprecipitated with anti-DYRK1A or mouse IgG as a control antibody. Immunoprecipitated 
proteins (IP) and nuclear lysates (5% of input) were analyzed by Western blot with anti-DYRK1A and 
anti-β-catenin. The position of protein markers (in kDa) is shown. 
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increase the interaction between β-catenin and TCF-4. To support this idea, co-

immunoprecipitation experiments were performed, but this time anti-TCF-4 

immunocomplexes were subjected to analysis. In this case, both endogenous and 

overexpressed levels of β-catenin were increased when DYRK1A was co-expressed 

(Fig. R26A). Remarkably, the increment in β-catenin recruitment was not observed 

when the kinase inactive form of DYRK1A was co-expressed (Fig. R26B). This was 

not due to the inability of the inactive form to be recruited to the β-catenin-TCF-4 

complexes because the mutant protein was present in the immunocomplexes (Fig. 

R26B). In conclusion, DYRK1A directly binds to at least β-catenin in the β-

catenin/TCF transcriptional complex and enhances the interaction between the 

transcriptional co-activator β-catenin and the DNA-binding unit TCF-4, the latter effect 

depending on the kinase activity of DYRK1A. 

 

 

 

DYRK1A phosphorylates β-catenin at multiple sites 

The dependence of the β-catenin-transcriptional enhancement on DYRK1A kinase 

activity leads to the question of whether DYRK1A is able to phosphorylate any 

member of the β-catenin/TCF complex. To this aim, in vitro kinase experiments were 

performed using TCF-4 as substrate. Given that DYRK1A and TCF-4 have similar 

molecular weights, a catalytically active DYRK1A C-terminal deletion mutant -

DYRK1A522- was used, which allows to clearly distinguish the two protein in gels. As 

Figure R26: DYRK1A enhances the formation of TFC-4/β–catenin complexes through a 
phosphorylation event. (A) Soluble extracts from HEK-293T cells expressing HA-DYRK1A, GFP-TCF-
4 and βCateninS33Y as indicated were immunoprecipitated with anti-GFP. Immunoprecipitated proteins 
(IP) and cell lysates (5% of input) were analyzed by Western blot with anti-β-catenin, anti-GFP and anti-
HA. The asterisk indicates the signal of the re-blotting with the β–catenin antibody. (B) Soluble cell 
extracts from HEK-293T cells expressing HA-DYRK1A wt or its inactive-kinase mutant K179R (KR) 
together with GFP-TCF-4 and βCateninS33Y were immunoprecipitated with anti-GFP. 
Immunoprecipitated proteins (IP) and cell lysates (5% of input) were analyzed by Western blot with anti-
HA, anti-GFP and anti-β-catenin. 
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shown in Fig. 27A, TCF-4 was phosphorylated in the presence of catalytically active 

DYRK1A, but not in the presence of the kinase inactive mutant, suggesting that TCF-

4 is a DYRK1A substrate. 

Next, we tested whether DYRK1A was able to phosphorylate β-catenin. For this 

purpose, IVK experiments were performed with bacterially expressed, purified GST-

β-catenin and GST-DYRK1A. Incorporation of radioactive ATP in β-catenin was 

clearly detected by incubation with catalytically active DYRK1A, but not with the 

kinase inactive form (Fig. R27B). It is worthy to note that a slower-migrating band of 

β-catenin was observed when DYRK1A wild type was present both using soluble 

extracts (Fig. R25A and C) or bacterially expressed, purified proteins (Fig. R27B), 

suggesting that DYRK1A very likely phosphorylates β-catenin at several sites. 

 

 

To find the sites that are phosphorylated by DYRK1A in β-catenin, in vitro 

kinase assays were performed under cold conditions using bacterially expressed, 

purified DYRK1A as source of enzyme and β-catenin as substrate. Phosphorylated 

proteins were separated by SDS-PAGE, the band corresponding to β-catenin excised 

from the gel, and the phosphorylation sites identified by mass spectrometry. As 

shown in Figure R28A, four phosphorylated peptides were repeatedly found in 

independent experiments, and the mass spectrometry results indicated that some of 

these peptides could be phosphorylated in one or two residues, although the exact 

residue could not be accurately assigned.   

Figure R27: DYRK1A phosphorylates β–catenin and TCF-4. (A) Soluble extracts from HEK-293T 
cells expressing GFP-TCF-4 together with GFP-DYRK1A522 or GFP-DYRK1AKR were subjected to 
immunoprecipitation with anti-GFP and incubated with [γ32P-ATP] in an in vitro kinase assay. (B) 
Bacterially expressed, purified GST-β–catenin together with GST-DYRK1A wt or its inactive kinase 
version K179R (KR) were incubated with [γ32P-ATP] in an in vitro kinase assay. In A and B, 
phosphorylated proteins were separated by SDS-PAGE, stained with Coomassie Blue to confirm equal 
loading, and analyzed by autoradiography. 
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One of the peptides identified in the analysis contains Ser33, Ser37 and Thr41, 

the residues known to be phosphorylated by GSK-3β that trigger β-catenin 

proteasome-dependent degradation. Given that a constitutively stable form of β-

catenin in which Ser33 is mutated was used in the transcription assays, these sites, if 

phosphorylated, should not be relevant for the DYRK1A effect observed in the 

transcription assays. For this reason, they were not further analyzed.   

Two other peptides were located in the C-terminal part of the β-catenin 

armadillo repeats, in a region to which regulatory functions on the transcriptional 

activity have been associated (see Introduction). To validate the mass spectrometry 

analysis, we took advantage of the existence of commercial antibodies that 

specifically recognize phosphoSer552 and phosphoSer675 residues. Thus, 

bacterially expressed, purified β-catenin was phosphorylated by bacterially expressed 

DYRK1A and analyzed by Western blot with these antibodies. As Figure R28B 

shows, the phosphospecific antibodies detected β-catenin only when GST-DYRK1A 

was present in the experiment, but not when unfused GST was added. These results 

confirmed that DYRK1A phosphorylates β-catenin in, at least, Ser552 and Ser675. 

 

 

 

 

 

Figure R28: DYRK1A phosphorylates β–catenin at multiple sites. (A) The identification of the 
phosphorylated residues by DYRK1A in β–catenin by mass spectrometry was carried out as explained 
in Materials and Methods using bacterially expressed, purified GST-β–catenin and GST-DYRK1A. The 
table shows the summary of four independent experiments. The sequence of the phosphorylated 
peptides and the residue number are shown. (B) Bacterially expressed GST-β–catenin and GST-
DYRK1A were immobilized on gluthatione-Sepharose beads and bound proteins were used in an in 
vitro kinase assay. Unfused GST (-) was used as control. Samples were analyzed by Western blot with 
the anti-phospho-β-catenin antibodies indicated to detect the phosphorylated residues, with anti-β-
catenin as a loading control, and with anti-HA to detect the presence of DYRK1A. Note that anti-
phosphoSer552 shows cross-reaction with non-phosphorylated β-catenin. 
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DYRK1A enhances β-catenin-dependent transcriptional activity through 

phosphorylation of serine residues 552 and 675  

Based on their similarity to the DYRK1A consensus phosphorylation sequence and 

according to their functional roles described by other groups (Fang et al., 2007; Hino 

et al., 2005; Taurin et al., 2006), we focused on Ser129, Ser552 and Ser675 as 

putative DYRK1A target sites. To find out which of them are responsible for the 

DYRK1A-dependent enhancement of the β-catenin-dependent transcriptional activity, 

Ser-to-Ala mutations were introduced into β-catenin/S33Y in these residues and the 

ability of DYRK1A to enhance the transcriptional activity of these β-catenin mutant 

forms was analyzed. For β-catenin serine residue 129, the increase in transcriptional 

activity mediated by DYRK1A was comparable to the non-mutated β-catenin (Fig. 

R29A), suggesting that DYRK1A phosphorylation on this residue is not responsible 

for the transcriptional enhancement. However, when a β-catenin protein with 

mutations in Ser552 or Ser675 was assayed, DYRK1A enhanced transcription to a 

considerably lesser extent than to the corresponding non-mutated β-catenin, although 

statistical analysis of four independent experiments suggests that the observed 

differences are significant only for the data obtained with the Ser675-to-Ala mutant 

(Fig. R29B). Notably, the DYRK1A-dependent enhancement was even lesser when a 

β-catenin protein with the two residues mutated to alanine was assayed. All these 

data together suggest, that DYRK1A enhances β-catenin-dependent transcriptional 

activity through phosphorylation of serine residue 675. 

 

Figure R29: DYRK1A enhances β-catenin-dependent transcriptional activity through 
phosphorylation of serine residue 675. HEK-293 cells were co-transfected with pTOPFLASH, pCMV-
RNL, pβCat-S33Y or the indicated mutants in the absence (white bars) or presence (grey bars) of HA-
DYRK1A expression plasmid as indicated. Values were corrected for transfection efficiency as 
measured by Renilla activity. Histograms show DYRK1A enhancement of β–catenin transcriptional 
activity where the basal transcriptional activity of each β–catenin mutant was set as 1. Data show 
means ± SEM of three independent experiments in which each value was measured in triplicate plates. 
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NLK inhibits the DYRK1A enhancement on the β-catenin-dependent 

transcriptional activity.  

Finally, given that DYRK1A and NLK have opposite effects on β-catenin-dependent 

transcriptional activity and that NLK negatively regulates DYRK1A protein stability, 

we analyzed how NLK affects DYRK1A enhancement of the TOPFLASH β-catenin-

dependent transcriptional activation. Co-transfected NLK inhibited the DYRK1A-

dependent enhancement of the transcriptional activity in a kinase-dependent and 

dose-dependent manner (Fig. R30).  

 

 

 

 

As a final summary, all the data presented strongly suggest that nuclear 

DYRK1A acts as a positive effector of Wnt/β-catenin signaling, while NLK interferes 

with the co-activating ability of DYRK1A by changing the half-life of this protein. The 

Wnt1/Wnt3a-Fzd1-HIPK2 signaling cascade is responsible for NLK-mediated 

DYRK1A degradation, which suggest the existence of a negative regulatory feed-

back loop to switch off β-catenin-mediated transcription. 

Figure R30: NLK inhibits the DYRK1A enhancement on the β-catenin-dependent transcriptional 
activity. HEK-293 cells were co-transfected with the TOPFLASH reporter, pβCatS33Y and pCMV-RNL 
plasmids together with expression plasmids encoding NLK wt or mutant K167M (KM) and DYRK1A as 
indicated. Luciferase activity was measured in triplicate plates. Values were corrected for transfection 
efficiency as measured by Renilla activity, and data are represented as the means ± SEM. The graph 
corresponds to a representative experiment of several performed.  
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Figure D1: Interacting domains in DYRK1A. Schematic representation of DYRK1A regions 
important for the interaction with other molecules: 14-3-3 (Alvarez et al., 2007; Kim et al., 2004); Spry2 
(Aranda et al., 2008). Position for the first and last amino acid for each region is shown. 

The protein kinases DYRK1A and NLK interact 

In this thesis work, the interaction between the protein kinases DYRK1A and NLK has 

been demonstrated. The two proteins have been found in complexes not only when 

overexpressed by transfection but also in HeLa nuclear extracts confirming therefore 

that the interaction exists in physiological conditions. The interaction is independent 

of the kinase activity of each of the proteins. Furthermore, the fact that the two 

proteins interact in pull-down experiments with NLK expressed in bacteria and 

DYRK1A in rabbit reticulocyte extracts support that DYRK1A and NLK interact 

directly. 

The region in DYRK1A involved in the interaction with NLK has been defined 

between amino acids 70-104 at the N-terminus of the protein. This region consists of 

a group of hydrophobic residues and it putatively overlaps with a 14-3-3 interacting 

region identified in the first 125 N-terminal amino acids (Alvarez et al., 2007). We do 

not know whether the two interacting domains really overlap or whether the DYRK1A 

interaction with 14-3-3 has any implication for the DYRK1A/NLK interaction. 

Furthermore, based on the fact that the deletion of the N-terminal binding region does 

not completely abrogate the interaction, we cannot exclude that other regions in 

DYRK1A are involved in the interaction and suggest that the kinase domain could be 

one of them (see below). Given that not many binding regions in DYRK1A with other 

partners have been defined to date, this work also contributes to define a novel 

protein-protein interacting surface in DYRK1A (Fig. D1). 

 

 

The NLK-binding region at the N-terminus of DYRK1A is located at close 

vicinity to the NLS1. However, our results suggest that DYRK1A NLS1 is not involved 

in the interaction, and immunostaining experiments in cells overexpressing the two 

proteins supported the idea that the binding of NLK does not affect the intracellular 

localization of DYRK1A. 
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Figure D2: Sequence alignment of NLK orthologs. Amino acid sequence alignment of NLK proteins 
from different species. The corresponding Accession numbers are listed in Annex 2 in Materials and 
Methods. The position of subdomain XI in the catalytic domain and the deleted region in NLKΔ430-444 is 
shown. The cysteine residue 541 in C. elegans LIT-1 that when mutated rendered a null mutant 
(Meneghini et al., 1999) is in red. 

Our data indicate that NLK can interact with all human DYRK kinases, although 

with different efficiency. The NLK-interacting domain located at the DYRK1A N-

terminus shows sequence similarity with the corresponding region in its closest 

paralogous DYRK1B, and the sequence homology would therefore account for the 

similar binding efficiency shown by the two proteins. However, the other DYRK family 

members do not share sequence similarity within this region. The homology among 

them is restricted to the conserved catalytic domain. Thus, the fact that they all bind 

NLK suggests that there should be another common interacting region, possibly 

within the kinase domain, that could also represent a secondary binding site for 

DYRK1A. As the DYRK family members differ in their expression levels in different 

tissues and cell lines, it is plausible to think that this may contribute to the 

physiological function associated to the interaction with NLK. 

A region in NLK required for DYRK1A interaction has been defined between 

amino acids 430-444 at the C-terminus of the protein. This region, which is highly 

convserved in all NLK orthologs, is located downstream the subdomain XI outside the 

catalytic domain (Fig. D2). 

Homo sapiens        402 HLLCRMLVFDPSKRISAKDALAHPYLDEGRLRYHTCMCKCCFSTSTG--RVYT 452 
Pan troglodytes     402 HLLCRMLVFDPSKRISAKDALAHPYLDEGRLRYHTCMCKCCFSTSTG--RVYT 452 
Bos taurus          402 HLLCRMLVFDPSKRISAKDALAHPYLDEGRLRYHTCMCKCCFSTSTG--RVYT 452 
Canis familiaris    402 HLLCRMLVFDPSKRISAKDALAHPYLDEGRLRYHTCMCKCCFSTSTG--RVYT 452 
Mus musculus        402 HLLCRMLVFDPSKRISAKDALAHPYLDEGRLRYHTCMCKCCFSTSTG--RVYT 452 
Gallus gallus       402 HLLCRMLVFDPSKRISAKDALAHPYLDEGRLRYHTCMCKCCFSTSTG--RVYT 452 
Takifugu rubripes   317 HILCRMLVFDPSKRISAKDALAHPYLDEGRLRYHTCMCKCCYTTSSG--RVYT 368 
Danio rerio         352 HLLCRMLVFDPAKRISGSDALSHPYLDEGRLRYHTCMCKCCYSVPSG--RVYT 402 
D. melanogaster     305 HLLCQMLVFDPDKRISVTDALAHPYLDEGRLRYHSCMCKCCFTTSAGM-RQYT 355 
C. elegans          473 DLLQKLLHFDPDKRISVEEALQHRYLEEGRLRFHSCMCSCCYTKPNMPSRLFA 525 
 

 

Furthermore, considering that the interaction with DYRK1A was not completely 

abolished when NLK∆430-444 was used, it is thus possible that a second binding 

domain may exist. For instance, ERK2 binds its regulators and substrates by two 

distinct protein-protein interaction sites, one the CD-domain and a second region 

overlapping with the N-lobe within the kinase domain (Zhang et al., 2003). The 

presence of two interacting sites in NLK would increase binding affinity for DYRK1A. 

As in the case of DYRK1A, very few interacting domains have been defined in NLK to 

date and the one identified in this thesis work represents a novel one (Fig. D3).  

Subdomain XI ∆430-444 
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Figure D3: Summary of binding domains in 
NLK. Schematic representation of NLK 
regions important for the interaction with other 
molecules such as HIPK2 (Kanei-Ishii et al., 
2004) and NARF (Yamada et al., 2006). The 
position of the first and last amino acid 
numbers is shown. As the interacting domains 
in HIPK2 and NARF have been defined 
roughly, it is difficult to predict whether they 
overlap with the defined DYRK1A binding 
region or not. 
 

 
 

The interacting region in NLK would be located similarly to the CD-domain of 

MAPKs (Fig. D4) (Tanoue et al., 2000). The CD-domain is used for docking MAPKs 

to their activators, inhibitors and substrates and whose deletion of the CD-domain in 

MAPKs renders these kinases inactive due to inefficient activation (reviewed in 

Murphy and Blenis, 2006). The amino acid sequence of NLK in this region does not 

show any homology to other CD-domain sequences (Fig. D4). However, in the NLK 

orthologue in C. elegans, LIT-1, the cysteine residue 541, located in the middle of the 

DYRK1A interacting region, was found to be important for LIT-1 activity during 

embryo development (Meneghini et al., 1999). Interestingly, we found that the NLK 

mutant lacking this region, NLK∆430-444, is catalytically inactive (data not shown). 

Although we cannot exclude that the deletion could have altered the proper folding of 

the adjacent kinase domain, two plausible situations can account for the result. One 

possibility is that NLK requires the phosphorylation of residues within this domain to 

be active, since the region includes a highly conserved tyrosine and threonine 

residue (Fig. D2). Alternatively, the mutant protein lacks the binding domain for the 

upstream activating kinase. It is worthwhile to mention that the lack of activity of the 

bacterially expressed protein confirms that NLK needs to be phosphorylated by an 

upstream kinase for full activation, as suggested by others (Brott et al., 1998; Kanei-

Ishii et al., 2004). It has been also reported that an NLK mutated on the cysteine 

residue 437, equivalent to LIT-1 Cys541, loses its ability of interacting with TCF-4 

(Ishitani et al., 1999). All these observations lead us to propose that the identified 

region in NLK may act as a CD-domain, in the sense that this protein region may act 

as a recruitment platform for NLK activators, inhibitors or substrates. Thus, it could be 

also hypothesized that DYRK1A and TCF-4 binding domains in NLK overlap or are 

close and that the two proteins may compete for binding to NLK.  
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Figure D4: Sequence alignment of MAPKs. Amino sequence alignment of different human MAPKs 
in the region indicated. The corresponding accession numbers are listed in Annex 2 in Materials and 
Methods. The locations of subdomain XI in the catalytic domain and CD-domain are indicated. The 
amino acid region deleted in NLK mutant Δ430-444 is boxed in blue. 

NLK             402 HLLCRMLVFDPSKRISAKDALAHPYLDEGRLRYHTCMCKCCFS 444 
MAPK6/Erk3      291 DFLEQILTFSPMDRLTAEEALSHPYMSIYSFPMDEPISSHPFH 333 
MAPK4/Erk4      287 DFLEKILTFNPMDRLTAEMGLQHPYMSPYSCPEDEPTSQHPFR 329 
MAPK15/Erk7     209 DLLRRLLVFAPDKRLSATQALQHPYVQRFHCPSDEWAREADVR 251 
MAPK1/Erk       217 DLLDKMLTFNPHKRIEVEQALAHPYLEQYYDPSDEPIAEAPFK 260 
MAPK14/p38α     283 DLLEKMLVLDSDKRITAAQALAHAYFAQYHDPDDEPVADPYDQ 325 
MAPK8/JNK1 α2   296 DLLSKMLVIDASKRISVDEALQHPYINVWYDPSEAEAPPPKIP 338 

 

 

To organize the specific signaling cascades, MAPKs usually interact with their 

upstream MAPKKs by using the CD-domain and MAPKKs interact with their 

downstream MAPKs by using a region known as the D-site that is located outside the 

catalytic domain in the N-terminal region of the kinases (Fig. D5). It is worthwhile to 

note that the interacting region in NLK would correspond to the CD domain in MAPKs 

and the interacting region in DYRK1A locates similarly to the D-site in MAPKKs (Fig. 

D5) opening the possibility that DYRK1A might be an upstream kinase for NLK, a 

possibility that needs to be further explored. 

 

 
 

DYRK1A is a substrate of NLK 
We propose that DYRK1A is phosphorylated by NLK, based in the fact that DYRK1A 

is phosphorylated by immunocomplexes prepared from cell extracts that contain an 

active NLK and not when a catalytically inactive mutant is present in the complexes. 

Subdomain XI CD-domain 

Figure D5: Physical relationship in MAPK signaling cascades. Schematic representation of 
docking domains in the MAPK modules and the binding sites in DYRK1A and NLK defined in this 
work. The amino acid sequences of the docking domains in classical MAPKs are highlighted. Key 
amino acids for the interaction are in red. 
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However, we cannot exclude the possibility that DYRK1A is not phosphorylated 

directly by NLK, but by another kinase present in the immunocomplexes and 

activated by NLK. This possibility could be tested using purified proteins. However, 

NLK expressed in E. coli is catalytically inactive (data not shown), precluding these 

experiments.  

We have found that NLK co-expression induces a decrease in the accumulation 

of DYRK1A in a kinase-dependent manner. In agreement, and supporting that the 

effect is not an artifact resulting from the overexpression of both proteins, down-

regulation of NLK endogenous protein levels by using a specific shRNA leads to an 

increase in the accumulation of endogenous DYRK1A protein. Moreover, NLK does 

not affect accumulation of a DYRK1A deletion mutant that is not able to interact with 

NLK. All these results indicate that the interaction of DYRK1A with NLK and its 

subsequent phosphorylation controls DYRK1A accumulation. 

The effect of NLK on DYRK1A protein accumulation could be the result of 

either NLK repressing DYRK1A expression and/or accelerating degradation of the 

protein. The results obtained with pulse-chase experiments show that NLK-

dependent phosphorylation affects the half-life of DYRK1A protein. It is worth to note 

that NLK is involved in the proteasome-mediated degradation of some of its target 

molecules, such as c-Myb (Kanei-Ishii et al., 2004), TCF-4 and LEF-1 (Yamada et al., 

2006). Using proteasome inhibitors we have found that NLK-induced phosphorylation 

also marks DYRK1A for proteasome-mediated degradation. In the case of TCF-

4/LEF-1 and c-Myb, NLK phosphorylation targets these proteins for binding to the E3 

ubiquitin ligases NARF (Yamada et al., 2006) and Fbxw7, respectively (Kanei-Ishii et 

al., 2008). It is therefore possible that NLK-induced phosphorylation also triggers 

ubiquitination of DYRK1A by a yet unknown E3 ubiquitin ligase (Fig. D6). 

Alternatively, either DYRK1A/NLK interaction or DYRK1A phosphorylation by NLK 

could induce changes in the interaction of DYRK1A with other binding partners that 

might lead to changes in its half-life.  

The phosphorylation sites responsible for DYRK1A degradation have been 

identified by mass spectrometry analysis and further validated by mutation. At least, 

six serine and threonine residues in DYRK1A are phosphorylated by NLK. A 

consensus phosphorylation sequence has not been described yet for NLK. Although 

many of its substrates show a proline residue at the +1 position, other substrates do 

not comply with this rule, as is the case for Paxillin (KQKSA) (Ishitani et al., 2009) 

and the twenty-two sites identified in FOXO4 (Szypowska et al., 2010). Thus, the fact 
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that none of the DYRK1A phosphorylated sites have a proline at P+1 is not so 

surprising, and we should consider that in some cases other mechanisms might exist 

to direct the specificity of NLK towards its substrates. One such mechanism could be 

a tight interaction with its substrates through docking sites, as described above. The 

phosphorylated sites in DYRK1A are located just N-terminal to the PEST region. In 

general, PEST sequences are potentially involved in the regulation of protein stability 

(Rogers et al., 1986); in some cases, phosphorylation of the PEST domains marks 

proteins for proteasome-mediated degradation (Rechsteiner and Rogers, 1996; 

Garcia-Alai et al., 2006). The mass spectrometry analysis did not completely cover 

the PEST region sequence, and therefore, we cannot exclude that NLK 

phosphorylates sites within the PEST region of DYRK1A. If this were the case, they 

would be not critical for the NLK-dependent regulation of DYRK1A half-life, because 

mutation of the six phosphorylatable sites in DYRK1A makes it resistant against NLK-

induced degradation. Nonetheless, it is possible that NLK phosphorylates other sites 

in DYRK1A, and that phosphorylation at a minimum number of sites or a combination 

of specific sites may be sufficient to induce the degradation of DYRK1A. 

 
Most importantly, we have shown that NLK-dependent DYRK1A degradation 

can be induced by the Wnt1/Wnt3a-Fzd1-HIPK2 signaling cascade (Fig. D6). Another 

substrate of NLK, c-Myb, is phosphorylated and degraded by the proteasome upon 

Wnt1 signal via the pathway involving Fzd1, HIPK2 and NLK contributing thus to the 

inhibition of the undifferentiated state in hematopoietic cells (Kanei-Ishii et al., 2004; 

Kanei-Ishii et al., 2008). Thus, it is possible that DYRK1A could interact with Wnt 

signaling in some physiological contexts and furthermore, that Wnt-activated NLK 

would regulate the protein levels of several proteins involved in cellular responses to 

Wnt. Unfortunately, we have not yet identified a cellular context for the Wnt-DYRK1A 

Figure D6: Mechanism to regulate 
DYRK1A protein stability. Schematic 
representation of the findings of this work 
on the regulation of DYRK1A protein 
stability by NLK. The functional 
relationships found in this work are 
depicted with blue arrows. Hypothetical 
relationships or to-be-identified links are 
depicted with red arrows. 
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functional interaction and this would surely deserve future research. In addition to 

Wnt, other activators of NLK could also work in controlling DYRK1A activity. This 

could be the case of p38 (Ohnishi et al., 2010), which has been suggested to cross-

talk with DYRK1A in other context (Seifert and Clarke, 2009) (Fig. D6). 

In summary, this thesis work describes for the first time a mechanism for the 

regulation of the stability of the protein kinase DYRK1A. DYRK1A effects are 

sensitive to gene dosage, because both gain-of-copy and loss-of-copy of Dyrk1A 

leads to alterations in the development and function of the CNS (Ahn et al., 2006; 

Altafaj et al., 2001; Benavides-Piccione et al., 2005; Branchi et al., 2004; Fotaki et al., 

2002; Martinez de Lagran et al., 2004; Smith et al., 1997). Any change in the 

regulation of DYRK1A kinase activity or DYRK1A protein amounts, might therefore 

lead to severe physiological dysfunctions. To date, binding of the 14-3-3β or the 

SPRED1/2 proteins have been shown to regulate positively and negatively the 

catalytic activity of DYRK1A, respectively. The regulation of DYRK1A protein stability 

had not been studied yet and we propose that it could be one of the mechanisms 

contributing to regulate appropriate DYRK1A levels. Results from our lab suggest that 

DYRK1A protein levels change during the cell cycle (C. di Vona, S. de la Luna, 

unpublished results) and during the differentiation of mesenchymal precursor cells 

into adipocytes (K. Arato, S. de la Luna, unpublished results). We do not know yet 

whether these effects depend on NLK phosphorylation, although it could be possible 

that DYRK1A protein levels could be regulated by other signals depending on the 

cellular context.  

 

 

DYRK1A plays a positive role on β-catenin-dependent transcriptional 

activity  

This thesis work describes that DYRK1A enhances β-catenin-dependent 

transcriptional activity. DYRK1A must carry out this activity through phosphorylation 

events, because inhibition of DYRK1A catalytic activity by mutation on the ATP-

binding lysine residue or incubation with the DYRK1A inhibitor harmine abolishes its 

ability to enhance β-catenin-dependent transcription. Moreover, as the β-catenin form 

used along this work was undegradable by the destruction complex, DYRK1A should 

be acting downstream of β-catenin stabilization events. This proposal is supported by 

our findings that endogenous DYRK1A and β-catenin can be found in complexes in 
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HeLa nuclear extracts. In the β-catenin/TCF transcription complex, whereas β-catenin 

contributes by recruiting co-activators and the general transcriptional machinery, TCF 

provides the DNA-binding activity (recently reviewed in for instance MacDonald et al., 

2009). Importantly, we have found that DYRK1A does not induce transcriptional 

activation when only TCF-4 is overexpressed. Therefore, DYRK1A cannot substitute 

the trans-activating activity of β-catenin, but it enhances the transcriptional activity of 

existing β-catenin/TCF complexes. 

Our results indicate that both β-catenin and TCF-4 are substrates of DYRK1A. 

We have identified several peptides in β-catenin, clustered in the N-terminal and C-

terminal regions, that are phosphorylated by DYRK1A (Fig. D7). Two of the 

phosphosites, Ser552 and Ser675, have been further validated. Moreover, 

phosphorylation of Ser552 and, more likely, Ser675 seems to be responsible for 

DYRK1A enhancement on β-catenin-dependent transcriptional activity.  

 

 

The regulation of the β-catenin-dependent transcriptional activity is a complex 

process, which is regulated at multiple levels. With this in mind, there are several 

possibilities to explain how DYRK1A can enhance β-catenin/TCF transcriptional 

activity.  

i.- DYRK1A might stabilize β-catenin levels independently of Wnt, as described for 

14-3-3ζ, which binds β-catenin and induces its stabilization (Tian et al., 2004). As in 

all the experiments of this Thesis work a constitutively stable form of β-catenin was 

used, we cannot provide conclusive proofs on whether DYRK1A affects β-catenin 

protein levels. However, one of the β-catenin peptides identified as phosphorylated 

by DYRK1A in vitro contains Ser33, Ser37 and Ser41, which are the well-known 

target sites of GSK3β. Phosphorylation of these sites triggers recruitment of the 

Figure D7: Schematic representation of β-catenin. The regions identified as important for the 
interaction with other molecules are shown. Red stars indicate the location of the DYRK1A peptides 
phosphorylated by NLK and identified by mass spectrometry. 
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destruction complex to cytosolic β-catenin and subsequent degradation by the 

proteasome. DYRK1A has been suggested to act as a classical priming kinase of 

GSK3 for several proteins such as eI2Fβ, tau, MAP1B or CRY2 (Kurabayashi et al., 

2010; Scales et al., 2009; Woods et al., 2001). Therefore, the possibility of DYRK1A 

targeting a cytosolic pool of β-catenin is still open (see below). 

ii.- DYRK1A might increase β-catenin nuclear entry, as described for the PTEN-Akt 

pathway, in which Akt phosphorylates β-catenin on Ser552, which results in its 

nuclear localization (He et al., 2007a). In this regard, although DYRK1A is able to 

phosphorylate Ser552 in β-catenin, we have not been able to detect any changes in 

the intracellular localization of β-catenin when coexpressed with DYRK1A (data not 

shown).  

iii.- DYRK1A might help β-catenin to recruit the co-activators that mediate the 

transcriptional response. It has been reported that phosphorylation of Ser675 by PKA 

enhances β-catenin transcriptional activity by promoting association with CBP (Taurin 

et al., 2006). Phosphorylation of Ser552 by AKT has also been found to enhance 

nuclear signaling (Fang et al., 2007; Tian et al., 2004), although the precise 

mechanism remains unclear. It can be predicted therefore that DYRK1A-dependent 

phosphorylation of β-catenin in these two sites might increase its interaction with CBP 

or other co-activators, a possibility that needs to be tested. 

iv.- DYRK1A might work to protect TCF-4 from proteasome-mediated degradation. 

Our results show that TCF-4 is also a substrate of DYRK1A. Moreover, we have 

observed that DYRK1A increased the protein levels of a specific isoform of TCF-4, 

which lacks the LVPQ motif, the SxxSS motif and the C-terminal tail (Fig. 25), but did 

not affect the protein levels of the TCF-4E isoform (Fig. 26). These results suggest 

that DYRK1A might interfere with the Wnt signaling pathway not only at the level of β-

catenin, but also at the level of TCF-4 and that sequence differences in TCF-4 

isoforms might offer specificity for the DYRK1A regulatory abilities in different cellular 

contexts.  

v.- DYRK1A might enhance the TCF transcriptional activity by increasing DNA 

binding efficiency or abrogating repressors binding.  

vi.- DYRK1A might facilitate β-catenin/TCF interaction. In this regard, we have shown 

that DYRK1A-dependent phosphorylation is able to facilitate the interaction between 

TCF-4 and β-catenin. As DYRK1A is able to phosphorylate both β-catenin and TCF-
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4, it is possible that DYRK1A facilitate β-catenin/TCF interaction through 

phosphorylation events that involve both members of the heterodimer. Moreover, 

DYRK1A interacts both with TCF-4 and with β-catenin, therefore, it might serve as an 

adaptor protein, as it has been suggested for the members of the signaling cascade 

RAS-BRaf-MEK1 (Kelly and Rahmani, 2005).  

All these events, alone or in combination may explain how DYRK1A is able to 

enhance β-catenin-dependent transcription. We have to mention, nonetheless, that 

the results obtained in the presence of a constitutively stable β-catenin are not in 

concordance with those obtained in its absence. Thus, overexpressed DYRK1A 

slightly represses the TOPFLASH reporter and knock-down of DYRK1A protein by 

expression of a specific shRNA enhances the activity of the reporter when the 

pathway is activated by incubation with Wnt (data not shown). These results suggest 

that DYRK1A might also regulate the Wnt signaling pathway upstream or at the level 

of β-catenin stabilization. As mentioned above, the possibility of DYRK1A 

phosphorylating one or several of the priming sites for GSK3 at the β-catenin N-

terminus exists, and this would result in DYRK1A acting as an inhibitor of the 

pathway. As in the reporter assays we used the β-cateninS33Y form that is 

undegradable by the destruction complex, the effect of DYRK1A on β-catenin 

transcription is restricted to a nuclear fraction of β-catenin that is already stabilized. 

This observation is supported by our findings that DYRK1A and β-catenin interact, 

under physiological conditions, in nuclear extracts of cells that express both proteins. 

Further research would be needed to shed light on all the aspects that are not clear 

yet on the functional interaction of DYRK1A with the Wnt signaling pathway.  

Finally, a functional link can be established between the two experimental 

blocks of this Thesis work. NLK expression inhibits β-catenin-mediated transcriptional 

activity by phosphorylating TCF-4 on two residues (Ishitani et al., 2003). This 

phosphorylation event prevents β-catenin/TCF-4 complex from binding to DNA and 

targets TCF-4 for proteasome-mediated degradation (Yamada et al., 2006). We have 

found that NLK also inhibits DYRK1A-dependent enhancement of β-catenin/TCF 

transcriptional activity in a kinase dependent manner. Given that NLK affects 

DYRK1A protein levels, we speculate that NLK not only induces TCF-4 degradation, 

but at the same time it interferes with the co-activating ability of DYRK1A by reducing 

the half-life of this protein. As NLK-mediated DYRK1A and TCF/LEF degradation are 
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activated by Wnt stimuli, NLK would act as a negative feed-back regulator of Wnt/β-

catenin signaling by targeting two of the positive effectors of the pathway (Fig. D8). 

 

 

 

Final remarks and future prospects 

Finally, I would like to finish this Discussion section presenting several aspects that 

could be important for the functional interaction of DYRK1A with the Wnt signaling 

pathway and that, at this stage, are only matter of speculation. This section intends to 

highlight DYRK1A as a molecule able to connect several signaling pathways. 

In contrast to β-catenin/TCF, FOXO transcription factors inhibit cell cycle 

progression and this function is enhanced by β-catenin (Kops et al., 2002; Medema 

et al., 2000). Thus, β-catenin appears to play a role in balancing positive (through 

TCF) and negative (through FOXO) regulation of cell cycle progression (Essers et al., 

2005). DYRK1A has been reported as a FOXO kinase (Woods et al., 2001). 

Moreover, experiments using the DYRK1A inhibitor harmine suggested that DYRK1A 

stimulates FOXO nuclear exclusion and inhibits its DNA binding activity, thus acting 

as an inhibitor of the pathway (Bartholome et al., 2010). As our results suggest that 

DYRK1A can positively modulate β-catenin/TCF-dependent transcription, it is 

therefore possible that DYRK1A may function similarly as β-catenin and participate in 

the cross-talk between FOXO and TCF signaling.  

Figure D8: Schematic representation of DYRK1A involvement in the Wnt signaling pathway. (A) 
In the proposed model, DYRK1A acts as a positive factor in the Wnt-β-catenin signaling pathway at a 
point downstream stabilization of β-catenin. (B) Upon high levels of Wnt signal, the Wnt1/Wnt3a-Fzd1-
HIPK2-NLK cascade is activated and NLK acts as a negative regulator by targeting both DYRK1A and 
TCF/LEF transcription factors for proteasome-mediated degradation. 
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Wnt and FGF signaling pathways cross-talk during a variety of cellular 

processes, such as human colorectal carcinogenesis, embryogenesis and 

neurogenesis, among others (reviewed in Dailey et al., 2005; Katoh, 2006). This 

cross-talk results from specific interactions between molecules within the pathways, 

and the convergence and divergence of the gene expression programs activated by 

each pathway. We have recently shown that DYRK1A potentiates FGF signaling by 

two mechanisms. First, it phosphorylates an antagonist of FGF signaling, Sprouty2, 

resulting in the inhibition of its negative regulatory functions (Aranda et al., 2008). 

Second, DYRK1A appears to enhance FGF-dependent responses independently of 

its kinase activity, very likely by acting as a scaffold protein for members of the FGF 

signaling pathway (Aranda et al., 2008). It is tempting to propose therefore that 

DYRK1A may contribute to the cross-talk between Wnt and FGF signaling pathways. 

There are several examples on both synergistic and antagonistic cross-talk 

between Wnt and Notch signaling pathways in cell fate decision events. Examples 

for antagonistic cross-talk between Wnt and Notch pathways are the activation or 

inhibition, respectively, of neurogenesis and intestinal differentiation in mammals (for 

a recent review Johnson et al., 2009). In contrast, Wnt-β-catenin signaling has been 

placed upstream of the Notch pathway in vertebrate somitogenesis (Galceran et al., 

2004; Greco et al., 1996; Ikeya and Takada, 2001) and they also act synergistically in 

Drosophila wing formation (Hing et al., 1994). DYRK1A has been shown to repress 

the transcriptional activity of NICD and, moreover, the negative role of Notch on 

neuronal maturation is reverted by the presence of DYRK1A (Fernandez-Martinez et 

al., 2009). Therefore, it is tempting to speculate that during some cell fate decision 

events DYRK1A may contribute to the cross-talk between Wnt and Notch pathways, 

although it might not be the case for all type of cellular contexts. 

Activation of the Wnt-Ca2+ signaling pathway induces the release of 

intracellular calcium and the subsequent activation of PKC and CAMKII. As a result, 

the NFAT family of transcription factors translocate to the nucleus where activate 

their target genes (Kohn and Moon, 2005; Kuhl et al., 2000). NFAT nuclear 

localization is countered by distinct NFAT kinases, being one of them DYRK1A (Arron 

et al., 2006; Gwack et al., 2006; Lee et al., 2009). Therefore, DYRK1A might also 

have a role in non-canonical Wnt signaling. 

Based on the idea that DYRK1A is able to both promote and antagonize Wnt 

signaling pathway in a context-specific manner, a regulatory mechanism by which 

DYRK1A may regulate transcription at TCF/LEF promoter sites can be suggested. 
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Results in our group indicate that DYRK1A binds the transcription factor Yin Yang 1 

(YY1) (Salichs, 2008). This protein acts as a repressor of the transcription of TCF-4, 

as part of the mechanisms that regulate oligodendrocyte differentiation (He et al., 

2007b). YY1 is also recruited to the promoter region of LEF-1 responsible for the 

production of a dominant negative LEF-1 isoform. In this case, YY1-mediated target 

gene repression is linked to progression of colon cancer (Yokoyama et al., 2010). 

Thus, DYRK1A might indirectly control TCF/LEF transcriptional programs, if able to 

modulate YY1 activity.  

Association of deregulated Wnt/β-catenin signaling with cancer has been well 

documented, particularly with colorectal cancer (Polakis, 2007). Constitutively 

activated β-catenin signaling, leads to excessive stem cell renewal/proliferation that 

predisposes cells to tumorigenesis. As DYRK1A behaves as a protective kinase 

against apoptosis acting through several molecular targets (caspase-9 (Laguna et al., 

2008; Seifert et al., 2008), p53 (Guo et al., 2010), FOXO (Chang et al., 2007), Hip-1 

(Kang et al., 2005)), it might contribute to immortalization and tumorigenesis by acting 

as a survival factor for tumor cells. In fact, DYRK1A has been associated to HPV16 

virus-related cervical oncogenesis and keratinocyte proliferation (Chang et al., 2007; 

Liang et al., 2008). DYRK1A enhancement on Wnt/β-catenin signaling might account 

as a novel mechanism by which DYRK1A could initiate transformation of Wnt 

responding cells. In this context, a link between the tight regulation of DYRK1A 

protein levels mediated by NLK and prostate cancer development can be established. 

Androgen receptor (AR) signaling plays a critical role in prostatic tumor growth. NLK 

has been shown to inhibit AR-mediated transcription through inducing the 

degradation of AR mRNA and protein, and in prostate cancer metastases the 

expression of NLK is decreased in comparison to normal prostate epithelium (Emami 

et al., 2009). By contrast, DYRK1A enhances AR-mediated transcription through 

interaction with AR-interacting protein 4 (Arip4) (Sitz et al., 2004). Therefore, it is 

likely, that any change in the regulation of NLK and DYRK1A protein levels may 

cause alterations in the homeostasis of steroid hormone-controlled cellular events. 

DYRK1A is dynamically expressed in the developing and adult CNS (Hammerle 

et al., 2008; Marti et al., 2003). Deficiencies in any developmental phases of the CNS 

may be due to altered signaling mediated by growth factors. Several scenarios, in 

which DYRK1A would interact with the Wnt signaling pathway, can be envisaged. 

Early during development (E10.5 in mice), β-catenin signals are essential for the 

proliferation of neuronal progenitors, controlling the size of the progenitor pool 
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(Zechner et al., 2003). Moreover, cell-cell contact between neural stem cells in the 

developing cerebral cortex has been shown to induce phosphorylation of β-catenin at 

Ser552, which results in stabilization of and increased transcriptional activation 

(Zhang et al., 2010). At a later stage (E13.5 in mice), Wnt signaling inhibits the self-

renewal capacity of neural precursor cells of the neocortex and promotes their 

neuronal differentiation (Hirabayashi et al., 2004). It has been proposed that DYRK1A 

defines a transition step between proliferating and neurogenic divisions of 

neuroepithelial progenitor cells (Hammerle et al., 2002; Yabut et al., 2010), although 

it is not known yet whether it does so in response to specific signals. Moreover, 

DYRK1A positively impacts on the persistence of adult neural stem cells in the 

subependymal zone niche (Ferron et al., 2010), however its role in embryonic neural 

stem cell maintenance needs further investigation. 
Finally, Dyrk1A is persistently expressed in differentiated neurons (Hammerle 

et al., 2008; Marti et al., 2003; Wegiel et al., 2004), where structural changes at 

synapses are thought to underpin long-term memory formation. The Wnt/β-catenin 

signaling pathway has been shown to be involved in the regulation of synaptic 

plasticity in the hippocampus (Chen et al., 2006) and in long-term memory formation 

in the amygdala (Maguschak and Ressler, 2008). In this regard, mouse models of 

overexpression of DYRK1A show impairment in synaptic plasticity and deficiencies in 

learning and memory through mechanisms that are not well understood yet (Ahn et 

al., 2006; Altafaj et al., 2001; Branchi et al., 2004; Martinez de Lagran et al., 2004; 

Smith et al., 1997). Therefore, DYRK1A could play an important role in several 

aspects of the development and homeostasis of CNS through modulating signal 

transduction pathways mediated by Wnts. 
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1. The two protein kinases DYRK1A and NLK interact independently of their 

kinase activity. The interaction might occur in the nucleus under physiological 

conditions. 

2. An N-terminal region, amino acids 70-104, in DYRK1A is involved in the 

interaction. NLK binds through a region just C-terminal from the kinase 

domain, amino acids 430-444, which is located similarly to the CD-domain 

used for docking interactions in other MAPKs.  

3. NLK interacts with other members of the DYRK family of protein kinases. 

4. NLK phosphorylates DYRK1A at multiple sites including Thr393, Thr422, 

Ser433, Thr436, Thr457 and Ser468. 

5. NLK-induced DYRK1A phosphorylation does not affect DYRK1A subcellular 

localization or catalytic activity. 

6. NLK-induced phosphorylation marks DYRK1A for proteasome-mediated 

degradation, and therefore, NLK acts as a negative regulator of DYRK1A. 

7. DYRK1A interacts with -catenin and TCF-4, the components of the 

transcriptional unit responsible of transducing the nuclear responses in the 

Wnt signaling pathway. 

8. DYRK1A and -catenin are found in complexes in HeLa nuclear extracts, 

supporting that their functional interaction might occur in the nucleus under 

physiological conditions. 

9. DYRK1A enhances -catenin-dependent transcriptional activity by, at least, 

phosphorylating -catenin at Ser552 and Ser675. 

10. DYRK1A-mediated -catenin and TCF-4 phosphorylation facilitates the 

interaction between these two proteins, which also might contribute to the 

DYRK1A-induced enhancement of -catenin-dependent transcription. 

11. The Wnt1/Wnt3a-Fzd1-HIPK2 signaling cascade enhances NLK-induced 

DYRK1A degradation. 

12.  A model is proposed, in which DYRK1A acts as a positive factor in the Wnt/ -

catenin signaling pathway at a point downstream of -catenin stabilization. As 

a negative feed-back loop, Wnt signals through NLK to target both DYRK1A 

and TCF transcription factors for degradation. 
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Aa: amino acids 

AD: Alzheimers’ disease 

AP4: activating enhancer binding protein 4 

APC: adenomatous polyposis coli 

APP: amyloid β precursor protein 

ATP: adenosine triphosphate 

BSA: bovine serum albumin 

CAMKII: calcium/calmodulin-dependent protein kinase II 

CBP: CREB-binding protein 

CDK: cyclin-dependent kinase 

CKI: casein kinase I 

CLK: CDC-like kinase 

CMV: cytomegalovirus 

CNS: central nervous system 

CRD: cysteine-rich domain 

CREB: CRE-binding protein 

CRY2: Cryptochrome-2 

CtBP: C-terminal binding protein 

C-terminal: carboxy-terminal 

DAPI: 4,6-diamidino-2-phenylindole  

DH-box: DYRK-homology box 

Dll: Delta-like 

DMEM: Dulbecco’s Modified Eagle’s Medium 

DNA: desoxiribonucleic acid 

DS: Down syndrome 

DSCR: Down syndrome critical region 

Dsh, Dvl: Dishevelled 

DTT: dithiothreitol   

DYRK: Dual-Specificity Tyrosine Phosphorylation-Regulated Kinase   

EDTA: ethylendiamine tetracetic acid  

EGCG: (-)-epigallocatechin-3-gallate 

EGF: epidermal growth factor 

EGFR: epidermal growth factor receptor 

eIF2B: eukaryotic initiation factor 2B 

ERK: extracellular signal-regulated kinase 
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FBS: foetal bovine serum 

FGF: fibroblast growth factor 

FITC: fluorescein isothiocyanate 

FOXO: forkhead box, sub-group O transcription factor 

Fzd: frizzled receptor 

GFP: green fluorescent protein  

GSK3: glycogen synthese kinase-3 

GST: glutathione-S-transferase  

HA: hemagglutinin 

HDAC: histone deacetylase 

HEPES: 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid 

Hh: hedgehog 

HIPK2: homeodomain-interacting protein kinase 2 

HRP: horseradish peroxidase  

HSA21: Homo sapiens autosome 21 

IgGH: immunoglobulin G heavy chain 

IP: immunoprecipitation 

IPTG: isopropyl-β-D-thiogalactopiranoside 

IVK: in vitro kinase assay 

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

kDa: kilodalton 

LB: Luria Broth medium 

LEF-1: lymphoid enhancer-binding factor-1 

LRP5/6: low-density lipoprotein receptor-related protein 5/6 

MAb: monoclonal antibody  

MAP1B: microtubule-associated protein 1B 

MAPK: mitogen-activated protein kinase 

mnb: minibrain 

mRNA: messenger RNA 

NARF: NLK-associated ring finger protein 

NES: nuclear export signal 

NFAT: nuclear factor of activated T-cells 

NGF: nerve growth factor 

NICD: Notch intracellular domain 

NLK: Nemo-like kinase 
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NLS: nuclear localization signal 

NP-40: nonidet P-40  

N-terminal: amino-terminal 

ORF: open reading frame  

PAGE: polyacrylamide gel electrophoresis 

PBS: phosphate-buffered saline 

PCR: polymerase chain reaction 

PEST: region rich in Pro, Glu, Ser and Thr residues 

PKA: c-AMP-dependent protein kinase 

PKC: protein kinase C 

RANKL: receptor activator for nuclear factor κ B ligand 

RNA: ribonucleic acid 

RNL: Renilla luciferase 

RT: room temperature  

RTK: receptor tyrosine kinase 

SDS: sodium dodecil sulfate   

SEM: standard error of the mean 

shRNA: short hairpin RNA 

SPRED: Sprouty-related Ena/vasodilator-stimulated phosphoprotein homology-1 

(EVH1) domain-containing protein 

Spry2: Sprouty 2 

TAB2: TAK1-binding protein 2 

TAK1: TGFβ-activated kinase 1 

TCF-4: T-cell factor-4, official name TCF7L2, Transcription factor 7-like 2  

TGFβ: Transforming growth factor beta 

WB: western blot 

wt: wild-type 
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